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Contribution of Bottom-Up and Top-Down Motion Processes

to Perceived Position

David Whitney

University of California, Davis

Perceived position depends on many factors, including motion present in a visual scene. Convincing
evidence shows that high-level motion perception—which is driven by top-down processes such as
attentional tracking or inferred motion—can influence the perceived position of an object. Is high-level
motion sufficient to influence perceived position, and is attention to or awareness of motion direction
necessary to displace objects’ perceived positions? Consistent with previous reports, the first experiment
revealed that the perception of motion, even when no physical motion was present, was sufficient to shift
perceived position. A second experiment showed that when subjects were unable to identify the direction
of a physically present motion stimulus, the apparent locations of other objects were still influenced.
Thus, motion influences perceived position by at least two distinct processes. The first involves a passive,
preattentive mechanism that does not depend on perceptual awareness; the second, a top-down process
that depends on the perceptual awareness of motion direction. Each contributes to perceived position, but

independently of the other.
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The perceived position of an object is influenced by the visual
motion that is present in a scene. For example, moving objects can
appear shifted in the direction of their motion (De Valois & De
Valois, 1991; Durant & Johnston, 2004; Edwards & Badcock,
2003; Fang & He, 2004; McGraw, Whitaker, Skillen, & Chung,
2002; Mussap & Prins, 2002; Nishida & Johnston, 1999; Ram-
achandran & Anstis, 1990; Snowden, 1998; Whitaker, McGraw, &
Pearson, 1999), and stationary flashed objects in one location can
be shifted by motion in another location in the visual field (Whit-
ney & Cavanagh, 2000, 2003). In addition to these influences of
motion on perceived position of static objects, there are potentially
related phenomena revealing an interaction between visual motion
and perceived location. These include the flash-lag effect (for
reviews, see Krekelberg & Lappe, 2001; Nijhawan, 2002; Whit-
ney, 2002), representational momentum (for reviews, see Thornton
& Hubbard, 2002), and several other phenomenologically similar
effects (Thornton, 2002; Thorson, Lange, & Biederman-Thorson,
1969; for a review, see Whitney, 2002). Most of the psychophys-
ical studies on these effects have used luminance-defined (first-
order) motion, suggesting that motion may influence position
assignment at a relatively early stage, such as primary visual
cortex, motion area MT+ (McGraw, Walsh, & Barrett, 2004), or
perhaps an interaction between these two areas (Nishida &
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Johnston, 1999; Whitney & Cavanagh, 2000). Mounting physio-
logical evidence supports this perspective; the retinotopic speci-
ficity of neurons in the retina and primary visual cortex are
modulated by motion (Berry, Brivanlou, Jordan, & Meister, 1999;
Fu, Shen, & Dan, 2001; Fu, Shen, Gao, & Dan, 2004; Whitney et
al., 2003).

The psychophysical and physiological experiments above have
provided converging evidence that low-level motion (analyzed by
passive, bottom-up processes) influences coded position at, per-
haps, a number of levels in the visual hierarchy. However, the
similarity between the stimuli used in the psychophysical and the
physiological experiments makes it easy to overlook the possibility
that there could be other, higher level contributions of motion to
position coding.

For example, a few recent studies have demonstrated that strict
low-level motion is not necessary to shift the apparent location of
an object. Watanabe and colleagues (K. Watanabe, Nijhawan, &
Shimojo, 2002; K. Watanabe, Sato, & Shimojo, 2003) found that
when an object travels behind an occluder so that only a single
pixel-thin line of the object is visible at one time (a version of
anorthoscopic motion), there is an impression that the object
moves horizontally behind the occluder; of importance, however,
there is no actual horizontal motion in the image. Subjects perceive
the horizontal motion of the image by inferring it from the infor-
mation provided within the single pixel-wide aperture. This dem-
onstration is nice because it shows that the physical or low-level
luminance defined motion in a scene is not necessarily what
determines the perceived position of an object. Inferred, high-level
motion perception also contributes to perceived location.

In another study, Shim and Cavanagh (2004) found that an
ambiguous apparent motion sequence could shift the perceived
locations of nearby objects depending on the direction of motion
that subjects perceived in the apparent motion display. The display
consisted of a bistable quartet (Ramachandran & Anstis, 1983;
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Ternus, 1938); when asked to attend to one direction of motion
(either the vertical or the horizontal), observers were able to
modulate which direction was dominant (Suzuki & Peterson,
2000). When subjects attended to one direction of motion, there
was a significant shift in the perceived position of another irrele-
vant object that was briefly presented. There was little or no
illusory shift in the unattended direction.

Together, these recent studies convincingly show that attention
to, or inference of, motion can alter humans’ perception of object
position, but they do not determine whether this high-level, top-
down motion perception mediates all of the motion-induced posi-
tion displacement illusions mentioned above. Here we test whether
a single high-level motion representation or inference can explain
most or all of the motion-induced position displacement illusions.

In all previous demonstrations of motion’s influence on per-
ceived position, the perceived shift has always been accompanied
(or preceded, in the case of the motion aftereffect) by a visible and
salient motion signal. Observers can easily scrutinize the motion—
they can attentionally track, or at least perceive through inference,
the moving features. In other words, what is similar about all of the
stimuli is that observers are always aware of the motion direction,
and the illusory position shift is always consistent with this aware-
ness. In the case of the position shifts that accompany the motion
aftereffect (Fang & He, 2004; McGraw et al., 2002; Nishida &
Johnston, 1999; Snowden, 1998; Whitaker et al., 1999; Whitney &
Cavanagh, 2003), for example, observers can attend to (Chaudhuri,
1990; Mather, Verstraten, & Anstis, 1998; Mukai & Watanabe,
2001) or attentively track (Cavanagh, 1992; Culham, Verstraten,
Ashida, & Cavanagh, 2000; Seiffert, Somers, Dale, & Tootell,
2003) the moving adaptation stimulus. Even if the test pattern does
not display any perceived motion (McGraw et al., 2002; Whitney
& Cavanagh, 2003), the moving adaptation stimulus is clearly
visible, and it could be the visibility of the adaptation stimulus that
ultimately shifts the perceived position of the test stimulus.

In this study, we tested whether there are contributions of both
bottom-up and top-down motion processes to the perception of
position. One of the goals of these experiments was to address
whether the awareness of motion direction is necessary to influ-
ence the perceived position of an object. We found that despite the
inability of observers to attentionally resolve or report the direction
of motion, an object can still appear shifted. The results show that
visual motion influences coded location whether or not subjects
are aware of the motion, suggesting that both bottom-up and
top-down mechanisms contribute to perceived position.

Experiment 1A: High-Level Motion Perception Influences
Perceived Position

Ultimately, the question in this study is whether motion influ-
ences perceived position only when subjects are aware of the
motion. The first step in answering this question, however, is to
confirm that awareness of motion is sufficient to influence per-
ceived position. The key to addressing this question is to construct
a display in which there is awareness of motion but no actual
motion. As discussed above, several authors have done this; even
when the motion in a scene is ambiguous, subjects often perceive
unambiguous motion, and this perception influences apparent lo-
cation (Shim & Cavanagh, 2004; K. Watanabe et al., 2002, 2003).
These studies used high-level motion displays that were contingent
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on either inferential processes (e.g., solving the aperture problem
across multiple elements to determine object motion through a
narrow window; K. Watanabe et al., 2002) or attentional processes
(e.g., attending to one direction of motion over another; Shim &
Cavanagh, 2004). However, in these examples of high-level or
top-down motion perception, there are physically moving ele-
ments, or at least features that change position over time. Thus, it
is hard to distinguish whether the percept (or awareness) of the
motion is alone necessary (e.g., attention might serve to filter out
irrelevant directions of motion that produce a bias in the direction
of the position shift). Using a display that elicits the percept of
motion but contains no moving elements—not even ambiguous
motion—will demonstrate that awareness of motion is sufficient to
influence perceived position.

In the first experiment, we needed a display that elicits a strong
impression of motion but contains no physical movement; more-
over, this display should not contain any elements that change
position over time or undergo ambiguous motion. To accomplish
these restrictive goals, we used an illusion called transformational
apparent motion (Tse & Logothetis, 2002; cf. Chatterjee, Freyd, &
Shiffrar, 1996; Farrell & Shepard, 1981; Ramachandran, Armel,
Foster, & Stoddard, 1998; Zanker, Quenzer, & Fahle, 2001).
Transformational apparent motion is a two-frame sequence in
which an object is perceived to smoothly extend its boundaries
from one position to another (Figure 1). For example, when the
stimulus in Figure 1A is presented, the midline across the H
stimulus appears to grow out from one side of the figure to the
other (arrows in Figure 1B). The direction of the growing motion
depends on where the cues (the small rectangular bumps in Frame
1 of Figure 1A) are located. Transformational apparent motion has
been demonstrated in many different ways (Tse & Logothetis,
2002), but for our purposes, the most important feature of trans-
formational apparent motion is that it does not involve a change in
the position of an object over time. The first frame of the sequence
is always visible. The second frame is simply abruptly presented.
There are no low-level or even ambiguous motion signals. The
impression of motion is produced solely by the structure of the
visible surfaces present in the first frame, and thus this serves as a
good example of motion awareness without any actual motion.

Using a transformational apparent motion display (Figure 1A),
we investigated whether the impression of motion can influence
the apparent locations of nearby static objects (Figure 1C). If the
illusory motion does influence the perceived position of an object,
this would strongly support previous studies (Shim & Cavanagh,
2004; K. Watanabe et al., 2002, 2003) that showed the influence of
high-level motion on perceived position and, more important,
would extend these previous findings to show that awareness of
motion (without any physical motion) is sufficient to shift apparent
position.

Method

Four subjects participated in the experiment, one of whom was the
author. Three additional experienced psychophysical observers were naive
as to the purpose of the experiment. Each had normal or corrected-to-
normal vision. Subjects were seated in a darkened experimental booth with
a chin rest 28 c¢cm from a Sony G520 Multiscan CRT (1,024 X 768
resolution) monitor, which had a refresh rate of 100 Hz.

Stimuli were similar to that shown in Figure 1 and consisted of a
two-frame sequence. There were two transformational apparent motion
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Figure 1. Transformational apparent motion illusion and stimuli used in
the first experiment. A: Two frames are presented in a sequence. The
stimulus consisted of an H-shaped figure with part of the horizontal
midline removed (Frame 1). There was a small rectangular bump (cue) on
one of the vertical stalks of the H stimulus. The horizontal midline was
presented all at once in Frame 2. B: Although the midline was physically
stationary and did not change position over time, it appeared to move—to
grow from one side to the other side of the H stimulus (arrows), depending
on the location of the cue in Frame 1. The direction of the illusory
transformational apparent motion is dictated by the location of the cue. C:
Stimuli used in the first experiment. The first frame of a transformational
apparent motion display was presented for ~1,850 ms. The second frame
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displays that were stacked vertically. Each display consisted of an
H-shaped stimulus. In the first frame of the sequence (Figure 1C, left
panel), the horizontal midline of the two H stimuli was missing. In the
second frame (Figure 1C, right panel), the horizontal midline was pre-
sented in both H stimuli simultaneously. Notice that in Figure 1C, in the
first frame, there is a rectangular “bump” (cue) located on one of the
vertical stalks of each H stimulus. This cue determines the direction of the
illusory transformational apparent motion (Tse & Logothetis, 2002), which
was always in opposite directions in the two H stimuli (see arrows in
Figure 1D). If the top H contained illusory rightward motion, the bottom H
contained illusory leftward motion, and vice versa. The vertical stalks of
the H stimulus were 7.7° X 1.6° and the stalks were separated by 9.2°
(center to center, so the horizontal midline, presented in the second frame,
filled that 9.2° separation). The cue height and width were 0.8° X 0.9°,
respectively. The vertical separation between the two H stimuli was 15°,
and the fixation bull’s-eye was centered between them. The background
luminance was 29.5 cd/m?. The luminance of the H stimuli was 90 cd/m?
(50.6% Michelson contrast).

On each trial, the first frame of the transformational apparent motion
sequence was presented for 1,850 = 100 ms, followed by the second frame
of the sequence, which was visible for the remainder of the trial (~1,170
ms). The duration of the first frame was randomized within a 200-ms
window to reduce predictability. At various times before or after the
presentation of the second frame, two flashed objects were presented
(Figure 1C). The two flashed targets were superimposed on the midline
between the stalks of the H stimuli and were therefore vertically separated
by 15° (center to center). The two flashes were each 0.4° X 0.8°, were 1.55
cd/m?, and were presented for 20 ms (96.6% Michelson contrast). The
flashes could be presented at any one of seven stimulus onset asynchronies
(SOAs) from 250 ms before to 50 ms after the second frame. The flashes
could be vertically aligned (as shown in Figure 1A) or could be misaligned
by one of five possible equally spaced misalignments, spanning a 1.6°
range (symmetric about the horizontal midpoint between the flashes; each
misalignment was equally probable). The SOA and flash misalignment
were randomized on each trial, and in a method-of-constant-stimuli task,
subjects were asked to judge the relative alignment of the two flashed
objects (whether the top flash was to the left or the right of the bottom
flash). Immediately after subjects responded, another trial was presented.
The location of the cue (on the left or right of the display) in the two H
stimuli was randomly determined on each trial, so the direction of trans-
formational motion was also random (though always in opposite directions
on the top and bottom H displays). Because the data for the two directions
of transformational apparent motion were comparable, the data were
flipped and merged.

In each experimental session, there were seven possible SOAs, six
possible flash alignments at each SOA (i.e., aligned, or misaligned by one
of five values), and 10 repeated trials for each of these six flash alignments,
for a total of 420 trials per session. For each of the seven SOA conditions,
a psychometric function was fit to the data from the logistic function fx) =
[1 /(1 + exp(—a(x — b)))], where b estimates the physical misalignment
between the flashes that creates an apparent alignment (the point of
subjective equality [PSE]; Finney, 1971; McKee, Klein, & Teller, 1985)

was presented for ~1,170 ms. Two test objects were flashed on the screen,
superimposed on the location of the horizontal midline of the H-shaped
stimuli (labeled “Test frame”). The flashes could be presented at any one
of 10 stimulus onset asynchronies (SOAs), either before, simultaneous
with, or after the presentation of Frame 2. D: When the test flashes were
presented at 0 SOA (i.e., simultaneous with Frame 2), the flashes appeared
misaligned—shifted in position following the direction of the illusory
transformational apparent motion. The direction of the illusory motion is
indicated by the arrows.
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and a is the slope of the function. For example, when the flashes were
physically aligned, they appeared shifted in a direction consistent with that
of the illusory transformational apparent motion (Figure 1D, right panel);
in order to offset this apparent misalignment, the flashes had to be phys-
ically misaligned in a direction opposite that of the illusory motion. Each
subject participated in three separate sessions (420 X 3 sessions = 1,260
trials), yielding three psychometric functions for each of the seven SOAs.
The three psychometric functions for each SOA were averaged to yield a
mean PSE, and standard errors were calculated on the basis of this.

Results

Consistent with work by Tse and Logothetis (2002), subjects
reported perceiving strong transformational apparent motion in the
displays in a direction dependent on where the cue was located.
Figure 2A shows the perceived misalignment between the flashed
targets produced by the transformational apparent motion for one
representative subject in the 150-ms SOA condition. If the flashed
targets were perceived veridically, the PSE would have fallen at
zero. The fact that the PSE was ~21 min of arc indicates that the
flashed targets had to be misaligned in a direction opposite the
transformational apparent motion by 21 min of arc to appear
aligned, #(30) = 4.95, p < .05 (positive values along the abscissa
indicate target misalignments opposite the direction of the trans-
formational motion). The bias in the perceived position of the
flashed targets depending on the direction of the transformational
apparent motion was significant for each subject; the least signif-
icant overall effect was for subject E.V., #(6) = 2.24, p < .05. The
width of the flashed target was ~23 min of arc, so the effect size
is comparable to the size of the target.

Figures 2B and 2C show the perceived misalignment between
the target flashes for all seven SOAs. There was a significant effect
across SOAs for each subject—for D.B., #(6) = 6.68, p < .05—as
well as the group data, #3) = 4.95, p < .05. The broad temporal
tuning of the effect is further characterized in Experiment 1B.

Figure 2 suggests that transformational apparent motion influ-
ences the perceived positions of static targets. How do we know
that it is the percept of motion itself that matters—the transforma-
tional apparent motion—and not some other feature of the stimu-
lus? For example, spatial allocation or shifts of attention can
influence the apparent locations of objects (Pratt & Turk-Browne,
2003; Suzuki, 2001; Suzuki & Cavanagh, 1997). A target pre-
sented briefly nearby another target can appear displaced in a
direction away from the attended location (Suzuki & Cavanagh,
1997). Suzuki and Cavanagh (1997) argued that the representation
of the area around an attended object has a higher resolution. This
might result in a kind of distortion that would occur at the attended
location and could be akin to cortical magnification (in which a
disproportionate area of cortex is devoted to processing the foveal
image).

To test the attentional repulsion account, in an additional exper-
imental condition we presented the same H stimuli (Figure 1) but
without a midline; without the midline, there is no motion percept.
This is equivalent to presenting the flashed targets well before the
second frame (Figure 1C). The open circles in Figure 2B and 2C
show that there was no perceived misalignment in this condition.
The most significant effect was —6 min of arc (Figure 2B), which
was below threshold and nonsignificant, #(30) = —0.59, p > .05.
The just noticeable difference (half the distance between the 25th
and 75th percent response proportions on the psychometric func-
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tion) was 12 min of arc for this subject. The results for all 4
subjects were not significant (solid square symbol in Figure 2C),
1(30) = -0.48, p > .05. The presence of the midline—the second
frame of the transformational apparent motion sequence—is there-
fore necessary to produce the position displacement observed in
Experiment 1A. Attentional repulsion alone cannot be responsible.

Experiment 1B: Time Course of Transformational
Apparent Motion’s Influence on the Positions of Remote
Objects

The first experiment established that transformational apparent
motion—an illusion of motion without any real motion—caused
brief targets to appear shifted in position; the effect was present
across the entire range of tested SOAs, from 250 ms before the
illusory moving line to 50 ms after it. Additional conditions
revealed that the effect does not occur because of the static
portions of the display (the static stimulus frames do not cause a
shift in perceived position). However, it is not yet clear what the
time course of the effect is.

The targets in the first experiment were superimposed on the
transformational apparent motion—on the midline of the H stim-
ulus. Previous studies have suggested that low-level motion (lu-
minance defined, detected by passive mechanisms; Whitney,
2002) and high-level motion (detected by top-down mechanisms
such as attention; Shim & Cavanagh, 2004; K. Watanabe et al.,
2002, 2003) influences the perceived positions of targets even
when they are separated from the moving stimulus. Because of this
similarity among a number of different motion-induced position
displacement illusions, it is possible that a common mechanism
could be responsible. If so, then transformational apparent motion
should also influence the apparent locations of objects at some
distance.

The following experiment had two purposes. First, to test
whether transformational apparent motion influences position
judgments over a distance, we separated the targets from the
midline of the H stimulus so that they were not colocalized with
the illusory motion. Second, we tested a broader range of SOAs
between the target and the transformational apparent motion to
reveal the time course of illusory motion’s influence on
localization.

Method

The methods in this experiment were identical to those in the first except
the targets were each vertically separated from the midline of the H stimuli
(Figure 3A, inset) by 3.1°. Also, there were 10 possible SOAs at which
targets could be presented (from 1,000 ms before to 500 ms after the
second frame). All other aspects of the experiment were identical to those
in the first experiment.

Results

Figure 3 shows that there was a perceived shift in the positions
of the targets, even though they were separated from the illusory
motion of the line. The magnitude of the effect for both D.B. and
D.W. exceeded 24 min of arc and was significant for both subjects:
for D.B., #(30) = 3.3, p < .05; for D.W., #30) = 4.1, p < .05.
Because the perceived misalignment was comparable to that in the
first experiment, any scaling with eccentricity (Durant & Johnston,
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Figure 2. Results of Experiment 1A. A: Representative psychometric
function showing the magnitude of the illusory misalignment between the
flashed targets when presented 100 ms before the midline (the midline of
the H stimulus that displays transformational apparent motion). The ab-
scissa shows the misalignment between the two flashed targets; positive
values indicate that the targets were misaligned in a direction opposite that
of the illusory transformational apparent motion, and negative values
indicate that the targets were misaligned in the direction of the motion. The
ordinate shows the proportion of the subject’s responses that were in the
direction of the illusory transformational apparent motion. For example,
when the targets were perfectly aligned (0 on the abscissa), the subject
responded about 85% of the time that the targets were misaligned in a
direction consistent with that of the illusory motion (as shown in Figure
1D). The point of subjective equality (PSE) is indicated by the misalign-
ment (along the abscissa) at which subjects’ responses were at 50% along
the ordinate. This is the physical misalignment between the targets that
produced an apparent alignment. B: The perceived misalignment (PSE) at
various stimulus onset asynchronies (SOAs) between the presentation of
the targets and the midline, for subject D.B. An SOA of 0 indicates that the
targets were presented simultaneous with the midline; positive SOAs
indicate that the flashed targets were presented after the midline (and
negative SOAs, before the midline). Each data point represents one PSE,
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2004; Whitney & Cavanagh, 2003; Wright & Johnston, 1985) is
countered by a decrease in the effect with increasing distance from
the perceived motion (Durant & Johnston, 2004). An omnibus
analysis of variance (ANOVA) revealed a significant effect for the
group, F(9, 39) = 245, p < .05.

To characterize the temporal tuning of transformational ap-
parent motion’s influence on perceived position, we fit a Gauss-
ian curve to the data in Figure 3 for each subject. Consistent
with Experiment 1A, the perceived misalignment is strongest
when the flashes precede the second frame by ~80 ms (cf.
Figure 2). The best fit Gaussian, shown for 2 subjects, reveals
a broad temporal tuning of the illusion (480-ms full width at
half maximum [FWHM] for subject D.W.; 280-ms FWHM for
subject D.B.). Figure 3B shows a consistently broad temporal
tuning for the group (500-ms FWHM). This indicates that 50%
of the effect is still present £250 ms from the peak misalign-
ment. In fact, it is clear that there is a significant perceived
misalignment between the targets even when they are presented
~200 ms before the second frame of the transformational
apparent motion sequence; there was a significant effect in that
condition for both D.B., #(30) = 3.6, p < .05, and D.W., #(30) =
3.2, p < .05, and for the group, #(3) = 5.4, p < .05. Individual
contrasts (¢ tests) of the group data revealed that a significant
misalignment was perceived when the targets were presented
anywhere from 500 ms before to 50 ms after the second frame
of the transformational apparent motion display; the least sig-
nificant of these contrasts was for the —100-ms condition, #(3) =
2.4, p < .05. An interesting point here is that the perceived
position of the flashed object in this experiment requires several
hundred milliseconds to pass before the visual system assigns
its position. This is comparable to previous experiments show-
ing that physical motion (as opposed to strict illusory motion)
influences perceived position on a similarly long time scale
(Whitney & Cavanagh, 2000).

Our use of a stimulus that induces a percept of motion without
the presence of real motion lends strong support to the idea that
perceived motion in one location can influence the perceived
position of an object in another location, extending previous ex-
amples of top-down motion-induced position shifts (Shim & Ca-
vanagh, 2004; K. Watanabe et al., 2002, 2003). The question
remains whether all motion-induced position displacement illu-
sions are due to a single top-down mechanism. This possibility is
directly tested in Experiment 2.

derived from a psychometric function like that in (A). At SOAs around 0,
the flashed targets appeared shifted in the direction of the illusory motion.
Targets presented when only the first frame was visible (open symbol) did
not appear misaligned. C: The perceived misalignment as a function of
SOA averaged across all subjects. In addition to the within-subject effects,
there is a significant main effect of the illusory motion on the perceived
positions of the targets for the group, #3) = 4.95, p < .05. Targets
presented when only the first frame was visible did not appear misaligned
(open symbols and solid square). Error bars show 95% confidence inter-
vals. app = apparent.
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Figure 3. Results of Experiment 1B. A: The stimulus and percept in Experiment 1B (inset) was similar to that
in Experiment 1A, shown in Figure 1, except that the targets were vertically separated from the illusory motion
in the display. The perceived misalignment was measured at various stimulus onset asynchronies (SOAs) before
and after the second frame of the transformational apparent motion sequence. Each data point represents the
point of subjective equality (PSE) of a psychometric function. Ten PSEs were measured for each subject to
assess the temporal tuning of transformational apparent motion’s influence on perceived position. When the
targets were presented at an SOA of —500 ms (or prior to that), there was no perceived misalignment between
the targets. Likewise, targets presented more than 400 ms after the second frame of the sequence were perceived
veridically. Perceived position therefore depends on information within a restricted temporal window. To
measure the temporal tuning of the effect, a Gaussian was fit to the data for each subject: fix) = [a - exp(—(x +
b)* / ¢)], where a is the peak misalignment perceived between the targets, b is the temporal shift in the peak
effect relative to 0 SOA, and c is the width of the Gaussian at 78% maximum amplitude. The best fit parameters
for subject D.W. were a = 22.8 min of arc, b = —84.8 ms, and ¢ = 300 ms. The 72 of the fit was .92. The best
fit parameters for subject D.B. were a = 18.9 min of arc, b = —87.9 ms, and ¢ = 201 ms. The 2 of the fit was
.62. B: The perceived misalignment between the targets as a function of SOA for all subjects averaged. The best
fit parameters were a = 15.5 min of arc, b = —48 ms, and ¢ = 300 ms, indicating that the peak misalignment
occurred about 50 ms before the presentation of the second frame of the transformational apparent motion
sequence. The 7~ of the fit was .95. The effect was broadly tuned in time, showing that half of the effect was
present more than 200 ms before the presentation of the second frame of the sequence. Evidently, the visual
system integrates information over a long temporal interval before assigning positions to objects. Error bars show
95% confidence intervals.
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Experiment 1C: Is a Frame of Reference Illusion or the
Percept of Motion Necessary?

The midlines of the H stimuli presented in Frame 2 (see Figure
1) were physically misaligned (i.e., the new information visible in
Frame 2 consisted of two midlines that were offset relative to each
other): This offset could induce a tilt illusion or frame of reference
effect (Duncker, 1929/1938; Rock, 1990; Roelofs, 1935; Witkin &
Asch, 1948), which could cause the two flashed targets to appear
misaligned, independent of any motion percept. To test whether a
frame of reference effect is necessary or whether the percept of
transformational apparent motion is responsible for the data in

Figure 3, we modified the stimulus in Figure 1 slightly to remove
the frame of reference information.

Method

The methods in this experiment were identical to those in Experiment 1B
except that the stimulus was modified slightly. Figure 4A shows that one
of the vertical stalks of the H-shaped stimuli was wider than the other; in
fact, the width perfectly matched the width of the cue. Therefore, the
horizontal midline (the dynamic part of the stimulus that displays an
illusory motion) was vertically aligned in the top and bottom displays
(Figure 4B). All other details of the experiment were identical to those in
Experiment 1B.
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Figure 4. Stimulus and results for Experiment 1C. A: The transforma-
tional apparent motion stimulus from Figure 1 was slightly modified. The
midline that displays transformational apparent motion was vertically
aligned by making one vertical stalk of each H stimulus wider. B: The
resulting transformational apparent motion occurs across two vertically
aligned segments, eliminating any tilted frame of reference that may have
been present in the dynamic part of the original display in Figure 1. C:
Averaged data across 4 subjects showing a perceived misalignment be-
tween the target flashes comparable to Figure 3B. The best fit Gaussian
(from Figure 3) had a peak shift of ~48 ms, comparable to the first
experiment. The results demonstrate that a frame of reference or tilt illusion
is not responsible for the results. Likewise the static frames themselves
(Frame 1 or Frame 2) are not responsible for the results, because no effect
was found well before or well after the transformational apparent motion
(i.e., at —1,000-ms and at 500-ms SOA, there is no perceived misalign-
ment). Error bars show 95% confidence intervals.

Results

Figure 4C shows that there was a significant misalignment
perceived between the two flashed targets, even though the dy-
namic part of the display was perfectly aligned, F(9, 39) = 4.22,
p < .05. The temporal tuning of the effect was consistent with that
found in Experiment 1B, as revealed by the best fit Gaussian.
Because the horizontal midlines between the H stimuli that display
transformational apparent motion are vertically aligned, a frame of
reference effect cannot be present. One might argue that the first
and second frames themselves (as a whole) are now spatially
asymmetric and that these static frames (either Frame 1 or Frame
2) could contribute to the results in Figure 4. We can rule this
possibility out, however, because well before the second frame
(e.g., —1,000-ms SOA), there is no perceived misalignment be-
tween the flashed targets. Likewise, well after the second frame
(500-ms SOA), there is also no misalignment perceived. There-
fore, a frame of reference effect like the Duncker or Roelofs
illusion (Duncker, 1929/1938; Rock, 1990; Roelofs, 1935; Witkin
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& Asch, 1948) cannot be responsible for the results. Rather, the
percept of illusory transformational apparent motion is necessary.

Discussion: Experiments 1A-1C

The first experiment demonstrated that the perception or aware-
ness of motion direction is sufficient to shift the apparent locations
of objects, regardless of whether real motion is present in the
scene. Consistent with previous studies (Shim & Cavanagh, 2004;
K. Watanabe et al., 2002, 2003), high-level or top-down motion
detection mechanisms must contribute to perceived position. Al-
ternative stimulus-driven mechanisms, such as passive first-order
motion detectors, can be ruled out because the stimulus in Figure 1
contains no motion (not even ambiguous/bistable motion or a
change in the position of a target over time). When only parts of
the display were presented (at the extreme SOAs), there was no
effect on the perceived position of the static target. Therefore,
effects such as attentional repulsion (Pratt & Turk-Browne, 2003;
Suzuki & Cavanagh, 1997) and frames of reference (Duncker,
1929/1938; Rock, 1990; Roelofs, 1935; Witkin & Asch, 1948) can
also be ruled out because the illusory position shift occurred only
when transformational apparent motion was perceived. The shift is
not an example of the onset repulsion (Thornton & Hubbard, 2002)
or flash-lag effects (Krekelberg & Lappe, 2001; Nijhawan, 2002),
because the shift is in the direction of motion and occurs for a
static object.

The advantage of using transformational apparent motion over
other types of stimuli used in the past is that most forms of illusory
motion require a change in the position of an object, or feature,
over time. For example, bistable apparent motion—even long-
range apparent motion— constitutes a change in the position of an
object over time. Biasing attention toward one direction of motion
influences the apparent positions of static objects (Shim & Ca-
vanagh, 2004), but this may be due to a modulating role of
attention rather than a top-down mechanism that mediates position
assignment. Anorthoscopic motion (motion of an object only vis-
ible through a pixel-wide slit; K. Watanabe et al., 2002) reduces
directional motion signals because of the aperture problem that is
created in those displays; integration over space, however, solves
the aperture problem. The true direction of object motion could
thus be solved in a bottom-up fashion. Transformational apparent
motion also provides stronger evidence for a top-down contribu-
tion to perceived position than the line-motion illusion because the
latter illusion has two temporally restricted events (a flash fol-
lowed by a briefly presented line; Hikosaka, Miyauchi, & Shimojo,
1996), which could potentially be detected by passive motion
detectors (Zanker, 1997). The perceived direction in transforma-
tional apparent motion displays, on the other hand, depends on a
surface or form interpretation (Tse & Logothetis, 2002).

The mechanism underlying transformational apparent motion
certainly requires attention or top-down knowledge (Tse & Logo-
thetis, 2002), though the precise implementation is still unknown.
It could be related to inferred motion (Assad & Maunsell, 1995),
reduced latency at the attended (cued) location (Baldo & Klein,
1995; Hikosaka, Miyauchi, & Shimojo, 1993; Stelmach & Herd-
man, 1991), surface filling in and boundary completion (Baloch &
Grossberg, 1997; Downing & Treisman, 1997), form-specific mo-
tion processing (Tse & Logothetis, 2002), or attentive tracking
(Cavanagh, 1992), and it may involve multiple independent pro-
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cesses (von Griinau, Dube, & Kwas, 1996). Regardless of the
specific mechanism that gives rise to transformational apparent
motion, a top-down component is necessary to explain the illusory
motion percept (Tse & Logothetis, 2002). Therefore, we can safely
conclude that because nothing in the stimulus actually moved or
changed position, the perception or awareness of motion direction
is sufficient to cause objects to appear shifted.

Experiment 2A: Is Attention to or Awareness of Motion
Direction Necessary?

In the following experiment we tested whether the position of a
target can be shifted by motion even when the direction of motion
cannot be identified. We used the well-known phenomenon of
crowding (Bouma, 1970, 1973; Levi, Klein, & Aitsebaomo, 1985;
Stuart & Burian, 1962). In crowding displays, the number and
spacing of an array of objects is such that observers are unable to
report or scrutinize the specific features of the objects near the
center of the array (Felisberti, Solomon, & Morgan, 2005; He,
Cavanagh, & Intriligator, 1996; Pelli, Palomares, & Majaj, 2004).
Although observers clearly see that something is there, they are
unable to identify the crowded objects, how many there are, or any
other specific features of the objects (He, Cavanagh, & Intriligator,
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1997; Kim & Blake, 2005). Despite the fact that observers are
unable to scrutinize or discriminate the features of a crowded
object, several studies have shown that low-level (bottom-up)
adaptation occurs and is specific to these unidentifiable features
(Aghdaee, 2005; Aghdaee & Zandvakili, 2005; He et al., 1996;
Rajimehr, Montaser-Kouhsari, & Afraz, 2003; Rajimehr, Vaziri-
Pashkam, Afraz, & Esteky, 2004). For example, a crowded array
of oriented gratings can prevent subjects from identifying the
orientation of the central-most pattern; nevertheless, there is still
orientation-specific adaptation and aftereffects (He et al., 1996, 1997).
Likewise, adapting to moving patterns embedded in crowded arrays
can prevent awareness of motion direction while still producing
direction-specific motion aftereffects (Aghdaee, 2005; Aghdaee &
Zandvakili, 2005; Whitney, 2005). We adopted this technique by
presenting an array of Gabor stimuli that contained patterns drifting in
random directions (Figure 5). We then tested whether the crowded
Gabors—the ones whose direction of motion was unidentifiable—
influenced subsequent judgments of perceived position.

Method

Four subjects participated in the experiment (the same from the first
experiment, 3 of whom were naive). Each had normal or corrected-to-
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Figure 5. Stimuli used in the second experiment. A: An array of Gabor patches was presented for an adaptation
period while subjects fixated on the bull’s-eye. Two pairs of vertically aligned Gabors in the central region of
the array had opposing directions of motion. These adaptation regions are circled by dashed and solid lines,
respectively (these circles are for illustration and were not presented in the actual stimulus). The directions of
motion in the adaptation regions (circled) were fixed throughout an experimental session. All other Gabors
served as crowding stimuli and had randomly determined directions of motion (leftward or rightward) on each
trial. B: During the test period, two static Gabors were presented in one of the two vertically aligned, adapted
regions (e.g., the test Gabors are located within the circled regions that were previously adapted to motion, in
[A]). C: After adapting to the stimulus in (A), the test Gabors in (B) appear to be misaligned in a direction
opposite that of the prior motion adaptation. D: Each session began with an initial adaptation period, followed
by a repeat test and top-up adaptation periods. E: Examples of several different kinds of test Gabors that could

be presented during the test period.
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normal vision. Subjects were seated in a darkened experimental booth with
a chin rest 28 cm from a Sony G520 Multiscan CRT monitor, which had
a refresh rate of 100 Hz.

Stimuli were similar to that shown in Figure 5 and consisted of an array
of drifting Gabor patterns (moving sine wave carriers with static Gaussian
envelopes) on a gray (52.5 cd/m?) background. The array contained 24
approximately equally spaced Gabors (horizontal center-to-center separa-
tion between the Gabors was 4.6°; vertical center-to-center separation was
4.2°). Each Gabor had a contrast of 99%, had 0.52 cycles/deg, drifted at 6
cycles/s, and had a Gaussian envelope with a standard deviation of 0.74°.

In the central region of the array were two pairs of vertically aligned
Gabors whose direction of motion was always opposite (the vertical pairs
are circled with dashed and solid lines, respectively, in Figure 5A; these
circles are for illustration and were not presented in the actual stimulus).
The direction of motion in these adapted regions was always the same
across trials, though subjects were not able to identify the direction of
motion in these adapted regions (direct tests of this are provided in
Experiment 2C; see also Experiment 2E). Each of the other surrounding
Gabors (20 of them) had either leftward or rightward motion on each trial,
determined randomly for each one on each trial, which amounted to a net
global velocity of zero across trials. A fixation bull’s-eye was provided 23°
to the left of the leftmost test Gabor in the array. Subjects were instructed
to fixate the bull’s-eye at all times.

On each trial, the array of Gabors was presented for 2 s (an adaptation
period). A pair of stationary test Gabors was then presented for 500 ms in
one of the two vertically aligned adapted regions (Figure 5B; vertical
separation between the test Gabors was 15.1°). The orientation of the test
Gabors was either the same as or orthogonal to (rotated 90°) the Gabors in
the array. The test Gabors had one of three spatial frequencies, determined
randomly on each trial (0.35, 0.52, or 1 cycle/deg). Rotating the carrier
eliminates the perceived motion aftereffect (McGraw et al., 2002). The
phase of the test Gabor’s carrier was randomized on each trial. The test
Gabors were vertically aligned (as shown in Figure 5B) or could be
physically misaligned by one of six possible values (at increments of 0.46°,
for a total of seven possible relative alignments). The adapted region in
which the test Gabors were presented and the misalignment between them
were randomized on each trial. In a two-alternative forced-choice (2AFC)
method of binary choice (yes—no) task, subjects were asked to judge the
relative alignment of the test Gabors (whether the top Gabor was to the left
or to the right of the bottom one). Immediately after subjects responded,
another trial was presented. Because the two vertically aligned pairs of
adapting Gabors contained motion in opposite directions (Figure 5A), the
perceived misalignment between the test Gabors was in opposite directions
depending on where the test Gabors were presented (Figure 5B-C). The
results for these two directions of adaptation were comparable, so the data
were flipped and merged across adaptation directions.

In each experimental session, there were two possible test Gabor orien-
tations (orientation was either the same as or orthogonal to that of the
adapting stimuli), three possible spatial frequencies, two possible adapta-
tion positions, seven possible flash alignments at each adaptation position
(i.e., aligned, or misaligned by one of six values), and 10 repeated trials for
each of these seven flash alignments, for a total of 840 trials per session
(broken up into two equal length subsessions because of the duration). Data
for the two adaptation positions were collapsed, and for each test orienta-
tion and spatial frequency, a psychometric function was fit to the data from
the logistic function described in Experiment 1A. The PSE reflects the sum
of the two Gabors’ position shifts (i.e., the physical distance between the
two test Gabors). For example, when the test Gabors were physically
aligned, they each appeared shifted in a direction opposite that of the prior
motion adaptation (Figure 5C); in order to offset this apparent misalign-
ment, the test Gabors had to be physically misaligned. In separate sessions,
the direction of the four adaptation Gabors was reversed (Figure 5 shows
only one direction of adaptation; to avoid any adaptation asymmetry, the
direction of the adaptation Gabors was reversed in an additional session).
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Each subject participated in three separate sessions (840 X 2 directions of
adaptation X 3 sessions = 5,040 trials), yielding three psychometric
functions for each type of test Gabor. The PSE for each condition was
based on the average of the three psychometric functions.

In a separate test, using the same subjects and methods above, the
stationary test Gabors were presented for 100 ms (rather than 500 ms). All
other details of this second manipulation were identical to those above.

Results

Figure 6A shows that after adaptation to crowded motion, there
was a significant shift in the perceived positions of stationary test
Gabor stimuli presented within the adapted regions: for subject
D.B., #(30) = 4.6, p < .05; for subject D.W., #(30) = 3.2, p < .05.
The psychometric functions for two representative subjects show
that the PSE shifted by ~0.6° each after motion adaptation (Figure
6A). Figure 6B shows that the illusory position shift was compa-
rable across different spatial frequencies, suggesting that the motion
adaptation is not pattern specific, in contrast to many types of first-
order motion aftereffects (MAEs; Mather et al., 1998). A between-
subjects ANOVA revealed a significant main effect of motion adap-
tation on the perceived positions of the test stimuli, F(1,3) = 21,p <
.05. Post hoc contrasts indicated that there was a significant influence
of motion adaptation on perceived position for each of the subjects;
least significant effect was for E.V.: #6) = 5.96, p < .05.

When the orientation of the test Gabors was identical to that of
the adaptation Gabors, there was a strong MAE that accompanied
the apparent position shift. This MAE was produced even though
the drifting Gabors were crowded during adaptation. To mitigate
the possibility that the perceived shift in the position of the test
Gabor was due to the perception of the MAE, we reduced the
duration of the test Gabors to 100 ms in a separate test, as this
reduces the perceived MAE (Nishida & Johnston, 1999; Whitney
& Cavanagh, 2003). The perceived shift in the position of the test
Gabors was still significant (0.25°) even with this short test dura-
tion; for representative subject D.W., #(60) = 2.6, p < .05.

To further ensure that the perception of a passive MAE is not
responsible for the illusory position shift, we presented one con-
dition in which the test Gabors had an orientation orthogonal to
that of the adaptation Gabors. This eliminates the MAE (McGraw
et al., 2002) or at least dramatically reduces it, but leaves intact the
apparent shift in the position of the test Gabor (Figure 6B, solid
symbols). In these orthogonal test Gabors, there was still a signif-
icant shift in their perceived positions, #(3) = 4.8, p < .01. There
was not a significant effect of test Gabor spatial frequency on the
perceived misalignment, F(2, 6) = 2.6, p = .17.

It is noteworthy that the orthogonally oriented test Gabors showed
a reduced effect (~0.5° misalignment for the orthogonal test Gabors
as compared with ~0.7° for the parallel test Gabors). This main effect
difference between parallel and orthogonally oriented test Gabors did
not reach significance, #(3) = 2.75, p = .07, but the effect size (eta® =
0.7) suggests that the orthogonal carrier did reduce the magnitude of
the perceived misalignment. It is possible, if not likely, that this is due
to the reduced magnitude of the perceived MAE. This raises the
possibility that the misalignment perceived between the test Gabors is
produced by the percept of motion (the MAE). In the following
experiment, we determine whether perceived motion during the test
period is responsible for the perceived shift in the position of the
Gabors by nulling the perceived MAE and then measuring whether an
illusory shift still remains.
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Figure 6. Results of Experiment 2A. A: Representative psychometric functions for 2 subjects showing a
significant shift in the perceived position of the test Gabors as a function of the direction of motion adaptation.
The abscissa shows the physical misalignment between the test Gabors: Positive values indicate that the Gabors
were misaligned in the same direction as the prior motion adaptation, and negative values indicate that the
Gabors were misaligned in a direction opposite that of the motion adaptation. The ordinate shows the proportion
of trials in which the subject perceived the test Gabors to be misaligned opposite the direction of the prior motion
adaptation. The point of subjective equality defines the physical misalignment between the Gabors that appeared
to be aligned. Because of the motion adaptation, the Gabors had to be presented ~0.6° in the same direction as
the prior motion adaptation to appear aligned. When physically aligned, the Gabors appeared shifted opposite the
direction of the motion adaptation. B: Results for one representative subject (left panel) as well as for all 4
subjects averaged (right panel) as a function of the spatial frequency (abscissa) and orientation of the test Gabors.
The orientation of the test Gabors was either the same as (open symbols) or orthogonal to (solid symbols) the
orientation of the adaptation Gabors. There was a significant overall position shift for all subjects; least
significant effect was for subject E.V., #(5) = 5.96, p = .002. There was a larger effect when the adaptation and
test Gabors contained the same orientations; for the group results in the right panel, #3) = 2.75, p = .07. There
is little variation in the illusory position shift as a function of spatial frequency. Error bars indicate within-subject
SEM in the left panel and between-subjects SEM in the right panel. C: Results of Experiment 2B, showing the
perceived motion in a single orthogonally oriented test Gabor. The perceived motion for this representative
subject was 0.4°/s, which although not significant, #(2) = 1.3, p > .05, could have determined the misalignment
in (B) above. The solid gray square in the right-hand panel of (B) shows the perceived misalignment when the
test Gabor is drifted at a speed that nulls the perceived motion aftereffect (MAE). There is still a perceived
misalignment even with the MAE nulled, #(5) = 3.32, p < .05. This demonstrates that neither the percept of
motion nor a subthreshold MAE is responsible for the illusory mislocalization.
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Experiment 2B: Position Shifts Without Perceived Motion

There is a possibility that the perceived misalignment between
the test Gabors in Figure 6 could have been caused by a perceived
MAE during the test period. If this were the case, a high-level
motion mechanism could explain the result. If, however, a per-
ceived misalignment between the test Gabors occurs without any
percept of motion (real or illusory), then we can be confident that

bottom-up motion detectors are responsible and that the awareness
of motion direction must not play a role.

Method

There were two parts to this experiment. In the first, Experiment 2A was
repeated, except that the perceived motion of the test Gabors was measured
rather than their perceived misalignment. Only one condition was tested
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(0.52 cycles/deg Gabors; the test Gabor’s carrier was orthogonal). Follow-
ing adaptation as in Experiment 2A, a single orthogonally oriented test
Gabor was physically drifted (the whole pattern moved, using subpixel
motion; Georgeson, Freeman, & Scott-Samuel, 1996; Mather & Morgan,
1986; Morgan, Mather, Moulden, & Watt, 1984) at one of six different
speeds (ranging from —12° to 12° in equal increments). Using the method
of constant stimuli (leftward-rightward judgment), we measured the speed
and direction of test Gabor motion that nulled the perceived MAE (the PSE
on the psychometric function). The adaptation Gabors were identical to
those described above, except that the direction of motion in the crowded
Gabors was randomized (rather than being fixed on every trial), as this
reduces the buildup of motion adaptation (note that the goal here was to
minimize the MAE). The test Gabor (100-ms duration) was slightly larger
than the adaptation Gabors (the Gaussian envelope had a 1° standard
deviation), as this also reduces perceived MAE.

The PSE in the design above reveals the MAE perceived on the test
Gabor. In the second part of the experiment, we used this value to null the
perceived MAE and then measure whether a position shift remained. In this
second experimental session, the perceived misalignment between two test
Gabors was measured. The stimulus was identical to that described in the
first part above except that two test Gabors were presented and, rather than
measuring the perceived MAE, the perceived misalignment between the
test Gabors was measured. The method was identical to that of Experiment
2A with the important exception that the two test Gabors were physically
drifted at a speed that nulled the perceived MAE (as measured above in the
first part).

Results

Figure 6C shows that the perceived MAE in the orthogonal test
Gabors was negligible. The perceived speed of ~0.4°/s is well
below the just noticeable difference (measured as half the distance
between the 25th and 75th percent response proportions on the
psychometric function, which was ~4.5°/s; the high threshold is
due to the brevity of the test Gabor; Cropper & Derrington, 1996;
Festa & Welch, 1997). Because subthreshold motion could still
generate a position shift, the second part of this experiment nulled
the perceived MAE, and the perceived misalignment between the
Gabors was measured. The solid gray symbol in Figure 6B shows
that in this situation, although no illusory MAE is perceived, there
was still a small shift in the positions of the test Gabors (~0.22°).
Although slight, the effect is significant, #(5) = 3.32, p < .05,
demonstrating that an MAE is not necessary to shift the perceived
positions of objects. Rather, adaptation to motion can produce
effects on apparent location without requiring a percept of motion.
These results further suggest that there is a passive, bottom-up
contribution of motion (local motion adaptation) to perceived
position that operates independent from the mechanism responsi-
ble for perceived motion.

Experiment 2C: Efficacy of Crowding During Motion
Adaptation

The preceding experiment demonstrated that exposure to motion
in crowding conditions can influence subsequent position judg-
ments. This crowding technique, however, hinges on the assump-
tion that subjects could not detect the direction of motion in the
adaptation Gabors. If subjects were able to discriminate the direc-
tion of motion, this could influence the subsequent position after-
effect. In this experiment, we sought to test this premise directly by
measuring the degree of crowding.
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Method

Stimuli were identical to those in Experiment 2A. The only difference
was that subjects were instructed to judge the direction of motion in one of
the adapted regions. Because there are two adapted regions—solid or
dashed circled stimuli in Figure SA—subjects were instructed to judge the
direction of motion in one region (e.g., the closer Gabor—the one located
two from the left and two from the top) in one session and then judge the
other region in a subsequent session. Responses were then averaged across
these two sessions. On each trial, the fixation bull’s-eye was placed a
random distance between 12° and 30° from the nearest adapted region
within the crowded display (the original distance was ~23°). The fixation
point was always located on the same horizontal plane as in Experiment 2A
(i.e., it was only displaced along a horizontal dimension). The direction of
Gabor motion in the adapted regions (circled in Figure 5A) was random on
each trial, which forced subjects to guess the direction of motion on each
trial. The direction of all other Gabors was also randomly determined on
each trial (leftward or rightward). Subjects responded with one of two keys
indicating that the adapted region contained leftward or rightward motion.
There were 20 trials for each fixation position, six fixation positions, and
two sessions, for a total of 240 trials for each subject.

Results

Figure 7 shows the subjects’ accuracy when guessing the direc-
tion of motion in the adapted regions (averaged across both regions
circled in Figure 5A). Because of the crowding and depending on
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Figure 7. Results of Experiment 2C: Accuracy of discriminating Gabor
motion under crowding conditions for 3 experienced subjects. The sepa-
ration between the fixation point and the test Gabor is plotted along the
abscissa. The test Gabor was always located in one of the adaptation
regions from Experiment 2A (one of the circled regions in Figure 5). The
test Gabor was always embedded in the array of crowding Gabors, and
subjects often reported guessing the direction of motion in the test Gabor
(i.e., subjects could not even resolve which Gabor was the one to judge
because of the crowding). The proportion of responses that were correct is
plotted along the ordinate. When the fixation point was close to the array
of Gabors, it was easy for subjects to judge the direction of motion within
the test Gabor (chi-square test: *p < .05; **p < .01). When the fixation
point was at least 21° from the nearest test Gabor, subjects were at chance
when guessing the direction of motion in the test Gabors (chi-square test:
p > .05). In Experiment 2A, the distance between the fixation point and the
test Gabors was ~23°. At this separation (indicated by the arrow), subjects
were unable to reliably determine the direction of motion in the test
Gabors. The best fit logistic function for the averaged data (solid line) was
fx) = [1/7 @2 + exp(0.21(x — 11.25))) + 0.5], indicating that to achieve
~83% correct, the fixation point had to be within 11.25° of the target
Gabor. Representative error bar indicates =1 SEM.
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the distance between fixation and the adaptation Gabor, subjects
found the task difficult and reported guessing a large proportion of
the time. When the fixation point was less than 15° away from the
adaptation Gabors, subjects were at least 70% accurate; at 15°
separation, the least significant subject was significantly above
chance: x*(1, 40) = 6.4, p < .05. With separation of more than
20°, however, accuracy rates were around 55%, with each subject
responding near chance; subject D.B.’s accuracy (diamond sym-
bols in Figure 7), averaged over all separations above 20°, x*(1,
120) = 1.6, p = .21. The separation in Experiment 2A was ~23°,
suggesting that subjects were unable to determine direction of
motion in the adaptation Gabors in that experiment. The crowding
stimulus (Figure 5) was therefore an effective manipulation to
prevent awareness of motion direction during adaptation.

Experiment 2D: Randomizing the Direction of Motion
Across Trials

There are two more possible ways that subjects could have
become aware of motion direction during adaptation. One might
argue that although the motion of the adaptation Gabor was indis-
cernible in Experiment 2A, the Gabor patterns at the edge of the
array could be perceived and thus influence the misalignment. This
possibility can be ruled out because the Gabors at the edges (and
indeed everywhere except the specific adaptation regions) did not
contain consistent directional motion, which would prevent adap-
tation across trials and would not predict the misalignment that
subjects perceived between the test Gabors.

Another possibility is that subjects somehow became aware of
the direction of motion in the two pairs of adaptation Gabors
(circled in Figure SA). Because the direction of motion adaptation
was consistent across trials, if subjects were able to determine the
direction of motion just once, they might maintain this awareness
throughout the rest of the session. One way that subjects could
have become aware of the adaptation direction is by moving their
eyes. This scenario is unlikely, however, because we provided a
fixation point and our observers were highly trained. Another
possibility is that the crowding in the display could have occa-
sionally failed. A crowded stimulus can become visible (crowding
can break down) if the stimulus has dramatically different features
from the surrounding objects (Chung, Levi, & Legge, 2001; Kooi,
Toet, Tripathy, & Levi, 1994); for example, a feature that is unique
can pop out of a visual search display even when the stimulus
would otherwise be crowded out of awareness. In Experiment 2A,
the direction of motion was random for each of the crowding
Gabors (leftward or rightward), which means that there was a slim
probability that many or all of the crowding Gabors could move in
the same direction; one of the adaptation Gabors, moving in the
opposite direction, might have therefore popped out and become
visible. If this (or some other similar perceptual grouping phenom-
enon) were to happen, crowding could fail and subjects would
become aware of the adaptation direction for the remainder of the
experimental session.

Method

The methods in this experiment were similar to those of Experiment 2A,
except that the two pairs of adaptation Gabors did not contain motion in the
same direction across trials. The direction of motion in each vertically
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aligned pair of Gabors was randomly determined on each trial. That is,
although the top Gabor of the vertical pair always contained motion
opposite the direction of the bottom Gabor, the motion of the top Gabor
could be leftward or rightward on each trial. All other Gabors in the array
contained leftward or rightward motion, determined randomly on each trial
for each Gabor. Because the direction of motion in the test locations was
randomized on each trial, there was no consistent direction of adaptation
across trials. This would normally cause a saturation or adaptation within
the test location to both directions of motion, which would serve to reduce
the motion-induced shift found in the first experiment. To avoid this
potential problem, fewer trials were presented (data were collected for only
one representative condition), the “top-up” adaptation period was extended
to 8 s (though the term “top-up” here is misleading, as the direction of
motion on sequential trials could be in opposite directions), and, most
important, the fixation point was repositioned at one of four different points
on the screen on each trial (always 27° from the screen center and a
minimum of 21° or 23° from the nearest test Gabor for vertically and
horizontally separated fixation points, respectively). The fixation point
could be centered above, below, or to either side of the midpoint of the
array of Gabors (from Figure 5; this reduced retinotopically specific
saturation). On each trial, the fixation point jumped in a clockwise direc-
tion (e.g., if the fixation point was to the left of the array on Trial 1, it was
above the array on Trial 2); this technique maximizes the interval between
adaptation periods at each retinal location. Subjects fixated the bull’s-eye
at all times.

On the basis of the separation between each of the fixation points and the
test Gabors, and the results of Experiment 1C above, subjects were unable
to determine the direction of motion presented within either of the adap-
tation regions (Figure 7). The test Gabors had a fixed spatial frequency of
0.35 cycles/deg (identical to the low spatial frequency test Gabors in the
first experiment), had an orientation orthogonal to the adaptation Gabors,
and were presented for 240 ms. There was no initial adaptation period. The
procedure and method were otherwise identical to those of the first
experiment.

Results

Figure 8 shows that there was still a perceived misalignment
between the test Gabors even though the direction of motion
adaptation was randomly chosen on each trial: for subject D.W.,
1(30) = 5.3, p < .05; for subject D.B., #(30) = 8.6, p < .05. The
fact that there is a strong shift in the perceived position, even after
only 8 s of motion adaptation, shows that brief exposure to motion
is sufficient to bias subsequent position judgments. The results
here also support Experiment 2A, showing that awareness (or
becoming aware) of directional motion adaptation is not necessary
for the effect.

Experiment 2E: Correlating Crowding Effectiveness and
Position Shifts

Experiment 2C demonstrated that subjects were at chance when
guessing the direction of motion in the test Gabors. Experiment 2D
showed that there is a position shift even when the direction of
motion in the test Gabors is randomized from trial to trial. To
confirm that there is no correlation between the awareness of
motion direction (i.e., the effectiveness of crowding) and the
perceived position shift, we conducted another experiment in
which subjects made two sequential judgments on each trial.
Subjects judged the direction of motion in the crowded adaptation
Gabor and also judged the position of the test Gabor.
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Method Gabors while simultaneously being unable to report the direction

The methods were similar to those in Experiment 2D. Two subjects
participated in this experiment, both of whom had participated in the
previous experiments (including the author). The fixation point remained in
one position throughout the experiment (Figure 9). The direction of motion
in each Gabor in the crowding array was randomly determined on every
trial (spanning a range of 360°; Figure 9A). The adaptation Gabors (dashed
circles) contained leftward or rightward drifting carriers, determined ran-
domly on each trial. There was only one test location (dashed circles),
which was always known to the subjects. There was no initial adaptation
period. Each adaptation period (top-up adaptation) was 8 s. The task was
a combination of those in Experiments 2C and 2D: Subjects first judged the
direction of motion in the upper adaptation Gabor (top dashed circle in
Figure 9A). Subsequently, subjects judged the relative misalignment be-
tween the static test Gabors. The static test Gabors were identical to those
in Experiment 2D (orthogonal to the adapting Gabors, as shown in Figure
5B). Subjects were allowed to make their first judgment at any moment
during the trial but were encouraged to be as accurate as possible. Direction
discrimination always preceded the judgment of Gabor position to avoid
the possibility that the test Gabor might give away some information about
the direction of motion adaptation. The locations of the test Gabors, the
timing, the procedure, and the analysis were identical to those in Experi-
ment 2D. Each subject participated in five sessions of 30 trials, for a total
of 150 trials. A psychometric function was fit to the data using the methods
described in Experiment 2A. Each session was separated by at least 30 min
to reduce accumulated motion adaptation.

In the second half of the experiment, the same stimuli the above were
used in a bias-free 2AFC task (MacMillan & Creelman, 2004) to measure
each subject’s ability to discriminate direction of motion. The stimulus in
Figure 9A was presented, and subjects were required to judge whether the
upper or lower adaptation Gabor (upper and lower dashed circles in Figure
9A) contained rightward motion (a 2AFC task). Both leftward and right-
ward motion were always present, and the response (upper or lower) was
therefore orthogonal to the presence of the stimulus (leftward or rightward
motion), ensuring that the task was a bias-free estimate of discriminability
(MacMillan & Creelman, 2004; McKee et al., 1985). Calculating d’
[z(H) — z(F)], where H is the hit rate and F is the false alarm rate, gives an
unbiased estimate of discrimination (Green & Swets, 1988; MacMillan &
Creelman, 2004).

Results

Figure 9B shows the results of Experiment 2E, revealing that
subjects perceived a strong misalignment between the static test

of motion in the adaptation region. The smallest misalignment
(0.52°) was for subject D.W. and was significant, #(25) = 4.41,
p < .01. The effect size was slightly smaller than that found in
Figure 6 because the direction of adaptation could reverse from
trial to trial. Subject D.W. reported the direction of motion at 52.6%
accuracy, consistent with the results of Experiment 2C; if this ob-
server were ever truly aware of motion direction, it must have been in
some fraction of these ~53% accurate responses. To ensure that these
correct responses did not influence or determine the misalignment in
Figure 9B, all of the correct responses were removed from the
analysis and the psychometric function was recalculated (Figure 9B,
dashed lines). Even without the accurate responses, both subjects still
perceived a strong misalignment between the Gabors; the least sig-
nificant effect was for subject D.W., #(25) = 3.35, p < .01. There was
not a significant difference between the perceived misalignment for
accurate trials (hits) versus inaccurate trials (misses) for either subject:
for subject D.W., #(25) = 0.92, p > .05. In fact, for subject D.B., there
was a slightly stronger position shift observed in the inaccurate trials
(the dashed line is slightly to the right of the solid one in Figure 9B).
These results provide strong evidence that the direction of motion
adaptation was prevented and that there was nevertheless a shift in the
perceived position of the test Gabors.

To further ensure that subjects were not able to discriminate the
direction of motion in the adaptation Gabors (dashed circled regions
in Figure 9A), we conducted another 2AFC experiment requiring
subjects to discriminate the direction of motion in the top and bottom
adaptation Gabors. Using an unbiased 2AFC task (MacMillan &
Creelman, 2004; McKee et al., 1985), d' was found to be 0.26 and
0.32 for subjects D.B. and D.W., respectively. This level of discrim-
ination is not significant; the most significant effect was for subject
D.W., x*(1, 150) = 0.15, p = .70. Not surprisingly, without the added
array of crowding Gabors (when just the two adaptation Gabors in the
dashed circled regions were presented), discrimination was nearly
perfect (d' > 5). The crowded array of Gabors therefore eliminates
observers’ abilities to discriminate motion direction.

Discussion: Experiments 2A-2E

In the second experiment, we found that even when subjects
could not distinguish the direction of motion in the adaptation
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Figure 9. Stimulus and results of Experiment 2E for 2 subjects. A: Subjects adapted to a crowded array of
Gabors drifting in random directions. In each trial, subjects judged the direction of motion in the adaptation
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between the two static test Gabors (as in Experiment 2A). The direction of motion in the adaptation regions
(dashed circles) was leftward or rightward, determined randomly on each trial. B: Psychometric functions for 2
subjects showing the perceived misalignment (shift) in the positions of the test Gabors (same format as Figure
8). The solid line is the psychometric function fit to all trials in the experiment; the least significant point of
subjective equality (PSE) was for D.W.: #25) = 3.35, p < .01. The magnitude of this perceived position shift
was consistent with Experiments 2A and 2D. The dashed line is the psychometric function fit only to the trials
in which subjects incorrectly reported the direction of motion in the adaptation region (the top dashed circled
region in [A]). The PSEs of the psychometric functions were equivalent for hit and miss trials, revealing that the
perceived shift in position did not correlate with accurate direction discrimination; the most significant difference
between PSEs for hit and miss trials was for D.W.: #25) = 0.92, p > .05. In this experiment, accuracy at
reporting direction of motion was .52 and .58 for subjects D.W. and D.B., respectively. In a separate, bias-free
two-alternative forced-choice judgment (MacMillan & Creelman, 2004), the discrimination of motion direction
was found to be 0.26 and 0.32 (d' units) for subjects D.B. and D.W., respectively. These d’ values are at chance
level; the best discrimination was for subject D.W.: x*(1) = 0.15, p = .70.

1393

Gabors, the perceived position of subsequently viewed stimuli
appeared shifted in position. This experiment contrasts with the
first one and demonstrates that although high-level motion (motion
driven by top-down processes) is sufficient to influence perceived
position, there are also low-level passive motion detection mech-
anisms (operating in the absence of attentional scrutiny) that shift
coded position. This experiment places at least some of the
motion-induced position displacements (Whitney, 2002) at a stage
prior to that at which crowding is determined. Regardless of what
mechanism produces crowding (Bouma, 1973; Chung, Levi, &

Legge, 2001; Field, Hayes, & Hess, 1993; He et al., 1996; Intri-
ligator & Cavanagh, 2001; Kim & Blake, 2005; Latham & Whi-
taker, 1996; Levi et al., 1985; Pelli et al., 2004; Toet & Levi, 1992)
or where this occurs in the visual system, the results clearly show
that motion and position interact prior to or in the absence of
mechanisms requiring awareness of motion direction.

Recent experiments have shown that subjects can extract en-
semble pattern information from crowded displays (Parkes, Lund,
Angelucci, Solomon, & Morgan, 2001). For example, the per-
ceived global orientation of a crowded pattern is influenced by the
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orientation of a single central Gabor, even without awareness of
that Gabor’s orientation. In our experiment, it is unlikely that the
perceived shift in the test Gabors was due to an extraction of
ensemble statistics from the display as a whole, for several rea-
sons. First, only the two aligned pairs of Gabor patterns at the
center of the array had a consistent direction of motion across
trials. All other Gabor motion was random and would prevent
adaptation. Second, the averaged global motion of all Gabors was
zero because the direction of motion was random for each Gabor
on each trial; the adapted Gabors contained balanced motion that
also had a net velocity of zero. Third, the perceived shift in the
position of the test Gabors was highly position specific: The
misalignment perceived between the test Gabors was different
depending on the adapted region in which they were located,
indicating that the perceived misalignment was not based on any
spatial integration or ensemble statistic.

Additional alternative explanations for the results in this exper-
iment can be ruled out. In addition to being spatially balanced and
unpredictable, the local motion of each of the crowding Gabors in
the array (those surrounding the adaptation Gabors) was balanced
over time as well, because the direction of their motion was
random on each trial. The misalignment is therefore due to prior
exposure to local motion in the adaptation Gabors.

Prolonged exposure to motion in one location can influence the
perceived motion (Anstis & Reinhardt-Rutland, 1976; Ashida,
Susami, & Osaka, 1996; Culham et al., 2000; Snowden & Milne,
1997; von Griinau & Dube, 1992; Whitney & Cavanagh, 2003)
and positions (Whitney & Cavanagh, 2003) of objects that are
separated by a substantial distance from the region of motion
adaptation. However, in this experiment, the illusory position shift
was dominated by local motion adaptation; the shift was always
opposite the direction of motion in the adapted location, not the
motion in adjacent motion regions. The spatial extent of the
adapted region was relatively small, indicating that the region over
which motion signals are averaged (e.g., spatial summation;
Anderson & Burr, 1991; Braddick, 1993; Britten & Heuer, 1999;
Fredericksen, Verstraten, & van de Grind, 1994; Nakayama, 1985)
must be smaller than the size of the individual adaptation Gabors
(0.74° standard deviation, ~4.5° center-to-center separation be-
tween each Gabor). Several previously reported estimates of per-
ceptive field size (i.e., the area of spatial summation or pooling)
are consistent with the estimate here (Anstis & Harris, 1987;
Thorson et al., 1969). In addition to revealing a relatively small
perceptive field, the local nature of the effect here may mean that
although perceived position depends on the prior motion in a
scene, there is a stronger weight assigned to the motion in the same
location as the test object.

General Discussion

The experiments reported here demonstrate independent contri-
butions of both top-down and bottom-up motion processes to
perceived position. Using transformational apparent motion, an
illusory motion in which there is no physical movement in the
scene, we found that perceived position of nearby static objects
depended on the direction of the illusory motion. In the second set
of experiments, we presented drifting patterns in a crowded dis-
play. Although subjects could not identify the direction of motion
in the patterns, the perceived positions of subsequently viewed
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objects were shifted. Therefore, although high-level motion per-
ception can influence the perceived locations of static objects, a
high-level mechanism (e.g., attentional tracking, inferred motion,
or some other top-down process) is not necessary to shift perceived
position. Low-level motion, in the absence of top-down processes,
independently influences perceived position. Together, these re-
sults indicate that the visual system uses both high- and low-level
motion to code the locations of objects.

Mechanisms of Motion Perception

Both bottom-up (Adelson & Bergen, 1985; Burr, Ross, & Mor-
rone, 1986; Zanker, 1997) and top-down (Cavanagh, 1992; Lu &
Sperling, 1995) mechanisms mediate motion perception. Both
types of mechanisms are capable of coding motion and position.
Top-down mechanisms must explicitly represent the positions of
objects or features in order to track them (Cavanagh, 1992; Lu &
Sperling, 1995). Bottom-up, spatiotemporal receptive fields tuned
to velocity are able to simultaneously represent object form and
motion (Burr et al., 1986; Nishida, 2004). Support for these
bottom-up mechanisms includes a diverse array of illusions, in-
cluding motion interpolation—the illusory perception of an appar-
ently moving object occupying intermediate positions between its
actually displaced positions (Burr, 1979; Fahle & Poggio, 1981;
Morgan, 1976; Shaw & Ramachandran, 1982). Additional support
is provided by the perception of speed lines (Burr & Ross, 2002;
Geisler, 1999) and the perception of form through slits (Nishida,
2004). This type of bottom-up motion detector could help explain
some of the position displacements observed in moving objects.
Additional nonlinear gain control mechanisms (Berry et al., 1999)
or asymmetric connections created by spike-timing-dependent
plasticity (Fu et al., 2001, 2004) could also shift the coded location
of objects in the direction of motion. However, none of these
bottom-up models predict that an illusory motion in which there is
no physical or net motion signal in the scene (such as transforma-
tional apparent motion) should influence the perceived position of
a static object—especially one that is separated from the motion
by several degrees. Experiment 1, however, confirmed such a case.

Time Course of Motion’s Influence on Perceived Position

It is unknown how or where perceived position is determined in
the visual system. Multiple visual areas maintain retinotopic orga-
nization, and any of these areas could be necessary or sufficient for
the perception of position. The experiments here suggest that there
are multiple inputs of motion—both high and low level—to per-
ceived position.

Experiments 1B and 1C revealed the time course of top-down
motion’s influence on perceived position. The broad temporal
tuning of this effect (Figures 3 and 4) is consistent with previous
studies that used first-order motion (Whitney & Cavanagh, 2000).
It remains to be determined whether the time course of motion’s
influence on position assignment is comparable for both bottom-up
and top-down motion. Addressing this will help answer the ques-
tion of whether the perceived location of an object is determined
by a single neural mechanism or whether there are multiple inde-
pendent position-coding mechanisms that may each contribute to
perceived location. Motion-influenced position coding has been
reported in the retina (Berry et al., 1999), as well as the primary
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visual cortex (Fu et al., 2004; Whitney et al., 2003), but all of these
studies used first-order luminance-defined motion, presumably
detected by passive mechanisms. The results presented here dem-
onstrate that top-down motion influences perceived locations as
well. Although high-level motion (e.g., Hikosaka et al., 1996; von
Griinau et al., 1996; but cf. Downing & Treisman, 1997; Zanker,
1997) may be processed in the primary visual cortex (V1) (Jancke,
Chavane, Naaman, & Grinvald, 2004), and attention modulates V1
activity (Somers, Dale, Seiffert, & Tootell, 1999; Tootell et al.,
1998; T. Watanabe et al., 1998), it remains to be seen whether this
sort of top-down motion influences position coding in early visual
areas.
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