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Visual motion shifts saccade targets
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Abstract

Saccades are made thousands of times a day, and are the principal means of localizing objects in
our environment. However, the saccade system faces a challenge in accurately localizing objects
as they are constantly moving relative to the eye and head. Any delays in processing could cause
errors in saccadic localization. To compensate for these delays, the saccade system might use one
or more sources of information to predict future target locations, including changes in position of
the object over time, or its motion. Another possibility is that motion influences the represented
position of the object for saccadic targeting, without requiring an actual change in target position.
We tested whether the saccade system can use motion-induced position shifts to update the
represented spatial location of a saccade target by using a static drifting Gabor patch with either a
soft or hard aperture as a saccade target. In both conditions, the aperture always remained at a
fixed retinal location. The soft aperture Gabor patch resulted in an illusory position shift, whereas
the hard aperture stimulus maintained the motion signals but resulted in a smaller illusory position
shift. Thus, motion energy and target location were equated, but a position shift was generated in
only one condition. We measured saccadic localization of these targets and found that saccades
were indeed shifted, but only with a soft aperture Gabor patch. Our results suggest that motion
shifts the programmed locations of saccade targets, and this remapped location guides saccadic
localization.

Accurate object localization is absolutely crucial for action. A great deal of work has been
done on visuomotor localization of static objects (for reviews, see Desmurget, Pélisson,
Rossetti, & Prablanc, 1998; Goodale, 2011; Jeannerod, 1988; Kowler, 2011; Paillard, 1991),
but less is known about what kinds of information we use to localize moving objects (Schlag
& Schlag-Rey, 2002; Smeets & Brenner, 1995). Object localization presents a challenge for
the saccade system in particular, as the targets of saccades are frequently moving across the
retina either because they move or because our heads are moving through the world. Neural
processing delays might therefore produce differences between the physical and registered
location of a target. In particular, visual input cannot influence saccade programming within
the last 80-100 ms before saccade onset (Aslin & Shea, 1987; Becker & Jurgens, 1979;
Findlay & Harris, 1984) and the saccade system incurs additional delays due to the time
required to execute the eye movement (Carpenter, 1988). Therefore, being able to predict
where an object will be is of the utmost importance, and previous work has shown that
saccades to moving objects reflect a prediction about the future location of an object
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(Gellman & Carl, 1991; Keller & Johnsen, 1990; Kim, Thaker, Ross, & Medoff, 1997;
Robinson, 1973; Ron, Vieville, & Droulez, 1989).

However, it is an open question what source of information, or combination of sources,
might be used to perform this prediction. A number of previous studies have shown that
physical changes in the position of an object or the motion of an object can be used to guide
saccade targeting. For instance, changes in the position of an object over time might be used
as an error signal to predict the future location of the saccade target. This is supported by
studies demonstrating that the changing location of the target (for example, in a double-step
paradigm) can guide saccade targeting (e.g., Becker & Jirgens, 1979; Deubel, Wolf, &
Hauske, 1982; Westheimer, 1954). In addition, previous work has shown that velocity
information can be used to anticipate the future locations of saccade targets (e.g., Etchells,
Benton, Ludwig, & Gilchrist, 2010; Gellman & Carl, 1991; Keller & Johnsen, 1990;
Robinson, 1973; Ron et al., 1989). These results are consistent with neurophysiological
studies suggesting that neurons the frontal eye fields (FEF) encode information about the
velocity of saccade targets (Barborica & Ferrera, 2003; Cassanello, Nihalani, & Ferrera,
2008).

In addition to the changes in the position of the target, or the presence of target motion,
another possibility is that position information may be updated in the absence of any
changes in the target’s location. For example, previous work has shown that saccades to
targets near a moving object are shifted in the direction of the object’s motion, even though
the targets themselves do not change their physical location (de’Sperati & Baud-Bovy, 2008;
Zimmermann, Morrone, & Burr, 2012). These effects may be similar to the influence of
background motion on reaching movements (Gomi, Abekawa, & Nishida, 2006; Saijo,
Murakami, Nishida, & Gomi, 2005; Whitney & Goodale, 2005; Whitney, Westwood, &
Goodale, 2003). In this case, it is unclear whether the mation shifts the programmed location
of the stationary saccade target, or whether the saccade errors are due to the presence of
motion in the display.

The aim of the present study, then, was to test whether motion can influence the registered
location of the stationary object, which in turn could be used to guide saccade targeting. To
do so, we took advantage of a perceptual illusion that shows an influence of motion on
object location (De Valois & De Valois, 1991; Ramachandran & Anstis, 1990; see Whitney,
2002 for a review) while independently controlling both the target location and the retinal
motion that is present. We presented subjects with drifting Gabor patches to examine
whether the shift in registered location holds for saccadic targeting as well as perceptual
localization. Prior work has shown that the motion of a sinusoidal grating (i.e., the carrier)
within a Gaussian contrast envelope (blurred aperture) results in an apparent displacement of
the entire stimulus in the direction of motion, while the aperture itself remains stationary (De
Valois & De Valois, 1991; Ramachandran & Anstis, 1990). As shown in Figure 1A, the soft
aperture condition results in a shift in the perceived location of the Gabor in the direction of
the grating’s motion even though the aperture location does not change. However,
presenting the same grating within a hard aperture, as illustrated in Figure 1B, greatly
reduces the size of the illusion (Whitney et al., 2003; Zhang, Yeh, & De Valois, 1993).
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This simple stimulus is well-suited to examining the effects of motion-induced position
shifts on saccade landing location for several reasons. First, unlike many other motion-
induced position illusions (Whitney, 2002), the position shift resulting from drifting Gabors
is continuously present. As a result, saccade programming can occur while the stimulus is
still visible. Second, unlike stimuli used in previous studies (Zimmermann et al., 2012), the
illusory position shift of the saccade target is a direct consequence of its own motion, rather
than the background. Most importantly, this stimulus allows us to dissociate the target’s
motion from the target’s location. We can therefore examine whether previous results
showing a shift in either pointing responses (YYamagishi, Anderson, & Ashida, 2001) or in
saccade landing location (Kerzel & Gegenfurtner, 2005) to drifting Gabors might be
explained by the presence of mation energy or by a shift in the programmed location of the
Gabor.

Experiment 1A

Introduction

Method

Our first experiment examined whether motion influences position assignments for the
saccade system. Simply put, is the illusory displacement of the Gabor reflected in saccade
landing location? We would expect one of two outcomes — either the saccade would land at
the physical location of the Gabor patch, regardless of the carrier motion direction, or
saccades would be shifted in the direction of the carrier motion, consistent with the
perceptual mislocalization of the Gabor reported by subjects in previous studies (De Valois
& De Valois, 1991; Ramachandran & Anstis, 1990).

In the first part of this experiment (Figure 2A), we presented subjects with two types of
saccade targets—(1) drifting Gabor patches and (2) sinusoidal gratings within hard circular
apertures. We measured the landing locations of the initial saccade to each of these stimuli.
The inclusion of hard aperture stimuli allowed us to present the same stimulus motion with a
reduced shift in perceived position (Arnold, Thompson, & Johnston, 2007; Whitney, Goltz,
et al., 2003; Zhang et al., 1993). This allowed us to control for stimulus motion while only
generating a shift in perceived location in the soft aperture condition. In Experiment 1B, we
measured the perceptual magnitude of the illusory motion-induced position shift and
compared those measurements with the illusion's effect on saccade landing position
observed n Experiment 1A.

Subjects—Six subjects (4 females), including two of the authors (AK and BW)
participated in the experiment (mean age: 24.2, SD = 2.5). All observers reported normal or
corrected-to-normal vision and all except the authors were naive to the purpose of the
experiment.

Eye tracking—Eye movements were recorded with an EyeLink 1000 desktop mounted
infrared eye tracker (SR Research Ltd., Mississauga, Ontario, Canada) used in conjunction
with the Eyelink Toolbox scripts for Matlab (Cornelissen, Peters, & Palmer, 2002). Only the
right eye was recorded for each subject. Subjects were calibrated with a standard 9-point

Atten Percept Psychophys. Author manuscript; available in PMC 2015 August 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Kosovicheva et al.

Page 4

calibration procedure before completing each block of trials (average error < 0.5°). The first
time point at which the velocity exceeded 30°/s and the acceleration exceeded 8000°/s2 was
parsed as the beginning of a saccade. In addition, a motion threshold was used to delay the
start of each saccade until the eye had moved at least 0.15°. Time points at which the
velocity and acceleration fell below their respective thresholds were used to determine the
end of each saccade.

Stimuli and Procedure—Stimuli were presented on gamma-corrected Samsung
SyncMaster 997DF monitor controlled by a Mac Mini (Apple, Inc.). The program was
written in MATLAB (The MathWorks, Inc.) using the Psychophysics Toolbox (Brainard,
1997; Pelli, 1997). Display resolution was set to 1024 x 768 and the refresh rate to 100 Hz.
Subjects viewed the stimulus binocularly and head position was stabilized with a chinrest at
a viewing distance of 57 cm. At this distance, 30 pixels subtended approximately 1° of
visual angle.

Stimuli were presented on a gray background (72.2 cd/m?2). Gabors had a spatial frequency
of 0.75 cpd and had a peak contrast of 85%. The standard deviation of the contrast envelope
was 0.65°. On half the trials, a sinusoidal grating with a circular hard aperture (1.4° radius,
uniform contrast envelope) was presented instead of a Gabor. These gratings had a peak
contrast and spatial frequency identical to the Gabors (Figures 1A and 1B).

Subjects began each trial by fixating on a dark gray circle (7.4 cd/m?; 0.17° radius) at the
center of the screen and initiating the trial by pressing the spacebar (Figure 2A). The fixation
point then changed to black, and following a delay interval (selected at random between
1500 and 2000 ms on each trial), subjects were presented with a saccade target in either the
left or right visual field. On half the trials, the target was a Gabor, and on the other half of
the trials, the target was a sinusoidal grating within a hard circular aperture. The central
position of the saccade target was jittered around a point 10° to the left or right of fixation.
The range of possible jittered positions spanned 3° horizontally and 3° vertically (maximum
deviation of 1.5° in any direction). The position was selected randomly on each trial to avoid
stereotyped saccades (see Results section and Figure S3). The bars of the sinusoid inside the
aperture drifted either left or right with a temporal frequency of 4 Hz (5.33°/s). The initial
phase of the grating was randomly selected on each trial from a set of 25 possible phases.

The saccade target was presented for 140 ms, and subjects were instructed to saccade to the
center of the target as soon as it appeared. The fixation dot changed back to gray 240 ms
following the offset of the Gabor to signal the end of the trial. Following the completion of
the saccade, subjects were instructed to move their eyes back to the fixation point and
initiate the next trial manually by pressing the spacebar. Subjects each completed a single
block of 400 trials. Subjects did not know in advance on any trial whether the saccade target
would be in the left or the right visual field, its motion direction, or whether the target would
have a soft aperture (Gabor) or a hard circular aperture. Visual field location (left or right),
aperture type (soft or hard), and motion direction (left or right) were counterbalanced across
trials.
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Data Analysis—The data were drift-corrected offline and the x- and y- coordinates of the
eye position at the end of the first large saccade on each trial were used to determine saccade
landing location. Trials on which subjects made a saccade too early (in the 2000 ms prior to
stimulus onset), blinked immediately prior to the saccade, or failed to make a saccade were
excluded from the analysis. In addition, we excluded trials on which saccade landing
locations deviated by more than 2.5° horizontally or vertically from the center of the saccade
target. Together, this resulted in the removal of an average of 12.1% of trials per subject
from the analysis. We repeated our analyses, excluding trials on which landing locations
deviated by more than 4.5° from the center of the saccade target. This analysis resulted in
the removal of 4.6% of the trials and yielded similar results (for a complete analysis at
several window sizes, see Figures S1 and S2).

The data were then normalized individually for each subject to correct for any possible
saccadic undershoot (Becker & Fuchs, 1969; Carpenter, 1988). Saccadic undershoot resulted
in saccades to the right visual field landing slightly to the left of the saccade target and
saccades to the left visual field landing slightly to the right of the target. In order to correct
for this commonly reported and systematic bias, we first separately calculated the mean x-
coordinates of the landing locations for the left and right motion directions within each
aperture and hemifield condition for each subject. Then, the mean landing location within
each condition was subtracted from the landing location on each trial for that condition. This
was repeated for each possible combination of hemifield and aperture condition. The
resulting normalized landing locations were pooled together across the left and right
hemifields and then averaged to obtain an estimate of the mean shift in landing location
resulting from the carrier motion. This analysis was repeated for each of the six subjects.
The distance of each landing location from the mean of the set of normalized landing
locations corresponds to the saccade error, in degrees, produced by one direction of motion.
Here, positive values represent saccade landing locations consistent with direction of motion
and negative values indicate saccade landing locations away from the direction of motion
(regardless of whether the motion was leftward or rightward on any given trial).

As expected, the trial-to-trial variations in the central position of the saccade target
influenced subjects’ saccade landing positions. Each subject showed a strong positive
correlation between the jittered horizontal location of the saccade target and saccade
amplitude, indicating that subjects did not simply saccade to the same location on every
trial.

The within-subject correlations ranged from 0.57 to 0.77 with a mean correlation of 0.68 (all
p values < 0.001). These correlations were similar for both short and long latency saccades
(see Figure S3). The mean saccade latency across subjects was 229 ms (SD = 53.5 ms).

Figures 3A and B show the set of normalized saccade landing positions across all subjects
for the soft and the hard aperture conditions. Based on the normalized landing positions, we
calculated the saccade error produced by the carrier motion. As shown in Figure 3C, the
mean saccade error was 0.24° for the soft aperture condition and 0.03° for the hard aperture
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condition. Saccade precision, discounting the effect of stimulus motion, was similar between
the soft and hard aperture conditions (see Figure S4).

To compare the effect of motion direction for the soft aperture and hard aperture conditions
separately, we performed nonparametric bootstrap tests (Efron & Tibshirani, 1993). The
mean saccade error was bootstrapped by resampling each subject’s data 1000 times with
replacement. The bootstrapped estimates of saccade error were then averaged across the six
subjects. The saccade error resulting from the stimulus motion was significantly greater than
zero for the soft aperture condition (p < 0.001), but not for the hard aperture condition, p =
0.16 (two-tailed). The difference in the effect of motion between the two aperture conditions
was significant, p <.001.

Finally, we tested whether the effect of motion on saccade landing position depended on
subjects’ saccade latencies. In the soft aperture condition, mean saccade error was
negatively correlated with mean saccade latency across the six subjects (Spearman’s rho: rg
=-0.89, p = 0.03). In other words, subjects with shorter-latency saccades had larger saccade
errors in the direction of the target’s motion. This correlation was not significant in the hard
aperture condition (rs = 0.03, p = 1).

To test the relationship between saccade latency and the effect of motion on landing position
on a trial-by-trial basis, we combined the single-trial data from the six subjects. For both the
soft aperture and the hard aperture trials, saccade error was negatively correlated with
saccade latency across trials (soft aperture: r = -.15, p < .001; hard aperture: r = Saccades
are made thousands of times a day, and are the.09, p =.002). Shorter-latency saccades were
associated with larger saccade errors in the direction of the target’s motion.

In addition, we binned the data according to saccade latency into four evenly spaced bins
between 100 and 400 ms and calculated the average saccade error by averaging the single-
trial saccade errors within each bin. Figure 4 shows the saccade errors at each latency bin for
the soft and hard aperture conditions separately. Consistent with the correlation analyses,
shorter saccade latencies were associated with larger saccade errors. The majority of saccade
latencies exceeded the 140 ms duration of the drifting Gabor stimulus, which prevented
postsaccadic foveation of the stimulus on most trials.

In the soft aperture condition, we found that the direction of the carrier motion biased
subjects' saccade landing locations. When the Gabor drifted leftward, subjects’ saccades
landed more leftward, on average; when it drifted rightward, subjects’ saccades landed more
rightward (Figures 3A and 3C). This is consistent with the direction of the illusory
displacement in perceived location reported in previous studies (De Valois & De Valois,
1991; Ramachandran & Anstis, 1990). Notably, we do not find this result in the hard
aperture condition; with a hard aperture stimulus, subjects’ saccades were not influenced by
the direction of the grating’s motion (Figures 3B and 3C). This is consistent with previous
findings describing a reduction in this perceptual mislocalization with a hard aperture
(Whitney et al., 2003; Zhang et al., 1993).
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The lack of an effect of motion direction on saccade landing location in the hard aperture
condition indicates that subjects' saccades were not directed to the individual bars of the
sinusoidal grating, since the motion of the bars is identical for the soft and the hard aperture
conditions. The presence of motion alone is therefore insufficient to bias saccade landing
locations. Moreover, a shift in physical position is not required to bias saccade targeting, as
the physical location of the aperture does not change between the leftward and rightward
motion conditions. Together, these results suggest that motion can shift the represented
target position for saccades.

In addition, we found that this effect depended on saccade latency. Specifically, we
observed the largest effect of the motion-induced shift on saccade landing position with
saccade latencies in the range of 100-175 ms. Given these saccade latencies, the distance the
saccade traveled (10° of visual angle), and the duration of the drifting Gabor stimulus (140
ms), it is highly unlikely that the effect we observed on saccade targeting could be
influenced by in flight correction of the saccade or postsaccadic foveation of the stimulus.

Since our results were consistent with the previously reported effects of Gabor motion on
perceived position, we wanted to determine how similar the shift in saccade landing location
was to the perceptual shift. In Experiment 1B, we presented the same stimuli with the
addition of stationary flankers and asked subjects to report the illusory displacement relative
to these stationary references.

Experiment 1B

Introduction

Method

In Experiment 1B, we compared the effect of drifting motion on saccade landing position
from Experiment 1A to comparable psychophysical measurements of drifting motion on
perceived location. As shown in Figure 2B, on each trial, subjects were shown a target:
either a drifting Gabor or a sinusoidal grating within a hard aperture along with two
stationary reference stimuli, one above and one below the drifting target. Subjects made a
two-alternative forced-choice (2AFC) response, indicating whether the target was to the left
or to the right of the two reference stimuli.

Subjects—The same subjects from Experiment 1A participated in 1B.

Stimuli and Procedure—The eye tracking set up and procedure in Experiment 1B were
identical to those in Experiment 1A and the stimulus was similar to that in Experiment 1A.
Figure 2B shows the trial sequence for Experiment 1B. As before, there was a random delay
interval (750 — 1250 ms) prior to the onset of the target (either a Gabor or a grating within a
hard circular aperture drifting leftward or rightward). The target was presented
simultaneously with two flankers—one above and one below the target. The flankers were
stationary, but otherwise identical to the target and had a 6.5° vertical center-to-center
separation from the target. The positions of the target and flankers were jittered together 1.5
degrees horizontally and vertically around a central location 10° to the left or to the right of
the fixation point. The horizontal position of the central Gabor was at one of seven possible
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linearly spaced offsets relative to the flankers, ranging from 1.75° to the left (represented by
negative values) to 1.75° to the right (positive values) of the flankers. Subjects were
instructed to judge whether the central target was to the left or to the right of the two
flankers by pressing the appropriate key on a keyboard. Subjects were instructed to maintain
fixation on the dot at the center of the display for the duration of the trial.

Each subject completed one set of 560 trials. Across trials, motion direction (left or right)
was counterbalanced with visual field location (left or right), aperture condition (soft or
hard), and with the set of seven possible target positions.

Data Analysis—Trials on which subjects’ eye position deviated by more than 1°
horizontally or vertically from the fixation point were excluded from the analysis. This
resulted in the removal of an average of 6.2% of trials per subject from the analysis. The
remaining trials were fit to a set of logistic functions using a least squares procedure. Trials
from the left and right visual field locations were analyzed together, resulting in a pair of
logistic functions (one each motion direction) for each type of aperture (soft or hard). The
size of the illusory position shift produced by the grating’s motion was calculated as half the
difference between the points of subjective equality (PSEs) of the two fitted functions.

Figure 5 shows example pairs of logistic functions (one for each motion direction) for a
single observer in the soft aperture condition (4A) and the hard aperture condition (4B).
Observers’ responses on each trial for the leftward and rightward conditions were
bootstrapped separately by resampling each observer’s responses with 1000 samples and
fitting each set of resampled data to a logistic function. The resulting bootstrapped PSEs
were then averaged across the six subjects.

Figure 5C shows the size of the motion-induced position shift (measured as half the distance
between the two PSEs) for each aperture condition. The size of the perceived shift in
position was 0.55° in the soft aperture condition and 0.14° in the hard aperture condition.
The size of the motion-induced position shift was greater than zero in both the soft aperture
condition (p <.001) and the hard aperture condition (p < .001). The interaction between
motion condition and aperture condition was significant (p < .001) demonstrating a
significantly larger motioninduced shift in perceived position in the soft aperture condition
than in the hard aperture condition.

Experiment 1B confirmed previously reported results that there is a larger shift in perceived
position resulting from stimulus motion when the motion is within a Gaussian aperture
compared to a hard circular aperture (Whitney et al., 2003; Zhang et al., 1993). Although
our results show that the shift in perceived location is reduced in the hard aperture condition,
it is not completely eliminated. It is possible that the large stimulus eccentricity (10 degrees
on average) resulted in peripheral blurring of the stimulus edges. Nevertheless, our findings
are consistent with the findings in Experiment 1A; we observe a shift in perceived position
where there is also a shift in saccade landing location. In other words, shifts in perceived
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position from motion are associated with corresponding shifts in saccade landing location. If
we test subjects with a hard aperture, in which there are motion signals, but a significantly
smaller illusory position shift associated with that motion, we also see no difference in
saccade landing positions between the leftward and rightward motion conditions. These
results support our hypothesis that motion signals, per se, are insufficient to strongly bias
saccade landing position. Instead, motion biases the represented location of the target for the
saccade system, and that this information is used to guide saccade targeting. In a follow-up
experiment, we sought to further examine any potential correlation between the perceptual
and saccadic errors by testing whether the pattern of saccade error was similar to the pattern
of illusory displacement at different stimulus durations.

Experiment 2A

Method

Results

Given our finding in Experiment 1, that motion can shift the represented locations of
saccade targets, we next examined how much motion information is required to shift
saccade landing locations in the direction of the Gabor's motion. Previous work has shown
that an illusory shift in perceived location is present with durations as brief as 30 ms and
reaches its maximum level with a durations of approximately 100 ms or more (Arnold et al.,
2007; Chung, Patel, Bedell, & Yilmaz, 2007). Given the results of Experiment 1, we wanted
to test whether similarly brief motion durations are sufficient to demonstrate an effect of
motion on saccade landing location. To do so, we used the exact same procedure as in
Experiment 1, varying only Gabor duration.

Subjects—Three subjects (all female), including one author (AK) participated in
Experiment 2A (mean age: 27.3). Two of the participants from Experiments 1A & B
participated in Experiments 2A & B.

Stimuli and Procedure—The stimuli and procedure were identical to those in
Experiment 1A, with the addition of a duration manipulation. The saccade target was
presented randomly for 20, 40, 60, 80, or 100 ms on each trial. Only soft aperture stimuli
(Gabors) were presented. Subjects were instructed to fixate the center of the display at the
start of each trial and saccade to the target as soon as it appeared. Across trials, stimulus
duration was counterbalanced with visual field location (left or right) and with motion
direction (left or right). Each subject completed 4 blocks of 260 trials each. Trials on which
subjects made a saccade too early, failed to make a saccade, or landed more than 2.5° from
the saccade target (11.4% of the trials) were removed from the analysis. The data were then
analyzed using the procedure outlined in Experiment 1A.

The average saccade latency across subjects was 213 ms, comparable to that reported in
Experiment 1A (229 ms). As before, we calculated the relative saccade error as the distance
of each landing location on each trial from the mean of the set of normalized landing
locations where positive values represent saccade landing locations consistent with direction
of mation and negative values indicate saccade landing locations away from the direction of
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motion. We then pooled the single-trial data from the three subjects. As in Experiment 1A,
there was a negative correlation between the magnitude of the saccade error and saccade
latency, r = —=0.18, p <0.001. When calculated individually for each of the five duration
conditions, there was a negative correlation between saccade error and latency at all but the
20 ms condition; these were significant at a Bonferroni adjusted alpha level (ag) of 0.01 (all
r values < —0.15, all p values < 0.001; for the 20 ms condition: r = 0.003, p = 0.94).

Given the observed latency effect, we calculated the effect of the target’s motion on saccade
landing position separately for three latency bins: 100-170 ms, 170-240 ms, and 240-380
ms. This resulted in an approximately similar number of trials within each bin. Figure 6A
shows the mean saccade landing locations at each duration for all three latency bins. In the
shortest latency bin (100-170 ms), there was a significant effect of the Gabor's motion on
saccade landing position at all durations of 40 ms or longer (ag = .003; all p values < .001).
There was no significant effect at any duration in either the 170-240 ms latency bin or the
240-380 ms bin.

We found a significant effect of Gabor motion on saccade landing location, and this effect
depended on the duration of the motion. The motion-dependent saccadic mislocalization
increased until approximately 60 ms before leveling off (Figure 6A). Consistent with the
findings in Experiment 1A, there was a smaller effect of the Gabor's motion on saccade
landing position when the saccades were longer in latency.

The pattern of saccade error as a function of stimulus duration is similar to previously
reported behavioral measurements of the shift in perceived position with drifting Gabors.
Arnold et al (2007) show that the illusory shift has an initial increase, followed by a leveling
off around 180 ms. Similarly, Chung et al. (2007) report that the position shift reaches an
asymptotic value around 100 ms at high speeds (16°/s). While the shift in saccade landing
location as a function of stimulus duration is broadly consistent with previously reported
psychophysical results, our stimuli differed in speed, contrast and eccentricity from the
previous studies. Therefore, we obtained measurements of the perceived shift within the
same set of observers in Experiment 2B to compare the magnitude of saccade error with the
perceptual mislocalization at different durations.

Experiment 2B

Introduction

Method

In order to measure the motion-induced position shift at different stimulus durations, we
used a paradigm in Experiment 2B similar to that in Experiment 1B. Subjects were asked to
report the position (left or right) of a central drifting Gabor relative to two stationary
references. In this experiment, we varied stimulus duration using the same set of durations
used in Experiment 2A.

Subjects—The same subjects from Experiment 2A participated in Experiment 2B
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Stimuli and Procedure—The stimuli and procedure, including eye tracking, were
identical to those in Experiment 1B, with the addition of the same duration manipulation
from Experiment 2A. Subjects performed the same vernier discrimination task on a central
target flanked by two stationary references, one above and one below the target. Only the
soft aperture stimuli were presented, and as before, subjects were instructed to maintain
fixation at the center of the display. Each subject completed two blocks of 700 trials each, in
which stimulus duration, motion direction, visual field location, and the position of the
target were counterbalanced across trials. An average of 3.5% of trials were excluded from
the analysis due to a failure to maintain fixation.

Results and Discussion

Figure 6B shows the motion-induced perceptual shift in the Gabor’s location as a function of
its duration. The motion-induced illusory shift was calculated as half the difference between
the PSEs of the pair of psychometric functions (similar to those shown in Figure 5A) for
each duration condition. The data were bootstrapped as described in Experiment 1B. There
was no significant effect of the Gabor’s motion on position judgments with a 20 ms stimulus
presentation (p = .86), but the effect of the Gabor’s motion was significant at all other
durations at a Bonferroni adjusted alpha level (ag) of .01 (all p values < .001). Similar to the
pattern observed with saccade error, the motion-induced shift in perceived position initially
increased with stimulus duration and then reached an asymptotic level with a duration of
about 60-80 ms. These findings replicate the pattern of results reported by Arnold et al.
(2007) and Chung et al. (2007), demonstrating a shift in perceived location that is present at
very brief durations.

General Discussion

The experiments here tested whether the saccade system can use motion-induced position
shifts to update the represented locations of objects. In Experiment 1, we show that saccades
to a drifting Gabor were shifted in the direction of the carrier motion, exhibiting the same
mislocalization effect that has been reported in the psychophysical literature (De Valois &
De Valois, 1991; Ramachandran & Anstis, 1990). Importantly, when a hard circular aperture
is used, the effect of the carrier motion on perceived location is greatly reduced, and its
effect on saccade landing location is eliminated. In Experiments 2A and 2B, we also
demonstrated that the pattern of perceptual mislocalization at different durations mirrors that
of saccade error at the same set of durations. Specifically, in Experiment 2A we showed that
very brief motion (as little as 40 ms) is sufficient to shift the represented position for saccade
targeting, consistent with the minimum motion duration required to produce a perceptual
shift (Experiment 2B; see also Arnold et al., 2007 and Chung et al., 2007). In addition, the
mislocalization effect reaches its maximum with durations of approximately 60-80 ms for
both saccades and for perception.

There are several sources of information that the saccade system might use to predict the
future locations of moving targets, including changes in the position of a target, or its

motion. Although previous work has established that physical changes in object location
over time can be used to guide saccade targeting (e.g., Becker & Jirgens, 1979; Deubel,
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Wolf, & Hauske, 1982; Robinson, 1973; Ron et al., 1989), our results demonstrate that they
are not necessary. Experiment 1A showed that object motion alone is insufficient to strongly
bias saccade landing locations and that the combination of motion and a soft aperture was
required. In the hard aperture condition, where the shift in perceived position was greatly
reduced, there was no bias in saccade landing locations even though the same motion was
present. Our results are consistent with the idea that motion can bias the represented position
of the target, which, in turn, biases saccade targeting. Although previous work using motion-
induced position illusions has suggested that position shifts from motion may guide saccade
targeting (de’Sperati & Baud-Bovy, 2008; Kerzel & Gegenfurtner, 2005; Zimmermann et
al., 2012), it is possible that these effects were simply due to the presence of stimulus motion
in the display. In contrast, our study included a control condition with identical stimulus
motion, but a shift in perceived position occuring in only one condition. Therefore, we can
conclude that it is the position shift produced by the stimulus motion, rather than simply the
presence of motion in the display, that accounts for the saccade error observed in these
experiments. On the whole, it is likely that the saccade system uses multiple sources of
information together to predict the future locations of saccade targets as they move and as
observers move in their environment.

Across both sets of our experiments, there are similarities between the pattern of errors in
saccade landing location and those in perceived location. However, there are many studies in
the dual visual systems literature that suggest object localization for action is dissociated
from perceptual localization (for reviews, see Goodale & Westwood, 2004; Goodale &
Milner, 1992). Some of the evidence to support this idea comes from work demonstrating
that under certain circumstances, saccadic localization may resist illusions of position that
the perceptual system is susceptible to. For example, Wong & Mack (1981) induced an
illusory displacement in the location of a target dot by shifting the location of a frame that
surrounded it. Subjects were instructed to saccade to the target either immediately or
following a delay period after its offset. Their results indicated that the target's saccade
landing location reflects its perceived location, but only when the saccades were memory-
guided. In contrast, saccades directed immediately to the target were not affected by the
illusion, suggesting that it is just physical (egocentric) location that determines saccade
localization, at least for immediate saccades. This supports a possible dissociation between
perception and action.

More recent work has examined the effects of motion-induced position illusions on saccade
landing location, and has shown errors in saccade targeting consistent with the perceptual
mislocalization of objects. For example, the flash-drag effect (FDE), in which the position of
a stationary object is shifted in the direction of motion of a different object (Whitney &
Cavanagh, 2000), has been shown to influence saccade targeting (de’Sperati & Baud-Bovy,
2008; Zimmermann et al., 2012). Consistent with the results of Wong and Mack (1981), the
effect of the visual motion on saccadic localization increased with longer delays, albeit on a
shorter timescale; saccade errors were larger with long-latency saccades, on the order of 250
— 600ms (de’Sperati & Baud-Bovy, 2008; Zimmermann et al., 2012). In addition, memory-
guided saccades to a flash-lag stimulus, in which a stationary flash appears to lag behind an
adjacent moving object (Nijhawan, 1994) are consistent with the illusion; landing locations
are accurate when subjects saccade the flashed object, but are shifted in the direction of the
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motion when saccades are directed to the location of the moving object (Becker, Ansorge, &
Turatto, 2009).

The delay dependence of saccadic mislocalizations leaves open the possibility that
immediate saccades are based on physical object position and not the perceived object
location. If there is any effect of a perceptual illusion, it might only appear with a delay of a
few hundred milliseconds. De'Sperati & Baud-Bovy (2008) suggest that such latency effects
are due to the longer time required for processing the position shift. This implies that the
veridical location is represented first, which is then updated to reflect additional perceptual
processing that produces the illusory shift. This is broadly consistent with studies suggesting
that the effects of an illusion on saccade targeting are larger with voluntary saccades
(McCarley, Kramer, & DiGirolamo, 2003), which are typically longer in latency (Hallett,
1978). In contrast, our results demonstrate that position updating for the saccade system
happens rapidly, as we observe large shifts in saccade targeting consistent with the Gabor's
motion when the saccades are reflexive and short in latency.

In summary, we found that the well-established psychophysical effect described by De
Valois and De Valois (1991) was also reflected in saccade landing location, and that this
effect built rapidly, requiring as little as 40 ms of motion to influence saccade landing
position. This supports the idea that the visual system uses motion to change the represented
position of an object at early stages of visual processing (Fukiage & Murakami, 2013;
Kosovicheva et al., 2012; Whitney et al., 2003), with saccade targeting shifted accordingly.
Future work should examine the circumstances under which motion-induced position shifts
influence action — and how quickly position information can be updated for perception and
action. Our results raise the possibility that the visuomotor system employs motion-induced
position shifts to predict the locations of moving objects, thus improving the accuracy of
saccadic targeting in dynamic scenes and helping to explain how the visual system allows us
to respond to a dynamic world.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A B

Figure 1.
(A) Soft aperture stimulus, consisting of a sinusoidal carrier within a static Gaussian contrast
envelope. The sinusoid moves continuously to the right while the aperture remains
stationary. In this condition, the perceived location of the Gabor is shifted to the right. This
illusion is greatly reduced in (B) when the Gaussian envelope is replaced with a hard
circular aperture. Critically, the same surface motion is present in the hard aperture
condition, but no illusion is generated in this condition. The present experiments tested

whether this motion-induced shift in position assignment with a Gabor patch can influence
saccade targeting.
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Experiment 1A B Experiment 1B

Fixation period
750 - 1250 ms

Fixation period
1500 - 2000 ms

Target and flankers
140 ms

Saccade target
140 ms

2AFC response:
Target to the left
or to the right of
the flankers?

Next trial initiated
on key press

Figure?2.
Trial Sequence for Experiments 1A (left panel) and 1B (right panel). In Experiment 1A,

subjects fixated for a random interval and were instructed to saccade to the center of a target
(either a Gabor, shown here, or a sinusoidal grating within a hard aperture) in the left or
right visual field as quickly as possible. Subjects then initiated the next trial by pressing a
key. The trial sequence in Experiment 1B was similar, with the addition of two static
flankers, one above and one below the target. Subjects were instructed to maintain fixation
and to respond to the offset of the target (left or right) relative to the two flankers. Arrows
represent the direction of Gabor drift and were not presented to subjects.
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Figure 3.

(A) Normalized horizontal and vertical saccade landing locations for the soft aperture
condition for both the leftward (triangle) and rightward (circle) motion conditions for all
subjects. The two vertical lines represent the mean saccade landing locations for each
motion conditions (B) Normalized saccade landing locations and means for the hard
aperture condition. (C) Mean saccade error (resulting from one direction of motion) across
subjects within the soft and hard aperture conditions. Error bars represent bootstrapped 95%
confidence intervals.
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Figure4.
Saccade error, represented as the shift in saccade landing location resulting from one

direction of motion as a function of saccade latency for both the soft (filled circles) and hard
(open circles) aperture conditions. Single-trial data were pooled across subjects, then sorted
into one of four latency bins. Numbers with tick marks on the x-axis represent the latency
bin edges and values are plotted at the bin centers. Error bars represent bootstrapped 95%
confidence intervals.
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Figureb5.
Example pair of psychometric functions from one subject for the soft aperture condition (A)

and the hard aperture condition (B). The x-axis shows the horizontal offset of the central
target relative to the two flankers (- left, + right). The y-axis shows the proportion of
responses that the target was to the right of the two flankers (triangles: leftward motion,
circles: rightward motion). PSEs were calculated individually for each subject and then
averaged across all observers for each motion and aperture condition. The motion-induced
position shift (C) was calculated as half the difference between the PSEs of the two
psychometric functions. Error bars represent bootstrapped 95% confidence intervals.
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Figure®6.
(A) Saccade error—the shift in saccade landing location resulting from one direction of

motion—as a function of Gabor duration (only the soft aperture was used in Experiments 2A
and 2B). Single-trial data were pooled across subjects and then sorted into one of three
latency bins, represented by the separate lines. (B) Perceived shift resulting from one
direction of motion for the same subjects as in (A), calculated as half the difference between
PSEs for each pair of psychometric functions (similar to 4A). Error bars represent
bootstrapped 95% confidence intervals.
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