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Behavioral/Cognitive

Motion Extrapolation for Eye Movements Predicts Perceived
Motion-Induced Position Shifts

X Elle van Heusden,1,2 X Martin Rolfs,3,4 Patrick Cavanagh,5,6 and X Hinze Hogendoorn1,2

1Melbourne School of Psychological Sciences, The University of Melbourne, Melbourne, Australia 3010, 2Helmholtz Institute, Department of Experimental
Psychology, Utrecht University, 3512 Utrecht, the Netherlands, 3Department of Psychology, Humboldt-Universität zu Berlin, 10099 Berlin, Germany,
4Bernstein Center for Computational Neuroscience Berlin, 10115 Berlin, Germany, 5Department of Psychological and Brain Sciences, Dartmouth College,
03755 Hanover, NH, and 6Department of Psychology, Glendon College, 2275 Toronto, Canada

Transmission delays in the nervous system pose challenges for the accurate localization of moving objects as the brain must rely on
outdated information to determine their position in space. Acting effectively in the present requires that the brain compensates not only
for the time lost in the transmission and processing of sensory information, but also for the expected time that will be spent preparing and
executing motor programs. Failure to account for these delays will result in the mislocalization and mistargeting of moving objects. In the
visuomotor system, where sensory and motor processes are tightly coupled, this predicts that the perceived position of an object should
be related to the latency of saccadic eye movements aimed at it. Here we use the flash-grab effect, a mislocalization of briefly flashed
stimuli in the direction of a reversing moving background, to induce shifts of perceived visual position in human observers (male and
female). We find a linear relationship between saccade latency and perceived position shift, challenging the classic dissociation between
“vision for action” and “vision for perception” for tasks of this kind and showing that oculomotor position representations are either
shared with or tightly coupled to perceptual position representations. Altogether, we show that the visual system uses both the spatial and
temporal characteristics of an upcoming saccade to localize visual objects for both action and perception.
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Introduction
When we open our eyes, we experience seeing and acting in the
present. However, due to the delays inherent in neuronal trans-

mission, the brain needs time to process what we see. Our aware-
ness of visual events therefore lags behind the occurrence of those
events in the world. Nevertheless, we are usually unaware of this
delay, and are able to interact with even rapidly moving objects
with surprising accuracy (Smeets et al., 1998). One explanation
for how the brain might achieve this is that it overcomes its own
delays through prediction. By using what it knows about how
objects move in the world, the brain can work ahead to compen-
sate for known delays, essentially predicting the present. In visual
motion, for example, the future position of a moving object can
be extrapolated based on previous samples (Nijhawan, 1994),
and we have recently demonstrated that such neural mechanisms
do indeed reduce the lag with which the brain represents the
position of a moving object (Hogendoorn and Burkitt, 2018). A
rapidly moving ball, which would be mislocalized if the brain did
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Significance Statement

Accurately localizing moving objects is a computational challenge for the brain due to the inevitable delays that result from neural
transmission. To solve this, the brain might implement motion extrapolation, predicting where an object ought to be at the present
moment. Here, we use the flash-grab effect to induce perceptual position shifts and show that the latency of imminent saccades
predicts the perceived position of the objects they target. This counterintuitive finding is important because it not only shows that
motion extrapolation mechanisms indeed work to reduce the behavioral impact of neural transmission delays in the human brain,
but also that these mechanisms are closely matched in the perceptual and oculomotor systems.
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not compensate for processing delays, can be caught because its
future location can be extrapolated given enough information
about its past trajectory. Accurately catching the moving ball
further requires that the brain compensates not only for the de-
lays inherent in the processing of the incoming visual informa-
tion, but also for the additional delays incurred by the planning
and execution of the hand and arm movement. Effectively func-
tioning in the present therefore requires that a predictive mech-
anism accurately encodes the time lost in the transmission and
processing of sensory information, as well as the expected time
that will be lost in preparing the next motor program, transmit-
ting the associated motor commands, and actually moving the
corresponding effectors.

That the brain is able to solve this computational challenge is
readily apparent in the saccadic eye-movement system. Short du-
ration, saccadic eye movements in the healthy observer are effec-
tively open-loop, ballistic motor acts that can bring moving
objects into foveal vision with remarkable precision (Becker,
1989; van Beers, 2007). Although the saccadic system is thought
to program upcoming saccades based on target locations defined
by retinal input, our ability to make saccades to moving objects
reveals that target encoding in the saccadic system incorporates
additional information about the target’s anticipated position
(Robinson, 1965; Barmack, 1970; Keller and Johnsen, 1990; Cas-
sanello et al., 2008). Even when the moving object is only very
briefly presented, monkeys trained to make an eye-movement to
the target make saccades that land at or close to the location
where the target would have been, had it still been visible (Quinet
and Goffart, 2015). This shows that the additional information
used by the saccadic system is predictive, and that the brain is
capable of using that information to direct the eyes toward a
moving object’s future location.

Of course, the execution of eye movements has consequences
for the visual information that lands on the retina and accord-
ingly for what we see; that is their primary purpose. Nevertheless,
our visual experience is stable across eye movements, and one of
the neural mechanism responsible for integrating successive fix-
ations is saccadic remapping (Duhamel et al., 1992). In saccadic
remapping, directly before a saccade, visual cells start responding
to stimuli that will soon fall in their receptive fields, anticipating
the future positions of objects on the retina. Essentially, these cells
respond as if the eyes had already moved. An efference copy signal
that encodes the magnitude and direction of the intended eye
movement allows the visual system to predict the spatial conse-
quences of the saccade (Sommer and Wurtz, 2002, 2006, 2008).
Similarly, just before a saccade, visual attention shifts to those
locations on the retina that attended objects will occupy after the
movement (Rolfs et al., 2011; Jonikaitis et al., 2013), a process
that might give rise to a continuous visual experience.

Importantly, the study of saccadic remapping has focused on
the spatial parameters of the eye movement and the conse-
quences for static stimuli. However, when executing a saccade to
a moving object, the direction of an accurate saccade necessarily
depends on its timing: a saccade made with a long latency must be
directed further along the anticipated trajectory than a saccade
made with a short latency. The fact that we are generally very
good at making saccades to rapidly moving objects suggests that
the efference copy signal that informs the visual system about
imminent saccades encodes not only the direction and amplitude
of those eye movements, but also their anticipated timing. The
oculomotor system could then use the expected timing and du-

ration of an imminent saccade to extrapolate the locations of
moving objects at saccade landing.

Like the oculomotor system, perception also acts as if it ex-
trapolates the position of moving objects, possibly to keep per-
ception aligned with eye movements, or perhaps because
perception depends on the eye movement system for target loca-
tions. Indeed, there is a whole class of motion-induced position
illusions that has been argued to be a direct or indirect conse-
quence of motion extrapolation, including the flash-lag (Nijha-
wan, 1994), flash-drag (Krekelberg et al., 2000; Whitney and
Cavanagh, 2000), flash-jump (Cai and Schlag, 2001), and flash-
grab (Cavanagh and Anstis, 2013) effects, as well as the Fröhlich
effect (for review, see Kerzel, 2010). We recently investigated the
neural basis of the flash-grab effect, and reported a strikingly early
locus of interaction between visual motion and position informa-
tion (Hogendoorn et al., 2015). In the flash-grab effect, an object
is briefly flashed on a moving background that abruptly reverses
direction. When the object is flashed concurrently with the mo-
tion reversal of the background, the result is a large shift of the
flashed object’s perceived position in the direction of the back-
ground’s new direction of motion (Cavanagh and Anstis, 2013).
One interpretation of this illusion is that the unexpected reversal
of the background violates its predicted trajectory, necessitating a
corrective signal of some kind. Because the object is flashed con-
currently with the reversal, the object is also shifted by this cor-
rective signal (Cavanagh and Anstis, 2013; Hogendoorn et al.,
2015). We have previously postulated that this prediction-
correction might occur in the superior colliculus (SC), because
SC is known to play a crucial role in the preparation and execu-
tion of saccadic eye movements (Lee et al., 1988), and is specifi-
cally involved in extrapolating the future positions of moving
saccade targets (Fleuriet and Goffart, 2012; Goffart et al., 2017).
Although the cortical frontal eye fields have also been implicated
in extrapolation (Cassanello et al., 2008) we observed the neural
signature of extrapolation at posterior, rather than frontal elec-
trodes in our EEG study (Hogendoorn et al., 2015). The hypoth-
esis is therefore that this perceptual illusion (in which no actual
eye movements are made) recruits the same neural mechanisms
that are responsible for extrapolating the future positions of sac-
cade targets.

This hypothesis makes the intriguing prediction that the tim-
ing of an imminent saccade can affect the perceived position of a
moving object that the saccade is targeting. Although this predic-
tion might seem to violate intuitive causality (i.e., we know where
to move our eyes because we see where the object is), it is a logical
consequence of a shared neural extrapolation mechanism that
compensates for both sensory and motor delays: we perceive a
moving object in the position that it will occupy by the time we
have made an eye movement to it.

In support of this hypothesis, it has been reported that when
observers execute saccades to objects that are perceptually shifted
due to the flash-drag illusion (Whitney and Cavanagh, 2000), the
degree of shift depends on the latency of the saccade (de’Sperati
and Baud-Bovy, 2008). Although the authors interpret the results
in terms of a perception-action dissociation (Goodale and Mil-
ner, 1992; Goodale and Westwood, 2004), with early saccades
driven by an accurate dorsal “vision for action” system, and later
saccades drawing on ventral “vision for perception” representa-
tions that are fooled by the illusion, the results are also consistent
with a predictive signal that compensates for anticipated saccade
latency.

Here, we test the hypothesis that the perceived position of an
object is correlated with the latency of saccades aimed at it. Using
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the flash-grab effect, we first replicate the relationship between
saccade latency and saccade landing previously reported for the
flash-drag illusion (de’Sperati and Baud-Bovy, 2008). We show
that the pattern of results is explained equally well, and with fewer
free parameters, by a direct, linear relationship between shift in
the landing position and saccade latency than by a gradual tran-
sition from an accurate vision for action system to a vision for
perception system that is susceptible to the motion-induced po-
sition shift. Altogether, we show that the visuomotor system uses
both the spatial and temporal characteristics of the upcoming
saccade to localize visual objects.

Materials and Methods
Observers. Eight healthy human observers participated in the experiment
(age: 20 –24, 3 male). All observers had normal or corrected-to-normal
vision and gave informed consent before participation. Observers re-
ceived either monetary reward or course credit.

Materials. Stimuli were presented using a 27 inch ASUS ROG Swift
LCD monitor running at 100 Hz with a resolution of 1440 � 2560 pixels,
controlled by a Dell Precision T3610 computer. The experiment was
presented using MATLAB (MathWorks) and Psychtoolbox (Brainard,
1997; Pelli, 1997). Distance from the screen was kept constant at 55 cm
with observers’ heads stabilized in a chinrest. Eye movements were re-
corded using an Eyelink 1000 eye tracker (SR Research) with a sampling
rate of 1000 Hz. The eye tracker was calibrated before each block using
the standard 9-point Eyelink calibration procedure. We also recorded
64-channel EEG data during the experiment, but this dataset was not
analyzed here.

Stimuli. The stimulus used in this experiment was an annulus com-
promised of 16 alternating black (0.34 cd/m 2) and white (309 cd/m 2)
segments (Fig. 1). The annulus had an inner radius of 8.5° and an outer
radius of 12.5° and rotated at an angular velocity of 200°/s. After 1000,
1100, 1200, 1300, 1400, or 1500 ms, the motion direction of the annulus
reversed. On 90% of the trials, a target stimulus was presented at reversal.

On the remaining 10% of trials, no target was presented. These trials
served as catch-trials. The target was a red (62.6 cd/m 2) disk with a
diameter of 2.85° and was presented for 10 ms (i.e., one frame). The
target was always presented 10.5° from fixation, at either 160, 180, or 200
degrees of polar angle offset from the top of the annulus. The target
always appeared at the border between two segments, with equal proba-
bility that the right segment was black or white. To give the observers
some reference as to where they observed the target, eight blue lines (6.1
cd/m 2; width: 0.23°, height: 2.3°) were drawn around the annulus (at 0,
45, 90, 135, 180, 225, 270, and 315 polar offset from the top of the
annulus). Two smaller black lines were presented between every two blue
lines (width: 0.19°, height: 1.37°). All stimuli were presented on a gray
background (76.2 cd/m 2) with a white (309 cd/m 2) fixation dot in the
center (diameter: 0.46°).

Procedure. The experiment consisted of 35 blocks that were of two
types. First, in the Perception blocks (20 blocks of 120 trials each), at the
end of each trial observers were asked to indicate the perceived position
of the target using the computer mouse, while maintaining fixation. On
these trials, the annulus of black and white segments continued moving
but changed gradually to uniform dark-gray (26.1 cd/m 2) starting at 400
ms after reversal and becoming fully gray 100 ms later. This was done to
ensure that the moving segments did not distract the observers in their
answer. Observers were told that they could start to move the mouse as
soon as the annulus was fully gray. The image of the target was drawn at
the cursor location and moved with it across the screen. Observers had
unlimited time to respond. A new trial started as soon as a response was
given. Observers were instructed to click at the location of the fixation
dot if they did not perceive the target. A Perception block lasted �6 min.
Second, in the Saccade blocks (15 blocks of 160 trials each) observers
were asked to make an eye-movement to the target. On these trials, the
fixation dot disappeared at the time of reversal. All stimuli disappeared
from the screen 500 ms after reversal, and the screen remained blank for
1000 ms before a new trial started. A Saccade block lasted �8 min. The
order in which the blocks were presented was randomized across observ-
ers. At the start of each block either the word “mouse” or “eyes” was

Rotating annulus
(1000, 1100, 1200, 1300,

1400, or 1500 ms)

Blank screen
(1000 ms)

Reversal & target onset
(10 ms)

Rotating annulus
(500 ms)

Rotating annulus, gradually turning gray
(100 ms)

Rotating annulus
(400 ms)

Response screen
(until response)

Saccade
trials

Perception
trials

Figure 1. Experimental procedure. (1) The annulus rotates in the clockwise (CW) or counter-clockwise (CCW) direction for either 1000, 1100, 1200, 1300, 1400, or 1500 ms. (2) Reversal and target
onset. The annulus reverses its motion direction and the target is presented for 10 ms (i.e., one frame). Here, the target is presented at the central position (i.e., at 180°). The two other possible target
locations are depicted as the two transparent disks at 160° and 200°. Targets are always presented at the border of two adjacent segments. (3) Perception trials: the annulus continues rotating for
another 400 ms, after which it gradually starts to turn dark gray. It is fully gray 100 ms later. The annulus is displayed until the observer gives a response. Saccade trials: the fixation dot is removed
from the screen. The annulus continues rotating, dimming to invisibility after 500 ms as in the perception trials. A blank screen is presented for 1000 ms, after which a new trial starts.
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presented, to inform the observers of an upcoming Perception or Saccade
block, respectively. The 35 blocks were divided over multiple sessions
spanning 3–5 separate days.

Experimental design and statistical analysis. The experiment consisted
of a 3 � 2 � 2 factorial design, with location (160°, 180°, and 200°),
reversal direction (clockwise or counterclockwise) and response (percep-
tual report or saccade) as factors. Differences between means in each
combination of condition were tested using a repeated-measures
ANOVA, and individual comparisons were tested using two-tailed
paired-sample t tests. In subsequent analyses of saccade latency, bivariate
correlations were tested using Pearson’s r.

Results
Data were analyzed offline using MATLAB (MathWorks). Dur-
ing Perception blocks, observers were instructed to maintain fix-
ation at all times. Trials on which observers’ gaze direction
deviated �2.85° from fixation (i.e., size of the target) were dis-
carded (15.3%). During Saccade blocks, observers were in-
structed to make an eye-movement toward the target. Trials on
which participants failed to do so (28.0%) or on which eye-
tracking data were missing (17.7%) were discarded from the
analysis. On every trial, epochs of 500 ms (starting at target onset)
were extracted for analysis.

Saccades were detected by calculating a two-dimensional ve-
locity space (Engbert and Kliegl, 2003; Engbert and Mergentha-
ler, 2006). Data points were marked as a saccade if their velocity
exceeded the 2 SD threshold for at least five consecutive samples
(i.e., 5 ms) and the total shift in gaze exceeded 1.0 degree of visual
angle. 9.7% and 11.2% of catch-trials were wrongfully detected in
the Perception and Saccade blocks, respectively. In Perception
blocks, the polar angle between the real position of the target and
the position reported by the observer was taken as the position
shift measure. In Saccade blocks, the polar angle between the real
position of the target and the position of the saccade landing was
taken as the position shift measure, with saccade landing defined
as the last sample of the saccade.

In both trial types, we observed large shifts in the perceived
position of the target contingent on the reversal direction of the
annulus: the flash-grab effect (Cavanagh and Anstis, 2013). Fig-
ure 2 shows distributions of perceived position across all observ-
ers for both Perception and Saccade blocks. Separate one-sample
t tests revealed the absolute magnitude of the shift away from
veridical to be significantly different from zero for both the Per-
ception (M � 23.6, SD � 7.9, t(7) � 8.5, p � 0.001) and the
Saccade blocks (M � 18.8, SD � 10.0, t(7) � 5.3, p � 0.005).
Furthermore, a 2 (reversal direction) � 3 (target location) � 2
(block type) repeated-measures ANOVA revealed a significant
main effect of target location (loc) on absolute shift (loc 160° M �
20.2, SD � 9.0, loc 180°: M � 22.5 SD � 11.0, loc 200°: M � 20.7
SD � 9.6, F(2) � 3.77, p � 0.05). Individual post hoc t tests re-
vealed that absolute shift of the target at 180° was significantly
greater than the absolute shift of the target that was presented at
160° (t � 2.85, p � 0.01). Furthermore, the ANOVA revealed a
significant three-way interaction effect of reversal direction,
block type and target location (F(2) � 13.63, p � 0.001). This
interaction is best understood as the difference between Percep-
tion and Saccade blocks being largest for the off-center locations
with illusory shifts toward the midline, and smallest for off-center
locations with illusory shifts away from the midline.

To further investigate the relation between performance on
the Perception and Saccade blocks, we analyzed variance in both
measures across observers (Fig. 3). This showed that although the
strength of the illusion varied considerably across observers, the
two shift measures were highly correlated. The larger a partici-

pant’s perceptual shift, the further their saccades land in the di-
rection of the reversal (or, vice versa). Moreover, the shifts were
not only strongly correlated in magnitude, they were virtually
identical in size: the slopes relating Perception and Saccade shifts
across participants at the three locations did not differ signifi-
cantly from 1.00 [means and 95% confidence intervals for each
condition: 1.13 (0.89 –1.36), 1.03 (0.77–1.29), 1.15 (0.92–1.38)].

Subsequently, we analyzed how trial-by-trial variation in sac-
cade latency related to shifts in target landing location (deviation
of saccade endpoint from location of flashed target) in the Sac-
cade blocks. Figure 4 shows a plot of landing shifts as a function of
saccadic onset for individual observers. The figure reveals a sig-
nificant positive correlation for each individual observer: shift in
the saccade landing increases with saccadic latency. Absolute cor-
relations are small, but this can be attributed to large variability in
the signal caused by visual uncertainty, motor noise, and other
factors (van Beers, 2007). Figure 5 shows the relationship be-
tween mean saccadic latency and mean shift in saccade landing
across observers. Again, we observe a positive correlation: the
observers with the fastest saccades have the lowest shift in saccade
landing and vice versa.

de’Sperati and Baud-Bovy (2008) performed a similar exper-
iment and performed a similar analysis procedure in which logis-
tic functions were fitted to the data, consistent with their dual
pathway hypothesis. These logistic functions related saccade la-
tency to saccadic mislocalization and had four parameters: one
asymptote for the mislocalization evident for each pathway, the
latency at which the visuomotor system shifts from relying on one
pathway to relying on the other, and the slope or sharpness of the
transition. Here, we provide an alternative explanation: a linear
relationship between saccadic onset and shift in the saccade land-
ing, reflecting predictive compensation. To evaluate both hy-
potheses, we fitted both linear and logistic functions to the data
(Figs. 4, Fig. 5, solid and dashed lines, respectively). Subse-
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quently, we evaluated the explanatory performance of these fits
using tenfold cross validation. In doing so, we divided each data-
set presented in Figures 4 and 5c into 10 subsets (with a random
assignment of trials), after which nine subsets were used to cal-
culate both linear and logistic fits. Then, we calculated their abil-
ity to explain the variance in the remaining subset. This process
was performed 10 times, so that every subset of data was tested
once. This showed that, even though the logistic function in-
cluded two additional free parameters (4 rather than 2), it did not
explain significantly more variance than the linear fit, either at the
level of individual observers (all p � 0.29) or with all trials col-
lapsed across observers (t � 0.993, p � 0.33).

To directly compare the linear model and the logistic model,
we subsequently compared the Bayes information criterion
(BIC) for the two models (Schwarz, 1978). The BIC weighs ex-

plained variance against the number of parameters, with a lower
BIC representing a better model. We evaluated BIC for cross-
validated model fits for individual observers (as plotted in Fig. 4).
The linear model had a lower BIC for each individual observer
(mean difference 10.9, range 0.7–24.2). A BIC difference of 10 or
more represents “very strong evidence” in favor of the model
with the lower BIC (Kass and Raftery, 1995), indicating that our
data strongly support a linear, rather than logistic model.

Discussion
In localizing moving objects, the brain must somehow antici-
pate the delays incurred during transmission and processing
of visual information. One way it might do so is through mo-
tion extrapolation, and such mechanisms have been argued to
underlie a range of motion-position illusions. Here, we used
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data were calculated and are overlaid as solid and dashed lines, respectively. The dotted line indicates the extrapolated position of the target: its position had it rotated with the annulus.
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the flash-grab illusion (Cavanagh and Anstis, 2013) to test the
hypothesis that these perceptual extrapolation mechanisms
are shared with the oculomotor system, such that the timing of
imminent saccades is linearly related to the perceived position
of the objects they target.

We show that when observers make saccades to objects that
are extrapolated along the motion path due to the flash-grab
illusion, the degree of shift is directly proportional to the latency
with which saccades are made. We subsequently compared this
interpretation against a previously presented alternative inter-
pretation (de’Sperati and Baud-Bovy, 2008) in terms of disso-
ciable dorsal vision for action and ventral vision for perception
mechanisms (Goodale and Milner, 1992). de’Sperati and Baud-
Bovy (2008) presented a model in which the relationship between
saccade latency and mislocalization was characterized by an
S-shape, representing the premise that rapid saccades depend on
an accurate vision for action mechanism, whereas later saccades
depend on vision for perception mechanisms that are (more)
susceptible to mislocalization illusions. Because the rationale is a
transition between two discrete mechanisms, the function relat-
ing saccade latency and mislocalization flattens out for both very
early and very late saccades. Whereas our data could in principle
be accounted for by a transition from one mode of vision to
another, we show that the relationship between saccade latency
and saccade landing is equally well explained, and more parsimo-
niously, by a direct linear relationship consistent with a shared
extrapolation mechanism. Furthermore, the characteristic S-shape
with asymptotic plateaus that de’Sperati and Baud-Bovy (2008) used
to describe the shift from one mode to the other was not evident in
the present data (Fig. 5c).

Regardless of the precise mechanism, the link between saccade
latency and saccade landing position is clear. What is the case
then for perception? Here we could not measure saccade latency
before each perceptual decision as no saccades were made in the
perceptual report blocks. Nevertheless, there were very strong
links between perceptual judgments and saccade landings: the
average size of the two shifts was virtually identical across partic-
ipants (Fig. 3) and the average saccade latency for each partici-
pant in Saccade blocks was a good predictor of their perceived
shifts in the Perception blocks (Fig. 5a). As such, we believe that
the prediction of the position of the target in this illusion uses

either the same neural mechanism that is responsible for the
planning and execution of a saccade that is aimed at it, or a similar
mechanism that is calibrated to give approximately the same
amount of shift (for purposes of keeping perception and saccades
in alignment).

Because perceptual reports and saccadic responses were ob-
tained in separate trials, we could not correlate saccade latency
and perceptual position shift across trials, but only across condi-
tions and across observers. If observers had made both responses
in the same trial, any resulting correlation could be attributed to
shared processes at the level of response, rather than reflecting a
shared underlying mechanism for extracting the position of a
moving stimulus. That is, if asked to make a saccade to the target,
and subsequently report the perceived position of the target using
a mouse click, observers might simply report the position they
fixate at the end of the trial. Such a tendency to align responses
would yield a correlation between saccade latency and perceptual
position shift without necessarily requiring a shared mechanism
for location. By acquiring measures in separate blocks, we elimi-
nated this alternative explanation. The fact that correlations were
evident on measures acquired on different trials therefore
strengthens the evidence that the two response types draw on the
same neural mechanisms.

The idea that the mechanisms subserving extrapolative local-
ization are shared by the perceptual and visuomotor systems
closely parallels a similar proposal in the domain of saccadic ad-
aptation (the progressive correction of systematic saccade target-
ing errors). A number of studies have shown that saccadic
adaptation influences the perceptual localization of objects pre-
sented near the saccade target (Awater et al., 2005; Georg and
Lappe, 2009). This has prompted the proposal that saccade met-
rics involved in shaping motor space also contribute to the metric
used for the organization of perceptual space (Collins et al.,
2007). Our findings clearly align with that proposal.

More broadly, our findings contribute to an ongoing discus-
sion about the degree to which action and perception systems are
shared CQ dissociable (Goodale and Milner, 1992). Two decades
ago, Aglioti et al. (1995) reported that the Ebbinghaus (or Titch-
ener) illusion, in which the size of a central circle is perceived as
larger or smaller depending on the size of circles surrounding it,
affects perceptual judgments without affecting the hand aperture
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of grasping movements aimed at that circle. This finding has
since been challenged on the basis of methodological differences
between perceptual and grasping tasks (Pavani et al., 1999; Franz
et al., 2000; Franz and Gegenfurtner, 2008). Comparable studies
using other size illusions, such as the Muller-Lyer illusion (Elliott
and Lee, 1995) and the size-weight illusion (Brenner and Smeets,
1996) have similarly yielded contradictory results. To date, the
degree to which action and perception systems are differentially
affected by illusions of size (and related object properties) re-
mains contentious.

Conversely, evidence with regard to the localization of objects
shows several examples where the perception and action systems
are closely linked. For example, illusions of perceived speed affect
both perception and action (Smeets and Brenner, 1995). Illusions
of motion direction also affect both perception and action, al-
though the effects on saccadic eye movements and smooth pur-
suit were subtly different (Zivotofsky et al., 1996, 1998). Factors
affecting motion perception, including direction (Beutter and
Stone, 1998; Krukowski et al., 2003), occlusion (Stone et al.,
2000), motion coherence (Beutter and Stone, 2000), and trial-by-
trial variability (Stone and Krauzlis, 2003) similarly affect smooth
pursuit eye movements. Although dissociations have been re-
ported (Zivotofsky, 2005; Spering and Carrasco, 2015), Spering
and Montagnini (2011) conclude in a review that the majority of
results points to similarities between perception and pursuit. Our
findings align and extend this literature, showing that motion
extrapolation mechanisms are shared not only with smooth pur-
suit eye movements, but also with ballistic saccades.

There is one motion-induced position shift (double drift; Lisi
and Cavanagh, 2015) that does show a large dissociation: there
is a large effect on perception, but no effect on immediate
saccades. However, it is not a simple perception-action dissocia-
tion, because the illusion is present for ballistic pointing (Lisi and
Cavanagh, 2017) as well as for memory-based saccades (Massen-
dari et al., 2018). This double-drift illusion differs from other
motion-induced position illusions in a number of ways. First,
the position deviations are orthogonal to the motion path, not
along it as in the effects studied by de’Sperati and Baud-Bovy
(2008) and in the present study. Furthermore, the integration
period is at least a second, as opposed to �100 ms for extrap-
olation along the motion path (Cavanagh and Anstis, 2013;
Lisi and Cavanagh, 2015), and the position deviations are sev-
eral times larger.

It is evident from Figures 4 and 5 that saccades never actually
landed where the target would have been, had it continued to
rotate with the annulus. The perceptual shift similarly falls short
of perfect compensation. There are many reasons why the gain of
this system might be low, including how the oculomotor system
might adjust to the target being systematically absent when the
saccade lands. Importantly, the size of the illusion is stable across
Perception and Saccade modalities despite this low gain, consis-
tent with a shared or linked extrapolation mechanism.

Finally, we return to the alternative explanation for the results
described above wherein extrapolation for saccades and percep-
tion are computed independently, but that their estimates are
kept similar so that perception and action are always in agree-
ment (Greenwood et al., 2017). To differentiate between these
hypotheses of common versus aligned but independent mecha-
nisms, future research will need to specifically alter motion-
induced perceptual shifts and monitor the consequences for
saccadic targeting, or vice versa.
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