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Abstract

We discovered that a white disc flashed twice at the same location appears to move during

smooth pursuit eye tracking in the direction opposite to that of the eye movement. We called

this novel phenomenon movement-induced apparent motion (MIAM). Using the method of constant

stimuli, we measured the required displacement of the second appearance of the disc in the

pursuit direction to null the effect during the closed-loop stage of smooth pursuit eye tracking.

We observed a strong linear relationship between the points of subjective stationarity and the

inter-stimuli intervals for four smooth pursuit eye movement speeds. The slopes and y-intercepts

of these linear fits were well predicted by the hypothesis according to which subjects saw illusory

motion from the first to the second retinal projections of the flashed disc during smooth pursuit

eye movement, with no extra-retinal signal compensation.
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When our eyes are still and two neighboring visible lights are flashed in rapid succession, we
see movement when nothing is actually moving in the environment. This phenomenon is
named beta or apparent motion; it was first thoroughly studied by Wertheimer in 1912. A
similar situation occurs on the retina when an observer engages in smooth pursuit eye
movement (SPEM) in front of a stationary light flashed periodically. In both cases,
neighboring groups of retinal receptors are stimulated by light successively. Indeed, the
two cases are indiscriminable on the retina if the following conditions are satisfied: (a) if
the light is first flashed at the same retinal location in both cases, (b) if the period of the
flashes is the same in both cases, and (c) if the displacement vector of the lights in the
apparent motion case divided by the period of the flashes is equal to the SPEM velocity
in the other case.
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As you would expect qualitatively from this retinal analysis, eye tracking the tip of a
moving pencil or finger in front of Video 1 which displays stationary white discs flashed
with periods increasing by steps of 16.67ms from 0ms, at the bottom, to 100ms, at the
top, results in the discs appearing to move in the direction opposite to that of the eyes.
Importantly, you need to pay attention to the flashing discs while engaging in SPEM. As
far as we know, this phenomenon—henceforth called movement-induced apparent motion
(MIAM)—has never been reported in the literature. You might have noticed during this
demonstration that the white discs align with one another. This indicates that the
apparent disc displacement is proportional to the speed of SPEM times the period of
the flashes. Again, this is compatible with the above retinal analysis which predicts that
the apparent disc displacement should be equal to the speed of SPEM times the period of
the flashes.

However, it is at odds with our ubiquitous experience that the continuously illuminated
world around us is stable despite shifts of the images projected onto the retina during SPEM.
Helmholtz (1925) suggested that this retinal displacement is cancelled by an ‘effort of the
will’. Sperry (1950) developed the idea and proposed that the retinal displacement is
compared with the corollary discharge (also called efference copy; von Holst &
Mittelstaedt, 1950)—a copy of the motor command that is sent to the muscles to produce
an eye movement. Although our visual system comes close to this ideal, slight
undercompensation can be revealed in the form of the perception of a tiny and usually
non-disturbing movement of the stationary world opposite to eye movement. This
illusionary motion of a continuously illuminated background induced by SPEM is referred
to as the Filehne illusion (Filehne, 1920; Haarmeier, Thier, Repnow, & Petersen, 1997).
Given the obvious similarities between MIAM and the Filehne illusion, it is tempting to
argue that they are one and the same. However, the small undercompensation for retinal
slip, which is believed to cause the Filehne illusion, should be identical for all the pulsating
white discs in Video 1; therefore, the Filehne illusion cannot explain why the discs appear to
move less and less from top to bottom. Moreover, the magnitude of the erroneous motion
characterizing the Filehne illusion (e.g., that of the disc at the bottom of Video 1, which is
presented continuously) is minuscule in comparison to that characterizing MIAM (e.g., that
of the disc at the top, which is flashed with a period of 100ms). Jumping the guns, we shall
show in the following pages that MIAM is very well explained by the SPEM analog of
apparent motion described earlier, with no extra-retinal compensation whatsoever.

Specifically, we will take a quantitative look at the atomic event in Video 1: two discs
flashed during SPEM. Using the method of constant stimuli, we will find the displacement
of the second disc in the pursuit direction required to null MIAM. We will do this for
several inter-stimuli intervals (ISI) and SPEM speeds. Complete failure to compensate for
the large retinal slip between the appearance of the two white discs would lead to a linear
relationship between ISI and the nulling displacement with a slope equal to the tracking
speed and a y-intercept equal to 0; and full compensation would lead to no nulling
required at all.

Methods

Subjects

Six observers (three males) aged between 19 and 44 took part in the experiment. All
participants had a normal or corrected-to-normal visual acuity. Written consent was
obtained for all participants, and the study was approved by the Université de Montréal
ethics committee.
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Apparatus

The experimental programs were run on a MacPro computer in the Matlab environment,
using the Psychophysics (Brainard, 1997; Pelli, 1997) and EyeLink toolboxes (Cornelissen,
Peters, & Palmer, 2002). All stimuli were presented on an Asus VG278H at 60Hz with a
resolution of 1920� 1080 pixels. Room lights were turned on so that natural
background visual cues, such as the frame of the computer monitor, were available.
A chin rest was used to maintain viewing distance at 66 cm. Eye movements were
monitored at 250Hz with an EyeLink II head-mounted eye-tracker (SR Research,
Mississauga, Ontario). Only the dominant eye—as assessed by the Miles test (1930)—was
tracked, but viewing was binocular.

Procedure

A nine-point calibration was performed with the eye-tracker at the beginning of each
experimental session, and a drift-correction was performed every five trials. On each trial,
a stationary red dot with a diameter of 6.50 arcmin was shown for 400ms on a black
background 0.95, 2.90, 3.87, or 9.69 deg to the left of the unmarked center of the
computer monitor, depending on SPEM speed. Then the red dot began to move
rightward at a constant speed of 1.95 deg/s (FG3, SFS3), 5.85 deg/s (FG2, SFS2, and
WM), 7.80 deg/s (CAC, CBP, FG1, LN, and SFS1), or 19.50 deg/s (FG4 and SFS4).
When the red dot reached the unmarked center of the computer monitor, it was
superimposed on a centred white disc with a diameter of 0.43 deg presented for 16.67ms.
This was followed by an ISI which varied between 16.67ms and 133.33ms, depending on the
experimental session. A second white disc, identical to the first one, was then presented for
16.67ms with a horizontal offset relative to the center of the computer monitor þSPEM
speed (deg/sec)� ISI (sec) of �0.22, �0.13, �0.04, 0.04, 0.13, or 0.22 deg (see Videos 2 and
3). Each subject completed one series of either four (for the 19.50 and 1.95 deg/s SPEM
speeds) or seven (for the 7.80 and 5.85 deg/s SPEM speeds) experimental sessions of 120
trials. ISI varied between 16.67ms and 133.33ms in 33.33ms steps for the series of four
experimental sessions, and in 16.67ms steps for the series of seven experimental sessions.

Subjects were asked to eye-track the red dot, to pay attention to the white disc, and to
indicate the direction in which the white disc appeared to move using computer keyboard
keys. Each participant completed about 10 practice trials before beginning the experimental
sessions. Two subjects (FG5 and SFS5) did an additional experimental session with a SPEM
speed of 19.50 deg/s and with an ISI of 133.33ms, identical to the one described earlier,
except that all white discs’ positions were shifted 1 deg leftward.

Results

For every trials of a subject, gaze location traces were filtered with a second order low-pass
Butterworth filter with a cutoff at 50Hz (Lindner, Schwarz, & llg, 2001). Then instantaneous
eye velocities were computed by deriving the filtered gaze locations, and instantaneous
accelerations were computed by deriving these velocities. Saccades were defined as
accelerations greater than 700 deg/s2. Intervals of 60ms centered on saccades were
removed from the velocity traces and replaced by linearly interpolated velocities. Mean
velocity traces after saccade removal for every subjects and SPEM speeds are shown in
Figure 1. Finally, closed-loop SPEM gain was obtained by dividing the mean, across
trials, of these velocities between 500ms (which corresponds to the appearance of the first
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white disc) and 650ms after red dot motion onset by the red dot speed. Individual pursuit
velocity gains are shown in Table 1.

The mean gain across subjects and SPEM speeds—0.89—indicates that
pursuit quality was slightly under the ideal conditions. However, the most
determinant factor for the hypothesis according to which subjects saw illusory motion
from the first to the second retinal projections of the flashed disc during SPEM, with no
extra-retinal signal compensation, is the mean horizontal displacement, including saccades,
not pursuit velocity gain. We thus computed the mean horizontal eye displacement error
relative to the red dot horizontal displacement between the two flashed white discs across
trials for every subjects and SPEM speeds (Table 1). The mean of these errors was
only 5.36%.

(a) (b) (c) (d)

Figure 1. Blue curves represent the average individual filtered velocities as a function of time following

onset of target motion after saccade removal. Red lines represent the speed of the moving targets. The

green bars delimit the interval used to compute the gains (the first green bar coincides with the presentation

of the first white disc).
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Then, for each subject, ISI, and horizontal offset, we computed the proportion of trials
the subject responded that the white dot moved rightward. Next, we fitted cumulative
Gaussian distributions to the six proportions—one for each of the horizontal
offset—associated with each of the four or seven ISI (R2 ranged from 0.87 to 1.00, with a
mean of 0.99 and a standard deviation of 0.02), and extracted seven points of subjective
stationarity (PSS). PSS are represented as black circles in Figure 2 (or as blue asterisks for
the extra leftward-shifted sessions, Figure 2(d)).

Lines fitted very well to these PSS (Figure 2, black solid lines; Table 1, R2), confirming the
qualitative impression that the magnitude of MIAM is proportional to the ISI (or to the
period in Video 1). Moreover, the slopes and y-intercepts of these linear fits were very close
to those predicted by a SPEM analog of apparent motion, with no extra-retinal signal
compensation whatsoever (Figure 2, solid red lines). The PSS of the two experimental
sessions with a SPEM speed of 19.50 deg/s and an ISI of 133.33ms—the one with the first
white disc superimposed on the red dot and the other with the first white disc presented 1 deg
to the left of the red dot (Figure 2(d))—are almost identical.

Discussion

We discovered that two identical white disc flashed at the same location appears to move
during the closed-loop stage of SPEM in the direction opposite to that of the eye movement.
We called this novel phenomenon MIAM. Using the method of constant stimuli, we
measured the required displacement of the second disc in the pursuit direction to null the
effect. We observed a strong linear relationship between the PSS and the ISI for a given
SPEM speed in six subjects. The slopes and y-intercepts of these linear fits were well
predicted by the hypothesis according to which subjects saw illusory motion from the first
and second discs’ retinal projections during SPEM, without extra-retinal signal
compensation. This was the case for SPEM speeds between 1.95 and 19.50 deg/s, which
indicates that MIAM is invariant to SPEM and apparent motion speed. This also
suggests that SPEM and apparent motion share mechanisms in both slow and fast motion
processes (see also Matsumiya & Shioiri, 2015). Finally, the PSS of the two experimental

Table 1. Individual points of subjective stationarity (PSS) fitted parameters and other measures.

Subject

Red dot

speed (deg/s)

Pursuit

gain

Eye displacement

error (%)

Linear fit

slope (deg/s)

Linear fit

y-intercept (deg) R2

SFS4 19.50 0.85 4.33 19.02 0.03 .99

FG4 – 0.83 3.22 19.19 0.02 .99

SFS5 – 0.80 0.49 – – –

FG5 – 0.78 6.48 – – –

CAC 7.80 0.89 6.79 7.31 0.05 .99

CBP – 0.89 6.20 6.84 �0.02 .97

FG1 – 0.82 7.26 7.63 0.01 .99

LN – 0.93 8.26 7.66 �0.03 .99

SFS1 – 0.86 8.94 7.73 �0.03 .99

FG2 5.85 0.96 6.27 5.64 0.01 .99

SFS2 – 0.92 3.45 5.82 �0.03 .99

WM – 0.97 0.36 5.93 �0.02 .99

SFS3 1.95 0.86 0.72 2.04 �0.04 .99

FG3 – 0.93 6.00 1.75 0.00 .98
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sessions with a SPEM speed of 19.50 deg/s and an ISI of 133.33ms—the one with the first
white disc superimposed on the red dot and the other with the first white disc presented 1 deg
to the left of the red dot (Figure 2(d))—are almost identical, suggesting that MIAM is
invariant to retinal location at least within the fovea.

Several studies converged to show that the middle temporal area in the macaque and
other primates and its human homolog, the human MT complex, respond to stimulus

(a) (b) (c) (d)

Figure 2. The magnitude of MIAM for every subject as a function of ISI and SPEM speed. Black circles

represent points of subjective stationarity or PSS (i.e., the offsets of the second flashed white disc required to

null MIAM); solid black lines are the best linear fit to these data points; dashed black lines indicate the

boundaries of the 95% interval of confidence of the fitted lines; and the solid red lines is the prediction

assuming a SPEM analog of apparent motion, with no extra-retinal signal compensation whatsoever. Blue

asterisks in the scatterplots are the PSS for the sessions during which SPEM speed was 19.50 deg/s, ISI was

133.33 ms, and the first white disc was presented 1 deg to the left of the red dot.
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conditions that induce apparent motion (Goebel, Khorram-Sefat, Muckli, Hacker, & Singer,
1998; Liu, Slotnick, & Yantis, 2004; Mikami, 1991; Muckli et al., 2002). The brain locus of
the compensation for the retinal slip resulting from SPEM seems to be distributed along the
visual pathway. Neuroimaging studies in humans have failed to find any trace of a
compensation for SPEM in area V1 up to area MT; the response in these visual areas
seem to correlate with retinal motion signal, not with perceived motion (Haarmeier &
their, 1998; Lindner, Haarmeier, Erb, Grodd, & Thier, 2006; Tikhonov, Haarmeier, Thier,
Braun, & Lutzenberger, 2004; Trenner et al. 2008). However, there is evidence for SPEM
compensation before area MT in the primate brain. Neurons encoding visual motion
independently of SPEM—so-called real-motion cells—represent about 10% to 15% of the
cells in areas V1 and V2 and about 40% of the cells in area V3A (Galletti & Fattori, 2003).
Moreover, it was shown that about 8% of cells in area V1 exhibited percept related activity
in the awake behaving monkey (Dicke, Chakraborty, & Thier, 2008). With this in mind, one
parsimonious neural explanation for the failure to compensate for the SPEM analog of
apparent motion under MIAM conditions is that the critical compensation occurs either
before the computation of apparent motion in the visual processing stream (in area V1, V2,
or V3), or in a parallel pathway. In other words, the small retinal slip resulting from the brief
presentation of the first disc would be cancelled along striate and early extra-striate visual
areas and so would the equally small retinal slip resulting from the brief presentation of the
second disc but, most importantly, the much larger retinal slip resulting from the Gestalt
grouping of the two discs in MT would not.

Haarmeier et al. (1997) described the unique case of a patient with relatively large bilateral
extrastriate cortex lesions, which experiences false perception of motion due to a complete
inability to take eye movements into account when faced with self-induced retinal image slip.
Probably as a result of the conflict, this condition creates between the visual, vestibular, and
somatosensory senses (Reason & Brand, 1975), this patient suffered from dizziness and
nausea. What we have shown here is that for stroboscopically illuminated stationary objects
such a complete incapacity of cancelling retinal displacement resulting from SPEM is the
norm. We believe, therefore, that MIAM might play a role in flicker sickness in which
observers report nausea and feeling dizzy when, for example, in a helicopter (Cushman &
Floccare, 2007) or working with intermittently flashing lights (Ulett, 1953).
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