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1. Abstract

Retinal motion caused by voluntary eye movements is rarely misinterpreted as object
motion, as if the visual system discounted the contribution of voluntary eye move-
ments to retinal motion. Yet, involuntary eye movements caused by mechanical eye
vibration is often interpreted as object motion unless the vibration has high fre-
quency, in which case only image blur may be noticed. In these latter conditions,
however, a light flickering above the fusion limit is vividly perceived to undergo os-
cillatory motion over its static surround. We determined the conditions of this phe-
nomenon, showing that the perceived frequency of illusory oscillation equals the dif-
ference between flicker frequency and the frequency of vibration of the eyes. This
outcome is explained as a result of the low-pass temporal frequency characteristic of
vision, which further predicts that the same effect should occur if the flickering light
is vibrated and observed with static eyes. This prediction was corroborated empiri-
cally. We also determined the minimal amplitude of oscillation required to perceive
motion as a function of postural stability and the presence of static references, finding
an amplitude threshold of 1 arcmin with postural stability in dim-light conditions
which increases to 2 arcmin with postural instability in the dark.
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2. Illusory motion resulting from light flicker and eye vibration

Without eye vibration, a light source flickering above the fusion limit (52 Hz; top
left) is perceived as continuous illumination (top right), although dimmer than a non-
flickering light source (bottom).
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When the eyes vibrate at 60 Hz, the light sources are effectively swept back and forth
over the retina. Temporal lowpass filtering in the visual system makes the flickering
stimulus appear perceptually as undergoing 8-Hz oscillatory motion (2 cycles over
the 250-ms span displayed in the top right), whereas the same process makes the con-
tinuous light source appear blurred but motionless (bottom right).
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The perceived frequency of illusory oscillation should depend on the difference be-
tween flicker frequency and the frequency of eye vibration. When both frequencies
are identical (top), no illusory oscillation should occur; when they differ by 12 Hz
(bottom), the illusory motion should have that frequency (3 cycles over the 250-ms
span displayed in the figure).



Massager used in our experiments Other People’s Money, 1991: Danny
De Vito experiences the motion illu-
sion as he watches his computer while
brushing his teeth
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3. Experiment 1
If the illusory oscillation is caused by temporal filtering, its temporal frequency
should be the absolute value of the difference between the frequency of flicker and
the frequency of eye vibration.
The prediction was confirmed in an experiment that measured perceived frequency of
oscillation as a function of flicker frequency:



Methods
Apparatus and stimuli

Head vibration was produced with a commercial percussion massager. The stimulus consisted of two adjacent light
sources: a sharp-edged circular LED (4.5 mm in diameter) and a reflected laser beam (3.5 mm in diameter). The LED
was made to flicker with a square waveform, and its frequency is the independent variable in the present experiment.
The beam of a 640-nm laser pointer came reflected from a front-surface mirror galvanometer that was set to oscillate
vertically with a triangular waveform. The frequency of oscillatory motion of the laser beam—adjusted by the
subject until it matched the illusory oscillation of the LED—is the dependent variable in this experiment.

Procedure
Subjects sat 1 m from the visual display and pushed the body of the massager up against their lower jaw. The

subjects had their jaws locked so that vibration was transmitted up to the cranium and on to the eyes, which thus
vibrated vertically. Differences in pressure of the massager against the lower jaw as well as differences in locking
pressure of the jaws affected the amplitude of vertical eye vibration but did not alter its frequency as measured with a
cancellation method (García-Pérez & Peli 2002).

The experiment was carried out in a single session of 30 trials. The room was lit with incandescent light. On each
trial, the flicker frequency of the LED was set at a random value within 4 Hz from a rough estimate of the frequency
of eye vibration obtained at the beginning of the session with a cancellation method (García-Pérez & Peli 2002). The
subject then adjusted the frequency of oscillation of the laser beam until it appeared to match the illusory rate of
oscillation of the LED. Subjects were allowed to adjust the amplitude of oscillation of the laser beam at any time if
this helped them carry out the task more comfortably. Each trial produced a pair of values: the flicker frequency of
the LED (independent variable) and the matching frequency of oscillation of the laser beam (dependent variable).
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4. Experiment 2
The motion illusion was used to determine the minimal displacement (amplitude of
eye vibration) that is necessary to perceive motion. The vibration was applied to the
stimulus and the study was carried out under three lighting/postural conditions:
1. postural stability in the light (thus with static visual references; � in the figure

below)
2. postural stability in the dark (without visual but with proprioceptive references; �

in the figure)
3. postural instability in the dark (without visual or proprioceptive references; � in

the figure)
Threshold increased with decreasing references (whether visual or proprioceptive):



Methods
Apparatus and stimuli

A 633-nm He-Ne laser beam was used which rendered an elongated shape (2.5×5 arcmin at the viewing distance of
5.5 m) on the projection plane. The laser beam passed through an acousto-optical modulator driven to produce
square-wave flicker of adjustable frequency. The flickering beam was reflected on a front-surface mirror galvanome-
ter that was set in sinusoidal oscillation at 55 Hz. The amplitude of the oscillation of the beam along its long axis is
the independent variable in this experiment.

Procedure
There were three conditions. In one, subjects sat and the room was lit with a DC source so as to allow visible fixed

references within the field of view; in another, subjects sat similarly but the room was in complete darkness; in the
third one, subjects were also in complete darkness and stood on only one foot to produce postural instability. A ses-
sion consisted of 15 trials at each of 5 amplitudes of oscillation, order randomized. Three separate sessions were run
for each of the three postural/lighting conditions for a total of 45 trials per amplitude per condition. Each trial, whose
beginning was signaled by an audible beep, presented a temporal 2AFC task in which the acousto-optical modulator
was set to flicker at 60 Hz in one of the intervals (chosen at random with equiprobability) and at 600 Hz in the other.
Presentation duration in each of the intervals was 2 s, with an interleaved blank lasting 1 s. One of the intervals thus
resulted in the laser beam actually appearing to undergo sinusoidal oscillation at a detectable 5 Hz while the other
resulted in an undetectable oscillation at 545 Hz which simply appeared perceptually as continuous illumination
without motion. The subject’s task was to indicate in which of the two intervals the beam had oscillated.



5. Discussion

— Flicker that is not detectable with static eyes gives rise to the perception of illu-
sory motion when the eyes vibrate. This is a simple consequence of the lowpass
temporal-frequency characteristic of vision.

— The displacement threshold for motion perception in complete darkness with pos-
tural instability is �2 arcmin; with postural stability in the light (with nearby static
visual references), the displacement threshold decreases to �1 arcmin. Previous
estimates of the displacement threshold in the light varied across studies from
�0.2 arcmin  (Tyler & Torres 1972; Westheimer 1979; Nakayama & Tyler 1981)
to �1 arcmin (Levi et al. 1984); previous estimates of the displacement threshold
in the dark were always lower than 2 arcmin, but none of those estimates were
obtained in complete darkness.
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