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Visual images consisting of repetitive patterns can elicit striking
illusory motion percepts. For almost 200 years, artists, psycholo-
gists, and neuroscientists have debated whether this type of
illusion originates in the eye or in the brain. For more than a
decade, the controversy has centered on the powerful illusory
motion perceived in the painting Enigma, created by op-artist Isia
Leviant. However, no previous study has directly correlated the
Enigma illusion to any specific physiological mechanism, and so the
debate rages on. Here, we show that microsaccades, a type of
miniature eye movement produced during visual fixation, can drive
illusory motion in Enigma. We asked subjects to indicate when
illusory motion sped up or slowed down during the observation of
Enigma while we simultaneously recorded their eye movements
with high precision. Before ‘‘faster’’ motion periods, the rate of
microsaccades increased. Before ‘‘slower/no’’ motion periods, the
rate of microsaccades decreased. These results reveal a direct link
between microsaccade production and the perception of illusory
motion in Enigma and rule out the hypothesis that the origin of the
illusion is purely cortical.

bistable perception � fixational eye movements �
miniature eye movements � subjective motion � visual fixation

Isia Leviant’s Enigma is one of the most famous examples of
kinetic op-art (1). This static image (Fig. 1A) elicits powerful

illusory motion in most observers and has generated an enormous
amount of interest in the visual sciences since its creation in 1981.
However, the origin of the illusion—the brain; the eye; or, possibly,
a combination of both—remains, appropriately, an enigma. Here,
we demonstrate directly that small saccades can drive the percep-
tion of illusory motion in Enigma. Our results are compatible with
a causal relationship between increased microsaccade rates and the
perception of illusory motion.

The ‘‘trickling’’ motion that can be seen within Enigma’s rings was
serendipitously observed by MacKay on the wallboard of a BBC
studio–the broadcasting staff had been annoyed by illusory shadows
running up and down blank strips between columns of parallel lines
(2). The illusion was later optimized by Leviant in the now classic
Enigma design (1, 3), and it continues to inspire novel variants (4).
Simpler patterns of regular stimuli, such as radial lines (i.e., MacKay
‘‘rays’’) or concentric rings, may also induce illusory motion at right
angles to those of the stimulus pattern (2, 5) [supporting informa-
tion (SI) Fig. S1A].

Three main types of mechanism have been proposed to explain
this illusion. One possibility is that normal rapid fluctuations in the
accommodation of the eye give rise to changes in the retinal image
and thus to retinal signals. The origins of this hypothesis date back
almost 200 years to Helmholtz (6) and Purkinje (7, 8), although the
main arguments were later developed by Campbell and Robson (9),
Millodot (10), and Gregory (11). If this idea is correct, then illusory
motion from static patterns arises because of the optics of the eye.
A second hypothesis was proposed by MacKay, who suggested that
the illusory motion was the sole product of brain processes (2, 9).
This hypothesis was later supported by Zeki et al. (12), who found
different sets of cortical areas to be active during the perception of

objective vs. illusory motion, and more recently by Kumar and
Glaser (13) and Hamburger (14). The third potential explanation
of illusory motion in static repetitive patterns came from Pritchard
(15), who proposed that the illusion might be due to changes in
retinal stimulation produced by small eye movements. This pro-
posal was supported by Evans and Marsden (16), Mon-Williams
and Wann (17), and Zanker and colleagues (18–20), who investi-
gated another op-art painting giving rise to illusory motion effects:
Fall, by Bridget Riley (Fig. S1B).

Historically, the research on illusory motion from static patterns
has generated several notorious debates. For instance, the role of
eye movements was ruled out very early in the process: MacKay
noted that the illusory motion remained present under conditions
of retinal stabilization, in which eye movements were nullified (21).
However, Evans and Marsden (16) claimed that MacKay’s retinal
stabilization results were inconclusive because of limitations in his
contact lens-based stabilization technique [such as significant slip of
the contact lens over the scleral surface (22)]. To achieve perfect
retinal stabilization, Evans and Marsden induced a prolonged
after-image by presenting a very brief, intense illumination flash of
the stimulus pattern. Because the illusory motion was absent in the
resultant after-image, Evans and Marsden concluded that eye
movements drove the effect. This conclusion was contested by
Millodot (10), who pointed out that prolonged after-images elim-
inate both the effect of involuntary eye movements and the effect
of accommodation fluctuations. Millodot argued that MacKay’s
stabilization results (2) ruled out eye movements as a contributor,
and so later debate focused on the roles of accommodation vs.
brain-generation of the Enigma illusion. However, if MacKay’s
stabilization technique was imprecise [as argued by Evans and
Marsden (16)], then Millodot’s reasoning was circular and eye
movements should not have been ruled out. Nevertheless, the eye
movement hypothesis was indeed set aside. Our current study
aimed to test whether the eye movement hypothesis was ruled out
prematurely.

The accommodation vs. brain construct debate continued. The
two sides were championed by Gregory (11, 24, 26) and Zeki after
the publication of Zeki and colleagues’ imaging study in 1993 (12,
23, 25). However, no definitive conclusion was reached (see Dis-
cussion for further details). We note, however, that no studies to
date have measured direct and tightly timed correlations between
the subjective perception of illusory motion and the proposed
physiological precursor.

Here, we set out to correlate microsaccades directly to the
perception of illusory motion in Enigma. Microsaccades are small-
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magnitude involuntary saccades that occur during fixation (27–29).
These small eye movements generate strong neural transients in the
early visual system (27, 30, 31), counteract visual fading during
fixation (32) and prevent filling-in of artificial scotomas (33).
Microsaccades may also play an important role on binocular rivalry
(34). Van Dam and Van Ee recently found a clear correlation
between microsaccadic retinal image changes and perceptual al-
ternations during binocular rivalry (35). Our hypothesis, that mic-
rosaccades drive illusory motion in static patterns such as Enigma,
was partly based on our own observations that the strength of
illusory motion in Enigma is not stable across time, but that it varies
as a function of how precisely one fixates. If one holds one’s eyes still
while viewing Enigma—for instance, by staring very carefully at the
center of the image—one senses that the illusory motion decreases
and occasionally comes to a full stop. Loose fixation qualitatively
results in ‘‘faster’’ illusory motion. Previous research has shown that
strict fixation suppresses the production of microsaccades, with
dramatic effects on stimulus visibility (32, 33). It follows that, under
normal (loose) fixation conditions, microsaccades may drive the
perception of illusory motion in Enigma (27). Our results show a
strong quantitative link between microsaccades and the perception
of the Enigma illusion.

Results
Main Experiment: Perception of Illusory Motion in Enigma. Subjects
were asked to fixate a small spot while viewing a simplified version
of the Enigma illusion (Fig. 1B). They continuously reported (via
button press) whether the perceived speed of motion was increasing
(button released) or decreasing/no motion (button pressed). Their

eye movements were recorded simultaneously with high precision.
Fig. 1C describes a typical epoch during a trial.

As with other bistable stimuli paradigms (32, 35–38), subjects
reported that their perception oscillated between two alternating
states (motion speeding up vs. motion slowing down/fully stopped).
We identified microsaccades (Fig. S2 B and C) and correlated them
to the subject’s perception, indicated via button press, at every point
in time. The data show a clear positive relationship between
increased microsaccade rates and the perception of ‘‘faster mo-
tion.’’ Before transitions to a faster motion period, microsaccade
rates increased (Fig. 2A, red line). Conversely, before transitions to
a ‘‘slower/no’’ motion period, microsaccade rates decreased (Fig.
2A, blue line). The results were statistically significant (one-tailed
paired t tests; P � 0.05; Fig. S3). These findings reveal a direct
quantitative link between microsaccades and the perception of
illusory motion.

To further establish the potential role of microsaccades in driving
the Enigma illusion, we calculated the average probability of
transitions to faster motion vs. slower/no motion percepts after
microsaccade onsets (Fig. 2B). The data show that microsaccade
onsets are followed by an increased probability of transitions to
faster motion and a decreased probability of transitions to slower/no
motion periods (a 172% peak increase and a 66% peak decrease
from random, respectively). This suggests a causal relationship
between microsaccades and transitions in illusory motion speed in
Enigma. At the very least, we cannot exclude a causal role of
microsaccades in driving the Enigma illusion, and specifically the
perceptual transitions that characterize it.

Equivalent results were obtained when microsaccades were
identified with a different algorithm (27, 30, 32, 39, 40), or when the
maximum microsaccade magnitude threshold was set to 1°, 2° or 3°
(Fig. S4). Equivalent results were also found in naïve and nonnaïve
subjects (Fig. S5 A and B). Fig. S5A illustrates the large differences
in peak-to-trough microsaccade rates for each subject (154%,
627%, and 910% from left to right). These percentage differences
reflect the maximum microsaccade rates before transitions to faster
motion over the minimum microsaccade rates before transitions to
slower/no motion.

Control Experiment: Perception of Physical Changes in Motion Speed.
We tested an alternative interpretation: that microsaccades do
not drive the Enigma illusion and that Enigma instead causes
both the perceptual report (button press/release) and the
changes in microsaccade rates. If this were true, changes in
microsaccade rates might precede the subjects’ report (button
press/release), as shown in Fig. 2 A, but they would not precede
the perceptual transitions. To test this possibility, we conducted
a control experiment in which the same subjects indicated
physical transitions in speed of motion, for real moving objects
that simulated the Enigma illusion. The time delay (latency)
between the physical transitions and the reported transitions in
the control experiment was then used to estimate the timing
between the perceptual transitions and the reported transitions
in the main experiment (illusory motion condition) (35, 37, 38).

Subjects were asked to fixate on the center of the screen while
viewing the same pattern as in the main experiment (Fig. 1B), but
now with physical stimuli (small blobs) that moved up or down with
increasing or decreasing speeds (see Methods for details). As in the
main experiment, subjects continuously indicated changes in speed
of motion by releasing (faster motion) or pressing (slower/no
motion) a button while their eye movements were recorded.
Subjects performed this task accurately; they correctly indicated
88 � 1% of the transitions in speed of motion with an average
latency of 520 ms (SD � 190 ms) (Fig. 2C). The average latency and
SD values were consistent with those reported in refs. 35, 38, and
41 for various bistable stimuli.

Next, we calculated the rates of microsaccades around both the
physical transitions (Fig. 2D) and the reported transitions (Fig. 2E)

A B

C

released pressed pressed released

Stimulus 
in screen:

Percept:

time

Button
state:

slow or no motionslow or no motionfast motion fast motion

Fig. 1. Illusory motion in Enigma. (A) Enigma (1, 3). As one views the image
the concentric purple annuli fill with rapid illusory motion. Upon careful
fixation, the perception of illusory motion decreases or even stops completely.
Subsequent eye movements bring back the illusory percept. (B) Simplified
version of Enigma used in the present experiments (spatial characteristics
slightly modified from those used in the actual experiments, for clarity).
Illusory motion is seen to travel lengthwise along the gray stripe. (C) An epoch
from a trial during the experiment. (Top) Schematic representation of the
stimulus, which does not change over time. (Middle) Perception of the stim-
ulus: the gray target stripe intermittently fills with fast or slow illusory motion.
(Bottom) Subjects’ report of their perception.
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in motion speed (equivalent analyses as in Fig. 2A). Fig. 2D shows
that the rate of microsaccades decreased after physical transitions
in speed of motion, irrespective of whether the change in speed was
toward faster or slower motion. This result is consistent with
previous studies showing that changes in peripheral stimulation
cause a transient drop in the rates of saccades and microsaccades,
followed by a temporary enhancement (38, 42, 43). This transient
course of ‘‘microsaccadic inhibition’’ may indicate a fast reflex of
the oculomotor system to sudden changes in visual input (44). The
vertical gray band in Fig. 2 C and D indicates the time of the
reported transitions with respect to the physical transitions (latency:
520 ms � 190 ms SD; calculated from Fig. 2C).

In Fig. 2E, the data from Fig. 2D have been realigned to the time
of the button press/release, and the vertical gray band now indicates
the time at which physical transitions occurred relative to the
reported transitions (latency: �520 ms � 190 ms SD). Note that
the shape of the curve is similar to that in Fig. 2D (now shifted by
the latency). Fig. 2 D–E show that faster stimulus motion is not
preceded by increased microsaccade rates, as was found with the
Enigma illusion (Fig. 2A). Rather, when subjects reported physical
changes in motion (control experiment), microsaccade rates de-
creased after both increases and decreases in speed of motion (an
�50% decrease in microsaccade rate, peaking �200 ms before the
reported transition). This is contrary to our findings with illusory
motion: microsaccade rates increased before transitions to faster
motion and decreased before transitions to slower/no motion in
Enigma (Fig. 2A). Thus, the perceptual transitions in Enigma do not
drive changes in microsaccade rate. If microsaccade rate was driven
by the percept of motion, then microsaccade rate would vary in the
same way for both illusory motion (Enigma experiment) and
physical motion (control experiment); however, it does not. Fur-
ther, the control experiment provided us with the latency between
perceptual transitions (caused by changes in physical motion) and
reported transitions. This latency, when applied to the Enigma
results, shows that changes in microsaccade rate precede the
perception of the Enigma illusion. To determine this we overlaid the
same gray band from Fig. 2 C–E (the time of the perceptual
transition) on the data from the Enigma experiment (Fig. 2A). This
analysis (Fig. 2F) illustrates that the perceptual transitions during
Enigma took place 520 ms � 190 ms (SD) before the reported
transitions. Note that microsaccade rates began changing (i.e.,
departed from baseline) �740 ms before the perceptual transitions
and 1,260 ms before the reported transitions. These values were
consistent across individual subjects (Fig. S5C). Thus, microsac-
cades may potentially drive the perceptual transitions in illusory
motion, but not the other way around.

To further quantify our conclusions, we conducted a receiver
operating characteristic (ROC) analysis to calculate the ability of an
ideal observer to predict the type of transition (to faster motion vs.
slower/no motion) based on microsaccade rates (Fig. 2 G and H).
In the main experiment (Enigma illusion) the ideal observer
becomes significantly better than chance (determined by permu-
tation analysis) �1,060 ms before the reported transitions (�540 ms
before the perceptual transitions, estimated from the latency cor-
rection, Fig. 2G). In the control experiment (physical motion) the
ideal observer cannot distinguish between both types of transitions
(faster motion vs. slower/no motion) from microsaccade rates
alone (Fig. 2H). Data from individual subjects are shown in
Fig. S5 D and E.

Discussion
The controversy about the source(s) of illusory motion in
Enigma and other static repetitive patterns is almost 200 years
old, dating back to Purkinje (7, 8). One reason the debate has
persisted this long may have been that the perceptual transitions
in these illusions take place very rapidly on a time-scale that is
difficult to measure psychophysically. Microsaccades moreover
occur up to several times per second (see ref. 29 for a review of
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Fig. 2. Microsaccades can drive the perception of illusory motion in Enigma.
(A and B) Perceptual transitions are correlated with previous microsaccades.
(A) Average microsaccade rates around reported transitions toward faster
(red) vs. slower/no (blue) illusory motion. (B) Average probability of transitions
after microsaccade onset. The results are expressed as the percentage increase
over a correlation where microsaccades happened at random times. Color
code as in A. (C–E) Changes in microsaccade rates are not triggered by the
perceptual transitions. Color code as in A. (C) Distribution of latencies from
correctly identified physical transitions to reported transitions (control exper-
iment). Dashed vertical line and surrounding gray band: average latency and
standard deviation (SD) for all subjects (520 � 190 ms). (Inset) Latency and
performance parameters for individual subjects. (D) Average microsaccade
rates around physical transitions in motion speed. Microsaccade rates de-
creased after both increases and decreases in physical motion speed. The
vertical gray band indicates the estimated moment of the reported transitions
with respect to the physical transitions (mean latency and SD from C). (E)
Average microsaccade rates around reported transitions in nonillusory motion
speed. The same data as in D are now realigned to the time of the subjects’
report. The vertical gray band indicates the estimated moment of the physical
transitions with respect to the reported transitions (from C). (F) Microsaccade
rates around reported transitions in Enigma. Shown is the same graph as in A,
now indicating the estimated moment of the perceived (illusory) transitions
(vertical gray band; extrapolated from C). Microsaccade rates depart from
baseline �740 ms before the time of the perceived transitions. (G and H) ROC
analysis. The ideal observer can predict the type of illusory transition in Enigma
(faster vs. slower/no motion) based on microsaccade rate. (G) The ideal ob-
server’s prediction (green line) becomes significantly better than chance
�1,060 ms before the reported transitions (i.e., �540 ms before the percep-
tual transitions; estimated time of perceptual transitions indicated by vertical
gray band). Horizontal dashed line indicates chance level (probability � 0.5).
Thin gray line indicates the significance level, the level at which the ideal observer
performs above chance with P � 0.01 (determined by permutation analysis, see
SI Methods for details). Significance is reached whenever the green line is above
the gray line. (H) The ideal observer cannot predict the type of transition in
motion speed (faster vs. slower/no motion) for nonillusory moving objects. Other
details are as in G. All of the panels show the average result for all subjects with
the shaded red, blue and green areas indicating the SEM across subjects.
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microsaccade parameters). Here, we overcame these limitations
by employing an event-triggered paradigm in which subjects
continually indicated the speed of illusory motion in real-time as
it undulated during fixation, while we simultaneously measured
microsaccade rates (32, 33).

Our results show a direct relationship between microsaccades
and the perception of illusory motion in Enigma. Further, our data
support the hypothesis that microsaccades drive the Enigma illu-
sion, and not the other way around. Thus, microsaccades, directly
or indirectly, are at least one possible cause of the Enigma effect.

Debate on the Role of Accommodation Fluctuations in Enigma. Our
results indicate that microsaccades can trigger the Enigma illusion,
thus ruling out the hypothesis that the origin of the illusion is solely
cortical (3, 12–14, 21). However, they do not exclude the possibility
that additional factors, such as accommodation fluctuations (9–11),
may also contribute to the perception of illusory motion in Enigma.

During the 1990s, Gregory argued that accommodation fluctu-
ations were the driving force behind the Enigma effect (11, 24, 26),
whereas Zeki rejected the accommodation fluctuations hypothesis
(12, 23, 25). To fully understand the debate on the role of
accommodation in Enigma, we must first define the key concepts of
‘‘accommodation’’ and ‘‘accommodation fluctuations.’’ ‘‘Accom-
modation’’ is the change of shape of the crystalline lens that occurs
whenever we shift our gaze from a distant to a near visual target (see
refs. 45 and 46 for reviews). This change in shape modifies the
power of the lens; young adults can accommodate up to 15–20
Diopters. However, even when fixating a stationary target, the
shape of the lens changes rapidly and continually [‘‘accommodation
fluctuations’’ (47–51)]. Accommodation fluctuations are small in
amplitude (up to 0.5 Diopters, average 0.1 Diopters), and their
temporal frequency spectrum has two main peaks, one �0.6 Hz and
one �2 Hz (48–50, 52).

To address the role of accommodation fluctuations, Gregory and
Zeki showed subjects the Enigma illusion through small artificial
pupils (pinholes) that they claimed eliminated the effects of ac-
commodation fluctuations (23, 26). The two groups reported
contradictory results: According to Zeki, the illusion could be seen
through the pinhole [and thus the percept was not caused by
accommodation fluctuations (23)], whereas Gregory reported that
the pinhole abolished the illusion (26). The logic underlying these
experiments was problematic, however, because a pinhole does not
optically mitigate accommodation fluctuations (51, 53, 54). Al-
though a small pinhole will prevent large accommodative responses
(such as those related to shifting one’s gaze between objects located
at different distances), it does not eliminate the accommodation
fluctuations found during visual fixation. Specifically, pinholes
larger than 2 mm have no effect on the fluctuations, whereas
pinholes smaller than 2 mm increase the power and amplitude of
the fluctuations (51, 53, 54). Zeki used both 1.6- and 2.2-mm
pinholes (23), whereas Gregory used a 4-mm pinhole (26). More-
over, as pointed out by Mon-Williams and Wann (17), the 4-mm
pinhole used by Gregory (26) was too big to prevent even large
accommodative responses (51).

Despite the drawbacks of the pinhole experiments stated above,
Zeki (25) later offered some compelling evidence against the role
of accommodation fluctuations in Enigma. Patients who had their
lenses surgically removed and replaced with artificial lenses (and
thus had lost the mechanism for accommodation) nevertheless
perceived illusory motion in Enigma. Further, patients with ‘‘apha-
kic eyes’’—that is, patients lacking both natural and artificial
lenses—also saw the illusion. Thus, current experimental evidence
does not support the involvement of accommodation fluctuations
in the perception of the Enigma illusion. Future experiments
seeking to demonstrate the role of accommodation fluctuations in
Enigma should provide direct and tightly timed measurements of
accommodation fluctuations as a function of the perception of
illusory motion.

Effect of Microsaccades in the Perception of Illusory Motion in Enigma.
Our results directly confirm the hypothesis proposed by Pritchard
(15), Mon-Williams and Wann (17), and Zanker and colleagues
(18–20) that small eye movements can drive the perception of
illusory motion in Enigma and other static patterns. Thus, our
findings are compatible with a causal relationship between micro-
saccade rates and the perception of illusory motion. Whereas
motion-sensitive neurons in the extrastriate dorsal areas surround-
ing V5 (the human equivalent of primate area MT) (12) may be
responsible for the perception of all motion percepts, including
illusory motion in Enigma, our results fail to support the hypothesis
that the Enigma effect is purely cortical in origin (3, 9, 12–14, 21).

We should note that, during free visual exploration conditions,
both microsaccades and large saccades may trigger the Enigma
illusion. However, large saccades were essentially absent from our
experiments, because subjects maintained visual fixation during the
task. Future research should determine whether any other eye move-
ments types, in addition to microsaccades (such as large saccades,
tremor, and/or drifts), may also contribute to the Enigma illusion.

No other study, to our knowledge, has shown a direct and tightly
timed link between microsaccades and the perception of illusory
motion. Microsaccades may also be involved in the generation of
illusory motion in other static patterns (39, 55), such as the MacKay
rays (2), Bridget Riley’s ‘‘Fall’’ (18, 19, 20), or the Ouchi illusion
(56–58) (Fig. S1). Martinez-Conde (27) pointed out that many
illusory motion effects are attenuated or even disappear altogether
during careful fixation by the observer (which suppresses micro-
saccades). The present results are also consistent with predictions
from physiological studies in which microsaccades were found to
increase spiking rates in visual neurons in both the early visual
system (27, 30, 31) and primate motion area MT (59).

Of central interest is the mechanism by which microsaccades may
drive illusory motion in static patterns such as Enigma. Mon-
Williams and Wann (17) proposed that small eye movements
produce shifts in the geometrical position of the peripheral portions
of the image. Such shifts result in continuous contrast reversals, thus
generating phi movement—the illusion of apparent motion pro-
duced by switching off one stimulus and immediately turning on
another one in close proximity (60). A nonmutually exclusive
possibility is that microsaccades may displace after-images caused
by the black and white stripes in the pattern and thus cause phi
movement. Conway and coworkers (61, 63) recently showed that
pairs of stimuli of different contrasts can generate motion signals
(i.e., phi movement) in directionally selective neurons of areas V1
and MT, and proposed that this neural mechanism may underlie the
perception of another type of illusory motion from static patterns
(61–63). Whatever neural circuit is responsible for the percept, the
link between microsaccades and the generation of illusory motion
signals has not been directly demonstrated until now.

Materials and Methods
Subjects. Three subjects (two females, one male) with normal or corrected-to-
normal vision participated in this study. Each subject participated in five sessions:
one training session and four experimental sessions [two sessions in the main
experiment (Enigma illusion)andtwosessions in thecontrolexperiment (physical
motion)] of �30 min each. One subject was naïve, and two subjects were authors
in this article. An additional naïve subject was initially tested in the main exper-
iment, with equivalent results (data not shown), but had to be removed from the
final study because he was not available to participate in the control experiment.
Due to the complexity of the task, all participating subjects were experienced in
making observations during fixation tasks. Potential subjects who reported dif-
ficulties assessing the illusion during the training session were discarded. Naïve
subjects were paid $15 per session. Experiments were carried out under the
guidelines of the Barrow Neurological Institute’s Institutional Review Board
(protocol 04BN039), and written informed consent was obtained from each
participant.

Eye Movements Recordings and Analyses. Eye position was acquired noninva-
sively with a fast video-based eye movement monitor (EyeLink II, SR Research).
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The EyeLink II system records eye position simultaneously in both eyes (temporal
resolution500samplesper second; instrumentnoise0.01° rms), in itsoff-the-shelf
configuration.

We identified and removed blink periods as the portions of the EyeLink II
recorded data where the pupil information was missing. We further added 200
ms before and after each period to also eliminate the initial and final parts of the
blink,wherethepupil ispartiallyoccluded.Wemoreover removedthoseportions
of the data corresponding to very fast decreases and increases in pupil area (�20
units per sample) plus the 200 ms before and after. Such periods are probably due
to partial blinks, where the pupil is never fully occluded (thus failing to be
identified as a blink by EyeLink II) (33).

We identified microsaccades automatically with an objective algorithm (see
ref. 43 for details) with a maximum microsaccade magnitude threshold of 2°.
Equivalent results (event-triggeredaveragesandROCanalyses)werefoundfor1°
and3°thresholds.Toreducetheamountofpotentialnoise (64),weanalyzedonly
binocular microsaccades (that is, microsaccades with a minimum overlap of one
data sample in both eyes) (33, 44, 64–66). Additionally, we imposed a minimum
intersaccadic intervalof20mssothatovershootcorrectionswerenotcategorized
as microsaccades (33, 67). Fig. S2 B and C shows the main sequence of all analyzed
microsaccades (n � 10,154 microsaccades) (68) and their direction distribution.
More than 90% of all microsaccades were smaller than 1°. Table S1 summarizes
the average microsaccade parameters for each subject.

Experimental Design. Subjects rested their head on a chin-rest 57 cm from a
linearized video monitor (Barco Reference Calibrator V, 75-Hz refresh rate).
Main experiment: Perception of illusory motion in Enigma. Subjects fixated on a
small spot on the center of the monitor’s screen and simultaneously reported the
perceived speed of motion on a simplified version of the Enigma illusion (Fig. 1B)
via button press. The fixation spot was a red dot (0.05° in diameter) placed on the
centerofthe image.Subjectspressedakey,andasimplifiedversionoftheEnigma
illusion (Fig. 1B), optimized to strengthen the illusory motion (3, 13), appeared on
the screen.

The circle in Fig. 1B was 27.8° in diameter. Each of the parallel black lines was
0.24° wide and was separated from the lines above and below by a 0.36° gap. The
gray band (1.90° wide) was placed at an eccentricity of 2.58° from the fixation
spot. The luminance of the gray band (60% gray) matched the mean luminance
of the stimulus. To avoid adaptation across trials, the whole image was randomly
rotated toward one of eight chosen points around the compass (45°, 90°, 135°,
180°, 225°, 270°, 315°) from one trial to the next. This rotation did not affect the
strength of the illusion (13).

Subjects were asked to press a button if the speed of motion within the gray
band (Fig. 1B) decreased (or completely stopped) and to release the button if the
speed of motion increased. The distribution of faster motion and slower/no
motion periods for the average of all subjects is plotted in Fig. S2A, and the
corresponding parameters summarized in Table S1.

After 30 s, all stimuli disappeared and the trial ended. To disregard the
potential effect of the initial stimulus-onset transient at the start of each trial, we
conducted analyses only on those data recorded after the first button press. Each
experimental session included 40 trials.
Control experiment: Perception of physical changes in motion speed. We conducted
a control experiment with the same Enigma pattern as in the main experiment
above.However,wenowintroduced120smallblobsmovingupordownthegray
stripe and changed their speed of motion according to the timing of the transi-
tions reported by one of the subjects in the main experiment. The blobs were
difference of gaussians filters (�center � 0.04°, �surround � 0.08°) with the same
mean luminance as the gray band (60% gray), moving at one of five possible
speeds: 0, 2, 4, 8, and 16 deg/s. Such range of (non-zero) motion speeds is known
to activate early visual system neurons (69). The first speed in each trial was
randomly chosen from 2, 4, 8, or 16 deg/s. Then, we alternated between transi-
tions to slower and faster speeds (the specific speed being again randomly
assigned) according to the timing of the transitions reported by one of the
subjects in the main experiment (Enigma illusion). All other details, including the
subjects’ task, were as in the main experiment.

We calculated the average latency between physical transitions in speed of
motionandreportedtransitions (subjects’buttonpresses/releases) (Fig.2C).Todo
this,wedisregardedlatencyvalues�1,500ms[1%ofall reportedtransitions; such
latencies were considered too long to be meaningful (41)].

Event-Triggered Averages. Event-triggered averages (Fig. 2) were calculated by
averaging a multisecond window of data around or after the trigger event (the
reported transition in Fig. 2 A, E, and F; the microsaccade onset in Fig. 2B; or the
physical transitions in Fig. 2D). Thus, the event-triggered average in Fig. 2A
represents the average microsaccade rate at any given time during the 6-s
window plotted around the reported transitions (all reported transitions are
aligned at time 0 ms). If there were �6 s of data around a trigger event (due to
the edge of the recording time during that specific trial), the 6-s window was
dynamically reduced to fit the available data. For the analyses where the trigger
event was a transition, we avoided using the same data point multiple times by
considering only the time from the previous transition until the next transi-
tion (41).

Individual subjects’ event-triggered averages concerning microsaccade rates
and transition probabilities were calculated with a 150-ms sliding window that
advanced one data sample (2 ms) each iteration. For each subject, calculations
weremadeseparately foreacheyeandthenaveragedbetweenthetwoeyes.The
population average and SEM were then calculated across subjects.

Probability of Perceptual Transitions Triggered by Microsaccade Onsets. Only
microsaccades produced during a slower/no motion period may possibly trigger
a transition to a period of faster motion. Conversely, only microsaccades pro-
duced during a period of faster motion may trigger a transition to a period of
slower/nomotion.Thustocalculatetheprobabilityof transitions tofastermotion
after microsaccade onsets, we only considered those microsaccades that were
produced during the previous slower/no motion period (as determined by the
subjects’ reports). Likewise, tocalculatetheprobabilityof transitions toslower/no
motion after microsaccade onsets, we only considered those microsaccades that
occurred during the previous faster motion period. To ensure that any results
obtained would not be due to chance correlations between the dynamics of
microsaccades and those of perceptual transitions, we repeated the above cal-
culations, this time replacing microsaccades with the same number of events,
now randomly distributed in time, for each subject. We then repeated this
randomization by a factor equal to the number of microsaccades measured for
each subject. We thus obtained a baseline for each subject, from which we
calculated the percentage increase in the probability of perceptual transitions
after actual microsaccades (Fig. 2B). This analysis is comparable with the ‘‘cross-
correlogram shuffling’’ often used to rule out spurious correlations between
potential presynaptic and postsynaptic neurons (70, 71).

ROC Analysis. We used a sliding receiver operating characteristic (ROC) analysis
(72–77) to quantify how well microsaccade rate may predict the type of percep-
tual transition(fastermotionvs. slower/nomotion) inEnigma. Theareaunderthe
ROC curve provides a measure of the discriminability of two signals and is directly
related to the overlap of the two distributions of responses that are compared
(74). In our case, the area under the ROC curve can be interpreted as the
probability with which an ideal observer, given the microsaccade rate around a
particular transition, cancorrectlydeterminethetypeof transition (fastermotion
vs. slower/no motion). An ROC area of 0.5 corresponds to completely overlapping
distributions (the ideal observer cannot discriminate between the two types of
transition); an area of 1 corresponds to transitions that can be perfectly discrim-
inated based on microsaccade rate. This analysis makes no assumptions about the
underlying distributions (74). For a given point in time, we compared the micro-
saccade rate distributions for faster motion (true-positive rate) and slower/no
motion transitions (false-positive rate) in each subject. To obtain the ROC curve at
that time, we plotted the probability of true positives as a function of the
probability of false positives for all possible criterion response levels. We per-
formed a sliding ROC analysis (kernel width 500 ms, slid in 2-ms increments) to
calculate each subject’s area under the ROC curve at each time point around the
transition.Todeterminethetimepointatwhichtheidealobserverbecamebetter
than chance, we calculated significance, using a permutation procedure (74–78)
with n � 1,000 shuffles for each subject and a criterion P � 0.01.
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