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In a pattern of horizontal lines containing £ 45° zigzagging phase-shifted strips, vivid
illusory motion is perceived when the pattern is translated up or down at a moderate
speed. Two forms of illusory motion are seen: [i] a motion “racing” along the diagonal
interface between the strips and [ii] lateral (sideways) motion of the strip sections. We
found the relative salience of these two illusory motions to be strongly influenced by the
vertical spacing and length of the line gratings, and the period length of the zigzag strips.
Both illusory motions are abolished when the abutting strips are interleaved, separated
by a gap or when a real line is superimposed at the interface. lllusory motion is also
severely weakened when equiluminant colored grating lines are used. lllusory motion
perception is fully restored at < 20% luminance contrast. Using adaptation, we find
that line-ends alone are insufficient for illusory motion perception, and that both physical
carrier motion and line orientation are required. We finally test a classical spatiotemporal
energy model of V1 cells that exhibit direction tuning changes that are consistent with
the direction of illusory motion. Taking this data together, we constructed a new visual
illusion and surmise its origin to interactions of spatial and temporal energy of the lines
and line-ends preferentially driving the magnocellular pathway.

Keywords: motion illusions, perception, energy model, equiluminance, motion perception, illusion

INTRODUCTION

The Italian psychologist Gaetano Kanizsa described a thin illusory contour running at right
angles between two juxtaposed, phase-shifted line gratings, similar to a real line but with no
physical correlate in the inducing pattern (Kanizsa, 1974). The illusory contour separating the
two gratings could be straight or curved depending on the shape of the grating pattern that
produced it (Kanizsa, 1976, 1979). Historically, patterns eliciting illusory contours have been well
studied psychophysically (Spillmann and Dresp, 1995; Soriano et al., 1996; Halko et al., 2008).
Physiologically, Von der Heydt et al. (1984) and Von der Heydt and Peterhans (1989) studied
the neural response of V2 units in the monkey to abutting line gratings. They found neurons
that responded to these patterns similarly to real lines (i.e., with consistent orientation selectivity).
Subsequent neurophysiological, imaging, and computational modeling studies further extended the
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knowledge of the neuronal mechanisms that mediate the
perception of illusory contours (Ramsden et al., 2001; Montaser-
Kouhsari et al., 2007; Schmid, 2008; Murray and Herrmann, 2013;
Cohen et al., 2014).

Previous psychophysical studies used gratings that abut each
other at right angles to the illusory contour. By comparison,
we used a pattern where the interface between two grating
strips is alternated at £ 45° relative to the horizontal line
gratings (Figure 1 and Supplementary Video 1). When this
pattern is moved up and down, vivid illusory motion can be
seen both along the illusory contours and parallel (sideward)
to the horizontal line gratings. The motion along the illusory
contour may best be described as “racing” along the diagonal
paths between the phase-shifted grating strips. The sideward
motion resembles a horizontal or lateral shift to one or the
other side of the grating strips. We refer to these two kinds
of illusory motion as “diagonal” and “lateral,” respectively. The
illusory motions are reminiscent of the movement of a snake,
where lateral motion of the body segments combines with
diagonal forward motion. We therefore name this effect the
“Serpentine Illusion.”

Both kinds of illusory motion can be perceived
simultaneously, although at different strength, depending
on the parameters defining the abutting gratings. In this
study, we wish to quantify the stimulus parameters that
influence both kinds of illusory motion. We first investigate
how the direction of stimulus motion (upward or downward),
and configurational modifications such as separating and
interleaving the grating strips, affect the Serpentine Illusion
(Experiment 1). Next, we identify the parametric values such
as the length of line gratings, vertical spacing between the
grating lines, and vertical length of one zigzag period, that
produce optimal diagonal, diagonal and lateral, and lateral
illusory motion (Experiment 2). We attempt to delineate the
neuronal mechanisms underlying these illusions by testing
at equiluminance (Experiment 3), varying the figure-ground
contrast (Experiment 4) and adapting to selected stimulus
features (Experiment 5). Finally we test the illusory stimuli using
a spatiotemporal energy model of V1 neurons (Adelson and
Bergen, 1985; Baker and Issa, 2005; An et al., 2012), to quantify
if their direction tuning is affected by Serpentine motion in a
way consistent with the illusory motion perception observed
by human subjects.

MATERIALS AND METHODS
Subjects

A total of nine subjects, 6 males and 3 females, aged from 20 to
30 years, participated as observers. Not all of them served in each
experiment. All subjects were naive to the experiments at the start
of the experiment and had normal or corrected-to-normal vision.
Experiments were approved by the Ethics Committee of the
Institute of Neuroscience, Chinese Academy of Sciences. Subjects
gave their consent to the procedure and institutional guidelines.
This work adheres to the tenets of the Declaration of Helsinki.

Experimental Set-Up and Testing

Procedure

Stimulus patterns were displayed on the screen of a SONY
CPD-G520 CRT monitor 57 cm away from the subjects’ eyes,
corresponding to a visual angle of 30° x 40°. The refresh rate
of the monitor was 100 Hz. All stimuli were generated using
the Psychophysics toolbox (Kleiner et al., 2007) running under
MATLAB. The gamma value of the monitor was corrected so
that the luminance was linearly distributed across the screen
for all gray shades using a ColorCal colorimeter (Cambridge
Research Systems, Cambridge, United Kingdom). Subjects sat
in a dark room with their head stabilized by a head- and chin-
rest. They maintained fixation binocularly on a central red point,
0.3° in diameter for the duration of every experiment performed.
Subjects could repeat each trial until they were confident of their
choice. Thereafter they were asked to describe the perceived
illusory motion or match the perceived motion(s) to a choice
panel on the screen by pressing a keyboard button (please see
the experimental procedure in each experimental section for a
detailed description). This study was divided into 5 experiments.

RESULTS

Experiment 1. Modes of lllusory Motion
Stimuli

The stimulus pattern was derived from the standard pattern
shown in Figure 1. It consisted of grating strips of white lines on a
black background, phase-shifted by half a cycle and abutting each
other along a diagonal, zigzagging interface. The white lines had
a luminance of 96 cd/m? and the black background a luminance
of 0.15 cd/m?. Individual grating lines were spaced 0.67° apart
vertically, were 2.5° long, and were progressively shifted 45°
sideward in one or the other direction to form zigzags with a
period length of 5°. The pattern was moved up or down on the
monitor at a speed of 5°/s while subjects maintained fixation.
To test the effects of the local interface of phase-shifted lines,
we created variants that interleaved or separated the line-ends
by 0.3°, and we also created a pattern with physical lines of
the same width superimposed over the position of the illusory
contours. There was no time limit for observation and subjects
were free to continue observing until they were confident of their
perceptual report.

Procedure

Six naive subjects participated in the test. They were asked to
verbally describe if they saw any motion in addition to the
physical upward/downward motion.

Results

Among the six subjects, four exclusively reported diagonal
motion along the zigzagging interface between the grating strips
(i.e., the path of the illusory contour), while two subjects
exclusively reported lateral motion parallel to the line grating.
There was little difference in strength for both up and down
movement of the stimulus pattern. The relationship between
physical and illusory motions are detailed in Figure 2. When
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gratings.

FIGURE 1 | The Serpentine lllusion. Two kinds of illusory motion can be seen when this pattern is moved up and down (you can fixate on a pen or finger moving up
and down over the figure): (i) diagonal motion along the zigzag interface between the phase-shifted grating strips; and (i) lateral (sideward) motion parallel to the line

the stimulus pattern was moved up, the illusory diagonal
motion was also upward along the orientation of the illusory
contours (Figure 2A, left); conversely, when the stimulus
pattern was moved down, the perceived diagonal motion was
perceived along the illusory contours downward (Figure 2B,
left). For those subjects who perceived lateral motion, an
upward moving stimulus pattern elicited sideward motion to
the right for + 45° and left for the —45° grating strips
(Figure 2A, right). In the downward moving stimulus pattern,
the illusory motion was to the left or right, but swapped
(Figure 2B, right).

We also wished to better understand how the absence of the
illusory contours between strips affect the perception of illusory
motion. First, we slightly interleaved (Supplementary Figure 1B
and Supplementary Video 5) or moved apart (Supplementary
Figure 1C and Supplementary Video 6) the grating lines, thereby
creating an overlap or gap between the abutting endpoints. This
abolishes the illusory contour. Second, we superimposed a real
contour onto the illusory contour (Supplementary Figure 1D
and Supplementary Video 7). In all these variants of the
original pattern, reports of illusory motion were abolished
for all observers.

Conclusion and Discussion

We conclude that two kinds of illusory motion are perceived in
the Serpentine Illusion, one parallel to the zigzagging illusory
contour (termed diagonal motion); the other parallel to the
orientation of the physical line gratings (termed lateral motion).
Both kinds of motion can be seen with upward and downward
real movement of the stimulus pattern. The direction of the
two kinds of illusory motion reverses with the direction of the
pattern motion (up or down), while their salience is similar
under the two conditions. Readers are invited to play the
movie (Supplementary Video 1) that demonstrates the standard
stimulus pattern. By locally manipulating the interface that
generates the illusory contours, we found that this interface is
essential for both kinds of Serpentine Illusory motion.

Experiment 2. Effect of Stimulus
Parameters on lllusory Motion

Stimuli

We used a stimulus pattern similar to that described in Figure 1.
Four parameters of the stimulus pattern were quantitatively
tested (Figure 3): vertical spacing of the line gratings, length of
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Upward
real motion

Downward
real motion

FIGURE 2 | lllustration of illusory motion directions (red arrows) with upward and downward real motion (black arrows) of the stimulus pattern. (A) Left panel: Upward
real motion produces illusory upward motion along the zigzagging contour between the phase-shifted grating strips. Right panel: In addition, the grating strips
appear to move to the right or left, depending on the orientation of the zigzags. (B) With downward real motion of the stimulus pattern, the signs for all illusory

motion directions are reversed.

Illusory diagonal motion

Illusory lateral motion

|
|

the line gratings, period length of the zigzags, and speed of up or
down stimulus motion.

Procedure

Nine subjects (6 subjects from the previous experiment plus
3 new subjects) participated in the task. The experiment was
divided into four blocks; only one parameter was varied in each,
while the other parameters were kept the same as in the standard
pattern (see Experiment 1). In a given block, there were nine
steps for each varied parameter and 10 repetitions for each step.
The values of the steps are given in the Results section. The
stimulus pattern was moved up or down for each combination
of parameters. Altogether, a total of 180 trials (2 x 9 x 10) were
randomly presented in each block. Subjects were again instructed
to fixate on the central red dot. After stimulus presentation, a
panel with four choice pictures containing directional arrows
was shown (Figure 4), and subjects were asked to select the
picture that most resembled the perceived direction(s) of illusory
motion by pressing one of four buttons on the keyboard. The
designations of the four choices were as follows:

a) Only diagonal motion (DM) perceived.

b) Only lateral motion (LM) perceived.

¢) No illusory motion (NIM) perceived.

d) Both diagonal and lateral motion (BM) perceived.

Two choice panels were designated separately for upward
(Figure 4A) and downward (Figure 4B) pattern movement trials.

Data Analysis
Relative choice frequencies (in percent) for every single condition
were calculated using the following formulas:

Ca

F = 1
P Ci+ G+ Co+ Gy M
C
Fim = b (2)
Cat Cp+ Co+ Cy
Ca
Fpm = (3)

Cat G+ C+ Cy

where C,, Cp, C. and C, are the number of a, b, c and d choices,
respectively; Fpys is the relative choice frequency of diagonal
motion, Fr ) the relative choice frequency of lateral motion, and
Fpy the relative choice frequency of both diagonal motion and
lateral motion. Choice frequency (in%) is plotted as a function of
steps per condition on Cartesian coordinates.

Results

In the first block, we varied the vertical spacing of the line
gratings in nine steps (0.10°, 0.13°, 0.20°, 0.25°, 0.33°, 0.50°,
0.67°, 1.00°, and 1.33°), while keeping the length of the lines
(2.5°), the period length of the zigzags (5°), and the speed of the
stimulus pattern (5°/s) constant. Figure 5A plots relative choice
frequency on the ordinate as a function of vertical spacing on the
abscissa for three kinds of illusory motion perception (diagonal,
both diagonal and lateral, lateral). The spacing values were
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pacing

Vertical s

Length of line gratings

FIGURE 3 | lllustration of three variables, governing the strength of the Serpentine lllusion: vertical spacing between the line gratings, length of the line gratings, and
period length of the zigzags (vertical extent). The speed of the stimulus pattern moving upward or downward was also varied but is not shown here.

40 Yy13ua) poliad

sdez31z

transformed logarithmically to better visualize the distribution of
the choice frequencies. The plotted data show the average values
from nine subjects (mean £ SEM).

The vertical line spacing at which the individual curves
peak is marked by a gray arrow on the abscissa. Subjects
chose predominantly diagonal motion when the vertical spacing
between the lines was small (Figure 5A, left column); they chose
both kinds of motion more frequently when the spacing was
intermediate (Figure 5A, middle column); and chose (although
less often) lateral motion when the vertical spacing was large
(Figure 5A, right column). Therefore, the maximal choice
frequency proceeded from a percept of diagonal motion to both
diagonal and lateral motion and then lateral motion as the vertical
spacing of the line gratings increased from small to large.

In the second block, we varied the length of the line gratings
in nine steps (1°, 1.43°, 2°, 3.33°, 5°, 6.67°, 10°, 20°, and
40°), while keeping the vertical line spacing (0.67°), period
length of the zigzags (5°), and pattern speed (5°/s) constant.
Figure 5B plots relative choice frequency as a function of line

length for the same three kinds of illusory motion perception.
The peaks of the curves are again illustrated by gray arrows on
the abscissa. Subjects designated diagonal motion predominantly
when line gratings were long (Figure 5B, left column), a percept
of both motions when line length was intermediate (Figure 5B,
middle column), and lateral motion when lines were short
(Figure 5B, right column).

In the third block, we varied the period length of the zigzags
in nine steps (1.18°, 1.54°, 2°, 2.5°, 3.33°, 5°, 6.67°, 10°, and
25°) and kept line spacing (0.67°), length of line gratings (2.5°),
and speed of pattern movement (5°/s) constant. Figure 5C plots
relative choice frequency as a function of the period length
of the zigzags. Gray arrows on the abscissa mark the peak
of the individual curves for diagonal motion (Figure 5C, left
column), both motions (Figure 5C, middle column), and lateral
motion (Figure 5C, right column) as period length of the zigzags
increased. We found that subjects perceived diagonal motion at
small period lengths, and this transitioned to lateral motion as
the period length increased.
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Upward
real motion

Downward
real motion

both diagonal and lateral motion.

FIGURE 4 | Choice panels used to match the kind of illusory motion perceived for a given experimental condition. (A) Response options shown when the stimulus
pattern was moved upward. (B) Response options shown after downward movement. “a” diagonal motion only, “b” lateral motion only, “c” no illusory motion, “d”

Finally, in the fourth block (Figure 6), pattern speed was
varied in nine steps (0.5°/s, 1°/s, 2°/s, 3°/s, 5°/s, 7.5°/s, 10°/s,
20°/s, and 30°/s), while vertical spacing (0.5°), length of line
gratings (2.5°), and period length of the zigzags (5°) were kept
constant. Here, we found a significant peak only at a speed of
10°/s for both kinds of motions (Figure 6, middle column).
Smaller peaks occurred at 3°/s and 20°/s for diagonal motion
(Figure 6, left column) and 5°/s for lateral motion (Figure 6,
right column). This result implies that illusory motions in the
Serpentine Illusion can be seen with all stimulus speeds from 3
to 20°/s, with a maximum at 10°/s.

Based on the above results, we summarized the parametric
values, which were found to be optimal for each type of illusory
motion perception (Table 1).

Conclusion and Discussion
In this experiment, we identified the experimental conditions
under which each type of illusory motion perception is optimal.
For diagonal motion these are: narrow vertical line spacing, long
line gratings, and short period of zigzags. For both kinds of
motions: intermediate vertical line spacing, intermediate length
of line gratings, and intermediate period length of zigzags. For
lateral motion: wide vertical line spacing, short line gratings, and
long period length of zigzags. The nominal values in degrees of
visual angle are given in parentheses in Table 1. As this was a
univariate design, there may be subtle interactions between these
three major parameters that we were not able to identify.

We constructed three patterns according to the above results
and confirmed perceptually that they elicit vivid diagonal
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FIGURE 5 | Relative choice frequency plotted as a function of the logarithm of each of three stimulus variables. Curves refer to three kinds of illusory motion
perception: diagonal (red), both diagonal and lateral (green), lateral (blue). Each dot on the solid curve represents average responses of nine subjects, shading
represents + 1 SEM. The value at which the curves peak is shown by gray arrows on the abscissa. (A) Vertical spacing was varied. Peak choice frequency
corresponds to a vertical spacing of 0.2° for diagonal motion, 0.5° for both motions, and 1.0° for lateral motion. (B) Length of the line gratings was varied. Peak
choice frequencies correspond to line lengths of 10°, 3.3° and 1.4°. (C) Length of zigzag period was varied. Peak choice frequencies correspond to lengths of
zigzag periods of 2°, 3.3° and 25°, respectively.
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TABLE 1 | Optimal parametric values for each type of illusory motion perception
(given in degrees).

Subject responses Stimulus variables

Vertical line Length of line Period length
spacing gratings of zigzags
Diagonal motion Narrow (0.33°) Long (5.00°) Short (2.00°)
Both motions Intermediate Intermediate Intermediate
(0.50°) (2.50°) (5.00°)
Lateral motion Wide (0.67°) Short (1.43°) Long (6.67°)

motion (Supplementary Figure 2), vivid diagonal and lateral
motion (Supplementary Figure 3), and vivid lateral motion
(Supplementary Figure 4) as predicted. Readers are invited to
play the movies (Supplementary Videos 2-4).

Experiment 3. Test of Equiluminant
Colored Patterns

All patterns studied so far were of high contrast. There is evidence
that certain motion illusions weaken or even disappear when
their inducing patterns are presented with low or zero luminance
contrast (Khang and Essock, 1997; Cavanagh and Anstis, 2002;
Hamburger, 2012). In order to test whether the Serpentine
Ilusion depends on luminance contrast, we systematically varied
the luminance contrast between colored line gratings and a
colored background. Motion perception is primarily mediated by
the magnocellular system, which is thought to be mostly color
insensitive. A failure of the Serpentine Illusion to show under
equiluminant conditions would therefore confirm a predominant
contribution of the magnocellular pathway.

Stimuli

Pattern parameters were taken from the both-motions optimized
figure (Table 1). Two types of abutting grating patterns were
utilized in this experiment, one with red lines on a green
background and another with green lines on a red background.
The luminance of the background was fixed at 12.10 cd/m?, while
the luminance of the line gratings was varied in nine steps (0, 2.95,
6,9.05,12.10, 15.14, 18.19, 21.24, and 24.29 cd/m?). Contrast (C)
was defined by using the following equation:

Li— Ly

C= (4)

Lgmax

where L, and L;, represent the luminance of the line gratings and
the background, respectively, and Lgyax the highest luminance
value set for the line gratings. Depending on the above formula,
contrast values range from —0.5 to 0.5, where 0.5 presents the
highest luminance of the line gratings and —0.5 the lowest
luminance. Physical equiluminance by definition is achieved
when both the line gratings and the background have a luminance
of 12.10 cd/m?, resulting in C = 0.

Procedure and Data Analysis

Five subjects who participated in experiment 2 took part in
this experiment. The procedure was similar to that described
in Experiment 2, except that in each condition one type of
colored grating pattern was presented. Each experiment block
also contained two directions of stimulus motion, 9 luminance
contrasts and 10 repetitions, resulting in a total of 180 trials.
Choice frequencies (in percent) were calculated according to the
following formula:

Cat G+ G4
G+ G+ C+ Cy

(5)

Fiv =
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FIGURE 7 | Relative choice frequency plotted as a function of log luminance contrast for line gratings ranging from 0 to 24.29 cd/m? in nine steps on a background
of 12.10 cd/m?. Solid curves represent averages of a total of 180 choices by five subjects, shading represents + SEM. The trough of each curve is given by a gray
arrow on the abscissa. Equiluminance is indicated by a dashed vertical line. The layout is the same as in Figure 5. (A) Red line gratings on a green background. The
curve reaches a minimum at a contrast of 0.125 (15.14 cd/m?). (B) Green line gratings on a red background. The curve reaches a minimum at a contrast of -0.125
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where C,, Cp,, C. and C, represent the numbers for choices a, b, ¢,
and d, respectively; Fpy is the relative choice frequency of illusory
motion including diagonal, lateral, and both kinds of motion.

Results

The resulting curves (Figure 7) plot choice frequency as a
function of luminance contrast. Equiluminance is given by the
dashed vertical line. Subjects predominantly chose the “No
illusion” option (C;) when the line gratings and the background
were equiluminant or near-equiluminant, while choosing options
Cg, Cy, or Cz when the luminance contrast increased. The trough
of the response curves was shifted slightly to the right (Figure 7A)
or to the left (Figure 7B) of physical equiluminance, suggesting a
small asymmetry between red-on-green versus green-on-red.

Conclusion and Discussion

Results show that the Illusory motion in our patterns was
largely eliminated at equiluminance. This is similar to other
motion illusions (Khang and Essock, 1997; Cavanagh and
Anstis, 2002; Hamburger, 2012). The finding that color contrast
alone elicits very weak illusory motion perception suggests a
magnocellular dominated origin of the Serpentine Illusion. This

distinguishes it somewhat from physical motion, which though
degraded can still be perceived in stimuli with pure chromatic
contrast (Willis and Anderson, 2002; Takeuchi et al., 2003;
McKeefry and Burton, 2009).

Experiment 4. Effects of Luminance

Contrast

Experiment 3 demonstrates that the luminance contrast between
colored line gratings and a differently colored background
is crucial for generating the Serpentine Illusion. Previous
studies using real motion stimuli demonstrate that luminance
contrast influences perceived motion (Campbell and Maffei,
1981; Thompson, 1982; Stone and Thompson, 1992; Blakemore
and Snowden, 1999; Johnston et al., 1999; Anstis, 2003). In this
experiment, we ask how luminance contrast relates to the salience
of the Serpentine illusory motion.

Stimuli

A stimulus pattern from Table 1 that elicits both diagonal and
lateral illusory motion was used. Line spacing, length of line
gratings, and period length of zigzags were fixed at values that
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FIGURE 8 | Relative choice frequency plotted as a function of Michelson
contrast of the stimuli. Solid curves represent averages of five subjects,
shading represents + SEM. Stimulus contrasts are illustrated at the top.
Choice frequency is close to zero at 10% contrast, but almost 100% for all
other conditions.

maximize the “both motions” response (Table 1, row “Both
motions”), while the contrast between the line gratings and the
background was varied. Both the luminance of the background
and the line gratings were varied to generate patterns with
Michelson contrasts of 10%, 20%, 40%, 60%, 80% and 100%.
Michelson contrast (C,,) was defined as follows:

Ly~ Ly

Cn= *—7
" L+ L

(6)

where L, was the luminance of the line gratings and L; the
luminance of the background.

Procedure and Data Analysis
Five subjects who participated in experiment 2 took part in
this experiment. The procedure was similar to that described
in Experiment 2, except that contrast was the varied parameter.
Choice frequencies (in percent) were calculated using formula (4)
which is described in Experiment 3.

Results

Figure 8 shows the results for choice frequency as a function of
luminance contrast. Illusory motion is absent for a luminance
contrast of 10%, then rises steeply to almost 100% at a contrast
of 20% before leveling off with a subtle, but insignificant peak at
60% (p = 0.25 for 20% contrast condition and p = 0.5 for 100%
contrast condition, Wilcoxon signed rank test).

Conclusion and Discussion

We found that the Serpentine Illusion is absent at very low
luminance contrast of the stimulus, then acquires full strength
at a contrast of 20% and thereafter asymptotes. However, we
did not find any significant perceptual difference for contrasts
ranging from 20 to 100%, whereas for physical motion there is
a progressive increase in motion strength with stimulus contrast

(Thompson, 1982; Stone and Thompson, 1992). This difference
may point to potentially different coding mechanisms.

Experiment 5. lllusory Motion Perception
After Adaptation

To further investigate the visual stimulus features that may
contribute to the illusory motion perception, we used adaptation
(Blakemore and Campbell, 1969; Montaser-Kouhsari et al., 2007;
Webster, 2015) to different stimulus features of the Serpentine
illusion pattern. By extending the presentation time of patterns
of static or moving lines/random dots, the specific neuronal
circuits representing those features adapt and contribute less to
subsequently presented illusory stimuli.

Stimuli

For adapting patterns we used (i) horizontal line gratings
presented with the abutting end points eliminated; (ii) random
dots with no orientation information, and (iii) end points with
only short residual stubs of lines preserved. For the orientation
and endpoint adaptors we used the parameters that generate
optimal diagonal and lateral illusory motion from Experiment 3
(Table 1). We used gradual alpha-blending (where the opacity
of the line changed from opaque in the center to transparent at
the edges) at the transition points to reduce introducing abrupt
contours where the line or line end was removed. The adapting
patterns are shown in Figure 9A. They were presented smoothly
moving (upward | downward), or statically flashed at 5 Hz to
eliminate directional motion. The motion speed was 5°/s, the
density of the random dots was 1 dot/deg?, and the diameter of
each dot was 0.2°.

Procedure

Five experienced subjects participated in the experiment. They
were first shown the original Serpentine Illusion pattern from
experiment 2 for 5 s. Next, one hemifield was randomly assigned
one of the twelve adaptors and the other hemifield was blanked
out. After the 30 s of adaptation, the original test pattern was
shown again for 5 s. Subjects were asked to report the relative
strength between the adapted and non-adapted hemifields for
diagonal or lateral motion. This strength was quantified using a
scale from 1 to 9, where 1 = no illusory motion, and 9 = full
illusory motion (i.e., no effect of adaptation observed). Each of
the adapting conditions was repeated 9 times, and all conditions
were interleaved and randomly presented during the experiment.
Figure 9B illustrates the task procedure.

Results

The responses for motion and flashed adapting patterns are
shown in Figure 10, red representing the group averages and
gray for the individual subject scores. The weighted strength of
illusory motion is plotted as a function of the stimulus conditions.
Adapting to a pattern of smoothly moving line gratings with
blurred end points (orientation) produced the lowest scores,
implying that this condition had the strongest adaptation
effect for both diagonal (Figure 10 left, moving orientation
[al]: 5.07 £ 0.37, moving random dot [a2]: 6.33 £ 0.13,
moving endpoint [a3]: 7.53 £+ 0.27, flashed orientation [a4]:
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orientation adaptor

FIGURE 9 | The illustration of three adapting stimuli and the adaptation task paradigm. (A) Three visual patterns used as the adapting stimuli. Left: zigzagging line
gratings with Gaussian blurred end points; middle: random dots; right: end points only without lines. (B) Schematic illustration of the task procedure. The test
stimulus was presented for 5 s, followed by the presentation of an adapting stimulus for 30 s, and then again, the testing stimulus for pre- and post-adaptation

comparison.

random dots adaptor

gray {7
backgroung backgroyng

==

endpoints adaptor

endpointg

R adaptor

gray

6.16 & 0.45, flashed random dot [a5]: 6.4 £ 0.49, flashed endpoint
[a6]: 7.29 £ 0.23, Pyi—g2 = 0.011, Py1_g3 = 2.07 x 1078,
Pa17a4 = 0.0268, Pa17a5 = 0.0025, PalfaG =21 X 10_8) and
lateral illusory motion (Figure 10 right, moving orientation [b1]:
4.8 £ 0.78, moving random dot [b2]: 6.73 £ 0.41, moving
endpoint [b3]: 7.53 % 0.16, flash orientation [b4]: 6.84 £ 0.43,
flash random dot [b5]: 6.71 &£ 0.6, flash endpoint [b6]: 8 & 0.12,
Py1—p2 =0.0023, Pyp1—p3 = 2.07 % 1078, Pyi_ps =223 x 1072,
Pp1_ps =1.08 X 107>, Py1_p6 = 2.07 x 1078).

Conclusion and Discussion

The results show that line gratings with blurred end points
cause greater adaptation of the mechanisms that generate
illusory motion (resulting in statistically weaker illusory motion
perception). We also found significant effects of motion
compared to static flashing. The weakest effects of adaptation

were for chains of end points alone, though this is perhaps
expected given the overall pattern difference between this and
other stimuli. It was not possible to selectively control for
these differences given the spatiotemporal distribution of signals
during the motion of the pattern. The results indicate that
orientation and motion direction contribute to the Serpentine
illusory motion. This implies that serpentine illusory motion
cannot be simply explained by lower-level neural coding
mechanisms that are predominantly responsible for either
direction or orientation alone.

Experiment 6. Spatiotemporal Energy
Model

To better understand the underlying neural mechanisms, we were
interested in testing whether model neurons exhibit changes in
their direction tuning curves consistent with illusory motion.
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mean values for five subjects, light gray lines show the results for individual subjects. An asterisk (*) denotes a significant difference between the two conditions
compared.

The spatiotemporal energy model was first proposed by Adelson
and Bergen (1985) as an intuitive and compact model of motion
processing broadly consistent with area V1 physiology. The
model proposes linear filters selective for motion energy within
a particular spatiotemporal band that are combined together,
and has been used to successfully model many classes of motion
patterns (Baker and Issa, 2005; Mante and Carandini, 2005; An
etal., 2012; Yin et al., 2015). The model’s Fourier transform of the
input image precludes the ability to estimate local spatial position
differences, but does estimate responses to the global energy
contained in the pattern. We used control stimuli whose illusory
contours are orthogonal to the line patterns (Supplementary
Figure 5 top row), where only the physical direction of line
pattern motion should be observed in the direction tuning
curve of modeled neurons. For stimuli that contain a single tilt
(Supplementary Figure 5 middle row), if the energy model is
consistent with illusory perception, we predict that the tuning
curves will shift clockwise or anti-clockwise depending on the
combination of tilt and physical motion direction (for details of
how predictions are made please refer to Luo et al., 2019). For
the zigzag patterns (Supplementary Figure 5 bottom row), both
clockwise and anti-clockwise relative illusory motions are present
and should therefore cause an increase in bandwidth without an
overall shift in preferred direction.

Procedure
The equations defining the energy model predictions are adopted
from the work of Baker and Issa (2005). Three filters for static

visual features are described as Gaussian functions; each specific
to spatial frequency, temporal frequency and direction tuning:

2
S (p) — exp[_ [lOgZ (p) g 120g2 (Sp)] } (7)
Os
2
207
2
Q(¢) = exp [—(¢ : ) } ©)
%Q

In these equations, p represents the spatial frequency, p the
temporal frequency, and ¢ the orientation parameters. Sp, Tp,
and ¢, are the peak spatial frequency, temporal frequency and
orientation, respectively. os, o, and og are proportional to the
spatial frequency bandwidth, temporal frequency bandwidth and
direction tuning curve bandwidth.

The final response strength of a model neuron to a stimulus is
given by:

R =

o3
~Hd

£l

fA (. 4. 0) S (p) - Q&) - T (p) p dpddp  (10)

R is the neural response, A is the temporal and spatial Fourier
transform of the stimulus. The response is modeled as the
linear integration over all spatial and temporal frequencies,
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and orientations of the stimulus. The parameters for each
model neuron were taken from the corresponding real direction
selective V1 neuron’s preference.

Three classes of stimuli were used for the model predictions
(Supplementary Figure 5): a control pattern that does not
generate any illusory motion; a single tilt pattern which generates
illusory motion in a single direction away from the physical
motion; and finally the standard zigzag pattern that generates
illusory motions on either side away from the physical motion.

For statistical comparisons across the population results, we
use a Kruskal-Wallis one-way ANOVA, post hoc Bonferroni
corrected. Differences with P-values smaller than 0.05 are
considered significant.

Results

The spatiotemporal energy model parameters (orientation,
spatial frequency, temporal frequency) were taken from
measurements of 58 V1 direction selective neurons recorded in
awake fixating rhesus macaques in our lab. The direction tuning
curves for one exemplar model V1 neuron that preferred upward
physical motion (90°) is shown in Figure 11. The top row shows
the direction tuning responses for control patterns where illusory
contours are orthogonal to line orientation. As expected, for all
three different types of pattern (diagonal/both motions/lateral),
the averaged direction tuning (blue arrow) is 90°. With a
single-tilt present in the stimulus pattern (Supplementary
Figure 5 middle row), we predicted that there would be a
single illusory direction component that should bias the curve
clockwise. Such a shift in the preferred direction compared to the
control is observed for all three types of illusory motion pattern
(Figure 11 middle row; diagonal A angle = —13.67°; both A
angle = —10.76°; lateral A angle = —7.43°). For the Serpentine
stimulus that contains zigzagged interfaces (Supplementary
Figure 5 bottom row), our prediction is that both positive
and negative directional shifts relative to physical motion
will occur, and this will cause an overall increase in tuning
bandwidth. The bottom row of Figure 11 shows that for this
exemplar neuron, the bandwidth does increase in all cases
(diagonal A bandwidth = + 33°; both A bandwidth = + 20%
lateral A bandwidth = + 16°). One qualitative pattern observed
is that diagonal motion optimized patterns show the largest
changes in direction.

To test whether the effects observed in the exemplar neuron
apply across a population of model V1 neurons, we plotted the
A preferred direction for single-tilt patterns and A bandwidth
for zigzag patterns across all 58 model V1 neurons. Figure 12
shows combined scatter/boxplots for the (Figure 12A) single-
tilt and (Figure 12B) zigzag patterns across the three optimized
illusory motion stimuli. Across all model V1 neurons, there
is an overall significant predicted preferred direction shift for
single-tilt diagonal (—5.17 £ 0.53 SEM, p = 2.82 x 10~20),
both (—4.30 + 0.48 SEM, p = 7.39 x 10~Y), and lateral
(—4.46 +0.77 SEM, p = 1.51 x 10~ !*) optimized motion stimuli.
For zigzag stimuli, there are significant predicted increases in
bandwidth for diagonal (7.95 £ 1.00 SEM, p = 3.65 X 10~17),
both (3.93 + 0.77 SEM, p = 5.88 x 107°), but not lateral
(2.12 +0.96 SEM, p = 0.09) optimized motion stimuli.

Conclusion and Discussion

From our human psychophysical results (experiment 2), we
could make predictions about how the tuning curve biases of
V1 cells should respond to different patterns of Serpentine
illusory motion patterns. Using a well-established spatiotemporal
energy model of V1 neurons, we found that the changes in
preferred direction and bandwidth for almost all model neurons
were consistent with global predictions. Over the population,
diagonal-motion optimized responses showed the largest changes
for both preferred direction and bandwidth. If we were to
take a simplistic vector sum, lateral motion should generate a
bigger directional shift, as lateral illusory motion is orthogonal
(—90°) to physical motion. It is hard for us to estimate the
relative strength between diagonal and lateral illusory motions
subjectively, and we cannot therefore differentiate between the
alternative hypotheses that lateral motion should indeed be
weaker, or simply that the spatiotemporal energy model provides
worse explanatory power for lateral illusory motion. This latter
hypothesis could be due to either spatial frequency differences
among the three patterns, or some non-linear mechanisms that
are necessary for “grouping” the lateral motion across the strip.
It is also worth noting that for both-motions optimized stimuli,
there was no “additive” effect for combining diagonal and lateral
illusory motion together. We do not wish to suggest that we
can infer directly from single unit responses to global illusory
perception, but previous work has shown that biases present
in neurons in early visual areas can be combined downstream
in MT and MST to form global perceptions of illusory motion
(Luo et al., 2019).

GENERAL DISCUSSION

In this paper, we describe a visual motion illusion, which we have
called the Serpentine Illusion. It is elicited by a pattern of phase-
shifted grating strips, abutting each other along a zigzagging
interface. When the stimulus pattern is moved up or down,
the intersections formed by the offset line gratings are seen
to move in an undulating snake-like fashion. In addition to
this motion along the diagonals, lateral motion of the sections
is also seen. The strength of both illusory motions depends
on the stimulus parameters. The illusion is luminance-contrast
dependent, suggesting that magnocellular pathway signals have
a predominant impact on the Serpentine Illusion. Results from
selective adaptation show that both line gratings and physical
motion are necessary for the full perception of the illusion, and
modeling suggests the illusory motion can partly be explained by
linear spatiotemporal receptive fields of motion sensitive V1 cells.

Visual Features Contributing to the

Serpentine lllusion

We used an adaptation paradigm to test the contributions of
orientation and motion mechanisms. We used moving and
flashed grating-lines or grating-endpoints, and random dots,
to adapt out the orientation, motion and end-stopping signals
driven by the illusion inducing pattern. According to Figure 10,
it was the moving line gratings that had the largest effect
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of weakening the perception of the Serpentine Illusion. To
further test the contribution of line gratings for inducing
the illusory motions, we introduced a pattern in which the
line gratings of the original pattern were occluded by zigzag
masks of varying thickness (Supplementary Figure 6). We
found that illusory motion was abolished in the pattern with
only endpoints visible (Supplementary Figure 6A), and only
slightly restored when 1/2 or 1/3 of the grating lines were
masked (Supplementary Figures 6B,C); illusory motion was
weakened even with a very thin occluding mask (Supplementary
Figure 6D). These observations suggest that continuous line

gratings are crucial for the generation of both diagonal and lateral
illusory motions.

Differences and Similarities Between

Lateral and Diagonal Motion

Diagonal motion occurs primarily when the local contrast
differences driven by the endpoints follow each other at close
range (i.e., high density). This is the case when the line gratings
are narrowly spaced, when the distance between the end points
of a line is long and when the period length of the zigzags is
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short. This will make a grating strip look like an undulating
column. On the other hand, lateral motion is favored by low
density chains of end points as found with widely spaced line
gratings, short horizontal distances between pairs of end points,
and a long period of zigzags; these features favor a percept
of horizontally arranged rows of end points moving sideward
together. Apart from the parameters tested in Experiment 2,
we further varied the angle of the zigzagging abutting interface.
When the angle is changed to & 30°, illusory motion along the
diagonals predominates (Supplementary Figure 7A), whereas
when the angle is changed to £ 60°, strong lateral motion is
perceived (Supplementary Figure 7B). In the former case, the
zigzags emphasize the vertical columnar structure, whereas at
more acute angles the columns are less salient and the horizontal
structure predominates. These parametric conditions for seeing
diagonal and lateral illusory motion produce groupings that
are consistent with the Gestalt principles of proximity and
common fate. Whether these two illusory motion patterns drive
the same or different underlying neural mechanisms remains
unknown. The fact that either of the motion patterns can be
almost eliminated when optimizing for the other condition
(Supplementary Figures 2, 4), suggests the neural mechanisms
may be dissociable. Future studies will need to systemically
explore the neural origins of both illusory motions using
theoretical, psychophysical and physiological methods.

lllusory Motions Are

Luminance-Contrast Dependent

Motion and color signals were classically thought to be encoded
differentially (Ramachandran and Gregory, 1978; Zeki, 1978;
Livingstone and Hubel, 1988). This parallel division receives
some support from psychophysical studies in which chromatic
gratings without luminance contrast can effectively weaken

the ability of a subject to discriminate motion direction/speed
(Cavanagh et al., 1984; Troscianko and Fahle, 1988; Cavanagh
and Anstis, 1991; Kooi and Devalois, 1992; Mullen and Boulton,
1992a,b; Henning and Derrington, 1994). Other studies, however,
show that equiluminant color contrast can also provide weak
cues for motion perception (Cavanagh and Favreau, 1985; Saito
et al., 1989; Hawken et al., 1994; Gegenfurtner and Hawken,
1995, 1996a,b; Burr et al., 1998; Dougherty et al., 1999; Lu et al,,
1999; Yoshizawa et al., 2000; Willis and Anderson, 2002; Cropper
and Wuerger, 2005; Burton and McKeefry, 2007). Cortical areas
like MT (Saito et al., 1989; Seidemann et al., 1999; Thiele et al.,
1999; Wandell et al.,, 1999; Barberini et al., 2005) and V3A
(McKeefry et al., 2010) are able to encode motion signals derived
from chromatically defined stimuli. In addition it is well known
that area V4 encodes motion information and contains mixed
parvocellular and magnocellular inputs (Desimone and Schein,
1987; Mountcastle et al., 1987; Ferrera and Maunsell, 2005; Tolias
et al., 2005; Mysore et al., 2008; An et al., 2012; Li et al., 2013;
Yin et al.,, 2015; Birman and Gardner, 2018). This physiological
and anatomical data is consistent with the psychophysical data
suggesting physical motion signals are processed through mixed
pathways (Willis and Anderson, 2002; Takeuchi et al., 2003;
McKeefry and Burton, 2009). Although the exact balance of
interactions across form, color and motion signaling circuits is
still a matter of some debate, there is nevertheless psychophysical
evidence showing that motion illusions are minimized when
presented under chromatic equiluminant conditions (Khang and
Essock, 1997; Hamburger, 2012).

The original Serpentine Illusion stimulus pattern has high
luminance contrast between line gratings and background. When
we reduced the contrast to physical equiluminance, illusory
motion was greatly weakened (Figure 7). This suggests that
luminance contrast is an important factor in generating the
Serpentine Illusion, an observation consistent with several other
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motion illusions, which are found to be luminance-contrast
dependent (Hamburger, 2012). Examples include the Pinna-
Brelstaft illusion (Pinna and Brelstaff, 2000), the Rotating Snakes
illusion (Kitaoka and Ashida, 2003), the Rotating-Tilted-Lines
illusion (Gori and Hamburger, 2006), the Boogie-Woogie illusion
(Cavanagh and Anstis, 2002), and the Dotted Lines illusion (Ito
et al., 2009). This indicates that unlike physical motion, illusory
motions in the Serpentine and other motion illusions are largely
mediated by the magnocellular pathway. Additionally, previous
psychophysical studies found that subjects underestimate the
speed of moving gratings with relatively low luminance contrast
(Campbell and Maffei, 1981; Thompson, 1982; Stone and
Thompson, 1992; Blakemore and Snowden, 1999; Johnston
et al., 1999; Anstis, 2003). Analogously, the saliency of illusory
motion can also be controlled through changing the strength
of luminance contrast in the physical stimulus (Cavanagh and
Anstis, 2002; Anstis, 2004; Backus and Oruc, 2005; Howe
et al.,, 2006; Hamburger, 2012). It has been hypothesized that a
moderate luminance contrast is the main factor in generating
some motion illusions (Foster and Altschuler, 2001; Cavanagh
and Anstis, 2002; Conway et al., 2005; Ito et al., 2009; Hamburger,
2012). However, for the Serpentine Illusion, only the extreme low
luminance contrast (10% in Figure 8) can reduce the strength of
the perceptual illusory motions.

The observations in Experiment 2 point toward a role for
local contrast differences between the abutting line endings.
Each pair of juxtaposed, phase-shifted line ends produces a dark
patch that stands out when the stimulus pattern is moved up
or down. One possible explanation of the illusory motion seen
is due to the larger contrast of the dark patch relative to the
grating strips. It is known that high-contrast gratings appear to
move faster than low-contrast gratings (Thompson, 1982; Stone
and Thompson, 1992) and this might explain the faster rate at
which the dark patches are seen to be moving relative to the
flanking line gratings.

Alternatives to the Energy Model

Without directly recording from the nervous system, theoretical
models are one of the best ways to infer neural mechanisms
that underlie visual perceptual phenomenon. Here, we used the
classical motion energy model (Adelson and Bergen, 1985) to
show that primary visual cortex neurons respond with directional
biases consistent with perception to the illusory motions in
Serpentine Illusion stimuli. The motion energy model is a
simplified linear summation model (Baker and Issa, 2005; Mante
and Carandini, 2005), best at predicting response properties in
the earliest motion processing stages (Reid et al., 1987; Carandini
etal., 1997). Complex cells in primary visual cortex and neurons
in downstream visual areas like MT and MST have more non-
linear response properties (Emerson et al, 1992; Simoncelli
and Heeger, 1998; Pack et al., 2006), and they contribute
significantly to the neural representation and perception of
illusory motions (Luo et al., 2019). Future studies should explore
compare both linear and non-linear coding components and
hierarchical population responses (mirroring the hierarchical
spatiotemporal integration of motion information), as these may

better predict the cortical responses to Serpentine and other
illusory motion patterns.

Similarities and Differences Between

Serpentine and Other Visual lllusions

The diagonal illusory motion along the zigzagging contour of
the interface is reminiscent of the apparent motion in other
two well-known motion illusions: the Boogie-Woogie illusion
(Cavanagh and Anstis, 2002) and the dotted lines illusion (Ito
etal., 2009). The Boogie-Woogie illusion is constructed by a grid
of horizontal and vertical bars made up from alternating dark
and bright squares placed on a gray background. When this grid
is moved diagonally from the lower left to the upper right, the
small squares making up the bars appear to “race” up the verticals
and to the right along the horizontals. The authors attribute their
illusion to different strengths of the motion signals elicited by the
vertical and horizontal bars. Apparent upward motion resulting
from the alternating light and dark edges of the squares moving
“along” the bar (first-order motion) is said to constitute a more
efficient motion signal than the “across” motion by the textured
edge of the horizontal bar which therefore would appear to move
more slowly and be overtaken by the vertically moving squares.
The dotted lines illusion contains obliquely aligned white and
black dots on a median gray background. Horizontal movement
of the patten produce relative motion along the row of dots. The
authors suggest that illusory motion is produced by the stronger
luminance contrast between adjacent dots along the length of the
line, compared to with the luminance difference between dotted
lines and background.

Interestingly, another illusory motion effect can be perceived
when the Serpentine Illusion picture is moved horizontally
along the abutting line gratings (or by tracking the cursor as it
moves leftward or rightward). The tilted zigzag illusory contours
appears to swell out- or inward to each other. Such illusory
motions are inconsistent with the aperture effect (Nakayama
and Silverman, 1988), and appear related to the dotted-line
illusion. Despite similarities, the lateral motion is not observed in
either Boogie-Woogie illusion or dotted lines illusion. Moreover,
the boogie-woogie illusion elicits the strongest motion at low
contrast while the Serpentine Illusion becomes invisible at low
contrast. Compared with the Boogie-Woogie and dotted lines
illusion, the Serpentine Illusion does not contain luminance
contrast along line gratings. Nevertheless, we cannot rule out
the possibility that these three illusions may share similar
underlying coding mechanisms, since luminance contrast is
critical for producing illusory motion in all three patterns,
and under equiluminant conditions, illusory motion is largely
eliminated in all three patterns. Further psychophysical and
physiological experiments are therefore needed to reveal the
neuronal mechanisms underlying the Serpentine Illusion.
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