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Motion-position illusions (MPIs) are visual motion
illusions in which motion signals bias the perceived
position of an object. Due to phenomenological
similarities between these illusions, previous research
has assumed that some are caused by common
mechanisms. However, this assumption has yet to be
directly tested. This study investigates this assumption
by exploiting between-participant variations in illusion
magnitude. During two sessions, 106 participants
viewed the flash-lag effect, luminance flash-lag effect,
Frohlich effect, flash-drag effect, flash-grab effect,
motion-induced position shift, twinkle-goes effect, and
the flash-jump effect. For each effect, the magnitude of
the illusion was reliable within participants, strongly
correlating between sessions. When the pairwise
correlations of averaged illusions magnitudes were
explored, two clusters of statistically significant
positively correlated illusions were identified. The first
cluster comprised the flash-grab effect, motion-induced
position shift, and twinkle-goes effect. The second
cluster comprised the Frohlich and flash-drag effect. The
fact that within each of these two clusters, individual
differences in illusion magnitude were correlated
suggests that these clusters may reflect shared
underlying mechanisms. An exploratory factor analysis
provided additional evidence that these correlated
clusters shared an underlying factor, with each cluster
loading onto their own factor. Overall, our results reveal
that, contrary to the prevailing perspective in the
literature, while some motion-position illusions share
processes, most of these illusions are unlikely to reflect
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any shared processes, instead implicating unique
mechanisms.

Motion-position illusions (MPIs) broadly refer to
a class of visual illusions in which the position of an
object in the context of motion is incorrectly perceived.
Illusions from this class (e.g., the flash-lag effect) have
been extensively studied over the past several decades,
with the possible underlying mechanisms hotly debated
(Eagleman & Sejnowski, 2007; Hogendoorn, 2020;
Hubbard, 2014; Krekelberg & Lappe, 2001; Nijhawan,
2008; Schneider, 2018). Despite the phenomenological
similarities between MPIs, few published empirical
studies have empirically explored their underlying
factorial structure (i.e., do they share mechanisms or
not). Consequently, little is known about the degree
to which these qualitatively similar illusions (and their
variations) share underlying neural mechanisms. On the
one hand, conceptual similarities between some of these
effects have led some authors to argue for a common
underlying cause (e.g., Eagleman & Sejnowski, 2007;
Schneider, 2018). On the other hand, more recent results
suggest that at least some MPIs can best be explained
by an interplay of multiple idiosyncratic mechanisms
(e.g., Blom et al., 2019; Takao et al., 2022), challenging
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the idea that these illusions are manifestations of the variations in illusion magnitude to evaluate which
same neural processes. It therefore remains unclear to of these illusions are likely to share underlying
what extent MPIs are caused by shared or dissociable mechanisms. Specifically, we investigate (A) the flash-lag
mechanisms. effect (Nijhawan, 1994), (B) the luminance flash-lag
To investigate this, we concurrently investigate eight effect (Sheth et al., 2000), (C) the Frohlich effect

different MPIs (Figure 1), using between-subjects (Frohlich, 1924), (D) the flash-drag effect (Whitney &
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Figure 1. Experimental paradigms. Stylized depictions of example trials for the eight motion-position illusions used in this study. Video
examples for each illusion can be accessed at https://tcottier96.github.io. For all images, panels marked as “A” indicate the actual
position of the object, and “P” indicates the perceived position of the object. (A) Flash-lag effect (FLE): a rod rotates clockwise around
the fixation point for 1,250 ms. After 1 second, a stationary rod is briefly flashed in spatiotemporal alignment with the moving rod
(actual). However, the moving rod is perceived mislocalized along its clockwise trajectory (perceived). (B) Luminance flash-lag effect
(LUM-FLE): the top circle decreases in luminance over 833 ms. Halfway through the trial, on the opposite side of the fixation point, a
circle with identical instantaneous luminance is briefly presented (actual). Even though both circles have identical luminance values,
the target circle is perceived further along its luminance trajectory and thus is perceived to be brighter than the flashed circle
(perceived). (C) Frohlich effect (FE): a rod rotates clockwise around the fixation point. When the rod initially appears, it is pointing
straight up (actual), but it will be perceived in a position along its clockwise trajectory (perceived). (D) Flash-drag (FD) effect: two
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<«
sinusoidal gratings move in opposite directions for 2,300 ms. In this trial, the right grating is moving upward, while the left grating
moves downward. After 1,100 ms, two bars are flashed on the outside of each grating. While these bars are presented in vertical
alignment (actual), they are perceived mislocalized in the direction of their nearest grating’s motion (perceived). (E) Flash-grab effect
(FG): an annulus rotates counterclockwise for 800 ms, then reverses direction and rotates counterclockwise for 500 ms before turning
gray. At the moment the annulus reverses direction, a red circle is flashed for 13.88 ms in one of three positions (the dotted red lines).
After the annulus turns gray, participants report the perceived location of the target with a mouse click. In this trial, the red circle was
presented at the bottom center of the annulus (actual). However, this circle is perceived to be displaced in the reversal’s direction of
motion (perceived). (F) Motion-induced position shift (MIPS): two pairs of vertically aligned gratings are presented (actual). The phase
of the top gratings drifts toward the fixation point, while the phase of the bottom gratings drifts away from the fixation point. Even
though the gratings are vertically aligned, they are perceived offset in their direction of motion (perceived). (G) Twinkle-goes effect
(TG): two bars translate toward one another for 933 ms. The top bar is moving right to left, and the bottom bar is moving left to right.
When the bars are vertically aligned (actual), they disappear on a background of dynamic noise. The perceived offset positions of the
two bars are shifted forward along their respective trajectories, such that they are seen as misaligned (perceived). (H) Flash-jump
effect (FJ): involves two bars moving toward each other and changing in height. In this trial, the top bar was moving right to left and
increasing in height, while the bottom bar moved left to right while decreasing in height. When the two bars reach the center of the
screen and are physically aligned, they will be the same height and briefly become white (actual). This brief color change is
mislocalized further along the motion and growth trajectory of the bar and as such is perceived when the bar is a different size and

not vertically aligned with the other bar (perceived).

Cavanagh, 2000), (E) the flash-grab effect (Cavanagh
& Anstis, 2013), (F) the motion-induced position

shift (De Valois & De Valois, 1991; Ramachandran &
Anstis, 1990), (G) the twinkle-goes effect (Nakayama &
Holcombe, 2021), and the (H) the flash-jump effect (Cai
& Schlag, 2001). First, we begin by briefly reviewing
each of these illusions.

Flash-lag effect

The flash-lag effect (FLE) is the most-studied MPI.
In the FLE, a stationary rod briefly presented in
spatiotemporal alignment with a continuously rotating
rod is perceived in a position behind the rotating
rod (Nijhawan, 1994). It was originally observed by
Metzger (1932) and subsequently rediscovered by
Mackay (1958) before its popularity exploded when
Nijhawan (1994) reported it as evidence for motion
extrapolation. Nijhawan’s proposal that the illusion
results from motion extrapolation has been hotly
contested over the past three decades, with numerous
alternative mechanisms having been proposed (for
reviews, see Hogendoorn, 2020; Hubbard, 2014;
Krekelberg & Lappe, 2001; Nijhawan, 2008). These
include postdiction (Eagleman & Sejnowski, 2000),
temporal integration (Krekelberg & Lappe, 2000, 2001),
attentional shifting (Baldo & Klein, 1995), differential
latencies (Whitney et al., 2000; Whitney & Murakami,
1998), representational momentum (Hubbard, 2014),
and, most recently, discrete sampling (Schneider, 2018).
Some authors have argued that these mechanisms can
explain not just the FLE but other MPIs (Eagleman
& Sejnowski, 2007; Schneider, 2018). If this were true,
we would expect to observe strong positive correlations
between the FLE and other paradigms.
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Luminance flash-lag effect

The FLE is not unique to motion perception and
has been reported in other feature spaces, including
luminance, spatial frequency, entropy, and color
(Sheth et al., 2000). In these variants, one target object
continuously changes on a particular feature dimension
(e.g., luminance), and a second object with identical
features is briefly flashed alongside the target. The
flash is perceived to lag the target on the changing
feature. For example, in the luminance flash-lag effect
(LUM-FLE), a target circle is smoothly changing in
Iuminance (e.g., becoming brighter). A second circle is
flashed on the opposite side of fixation with identical
instantaneous luminance as the target circle. However,
participants will not perceive the two circles to have
the same luminance, instead perceiving the target circle
further along its luminance trajectory (i.e., brighter
than the flash).

Frohlich effect

The Frohlich effect (FE) is the illusory effect that
when a moving object first appears, its onset position
is not perceived in its true position but is instead
perceived in a position further along its motion
trajectory (Frohlich, 1924; Hubbard, 2014). The
phenomenological similarity between the Frohlich
and flash-lag effects has led to suggestions that both
are manifestations of the same underlying neural
processes (Eagleman & Sejnowski, 2007; Hubbard,
2014). However, this suggestion was not supported by
the findings of a recent individual differences study
(Morrow & Samaha, 2022).



Journal of Vision (2023) 23(10):8, 1-24
Flash-drag effect

The flash-drag effect (FD) is the phenomenon that
the perceived position of a stationary object briefly
presented adjacent to a moving object is dragged in
the direction of the moving object’s motion (Whitney
& Cavanagh, 2000). The magnitude of this effect is
generally smaller than the FLE, and Eagleman and
Sejnowski (2007) note that in most experimental
paradigms, the FD and FLE should operate in opposite
directions. This is because the FD can cause the flash in
the FLE to be dragged in the direction of motion, such
that the “true” FLE is underestimated. If this is true,
variations in FD magnitude across observers might be
expected to negatively correlate with FLE magnitude.

Flash-grab effect

In the flash-grab effect (FG), a static object is
briefly flashed on a moving texture as the texture
abruptly changes direction. The result is that the
perceived position of the flashed object is shifted in the
texture’s new direction of motion (Blom et al., 2019;
Cavanagh & Anstis, 2013). Although similar to the
FD, in that it involves a moving texture, there are some
important differences. First, the magnitude of the FG
is substantially larger than the FD (and most other
MPIs; Cavanagh & Anstis, 2013). In addition, the FG
is the sum of at least two separate mislocalizations
(backward along the preflash motion vector and
forward along the postflash motion vector) (Blom et al.,
2019). Finally, Takao et al. (2022) found that none of
the traditional FLE models (e.g., differential latency,
extrapolation, temporal integration) can fully explain
the FG, concluding that it is likely produced by two or
more processes.

Motion-induced position shift

Stationary envelopes containing internal motion
are perceived displaced in the direction of that
motion (Anstis, 1989; De Valois & De Valois,
1991; Ramachandran & Anstis, 1990). A powerful
demonstration of this effect can be achieved by viewing
two Gabor patches drifting in opposite directions within
aligned static envelopes, which causes a large apparent
misalignment between the two patches (De Valois & De
Valois, 1991). Linares and Holcombe (2008) found a
dissociation between this illusion and the FLE, in that
the motion-induced position shift effect was stronger
for motion away from the fovea, while the FLE was
greater for motion toward the fovea, suggesting these
illusions may involve different mechanisms.
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Twinkle-goes effect

The twinkle-goes effect (TG) is the observation that
when a moving object disappears concurrently with
the presentation of a dynamic noise background, it is
perceived to overshoot the point at which it disappears
(Nakayama & Holcombe, 2021). The effect does not
occur if the moving object disappears on a static noise
background. Importantly, this pattern of results directly
parallels studies of the FLE, where manipulations that
mask the disappearance of the moving object similarly
cause overshoots in the perceived disappearance
position (Maus & Nijhawan, 2006, 2008; Shi &
Nijhawan, 2012), suggesting there may be some overlap
in the underlying mechanisms.

Flash-jump effect

In the flash-jump effect (FJ), a transient color change
in a moving object is perceived to occur further along
the object’s trajectory than it physically did. In the
original demonstration (Cai & Schlag, 2001), a moving
bar gradually changing in height undergoes a brief
color change. The location at which this color change
occurs is mislocalized further along the bar’s trajectory
and on a bar of a different height (Cai & Schlag,
2001; Eagleman & Sejnowski, 2007). Schneider (2018)
proposed that the FJ could be a variant of the FLE,
but this seems unlikely as the perceived position of the
transient color change is displaced along the trajectory,
rather than lagging behind the object as in the FLE.
Instead, the FJ might be argued to be more similar to
the FD than the FLE, because it involves a transient
feature being displaced along the motion trajectory.

Individual differences in illusion magnitude

Traditionally, visual perception research seeks to
characterize a standard observer by identifying the
functions of the visual system that are common across
humans (Clark et al., 2022; Hedge et al., 2018). As a
consequence, differences between observers are often
treated as measurement noise to be minimized (Mollon
et al., 2017). However, the visual abilities of people
do vary greatly (Ward et al., 2017), and this variation
often represents “real differences in optical, neural, and
cognitive processes that mediate perception” (Mollon et
al., 2017, p. 4). For example, Schwarzkopf et al. (2011)
reported a negative relationship between the surface
area of observers’ VI and the strength of illusory
effects in the Ebbinghaus (size context illusion) and
Ponzo (parallel) illusions, two geometric illusions where
context influences perceived size.
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Although the phenomenological similarity
between MPIs seems to suggest that the illusions are
mechanistically similar, there is yet limited experimental
evidence to bolster this assumption. This gap can
be addressed by adopting an individual differences
approach. This is because individuals will have a
similar susceptibility to illusions that are caused by
common factors (Grzeczkowski et al., 2017), such that
measured illusion magnitudes will correlate highly
with one another (Mollon et al., 2017). For example,
recent studies using an individual differences approach
have revealed that geometric illusions are unlikely to
be caused by a single common factor (Grzeczkowski
et al., 2017); instead, each illusion may be caused
by its own specific factor (Cretenoud et al., 2019).
Similarly, Wexler et al. (2022) investigated biases in
different motion stimuli and identified both correlated
and uncorrelated effects, leading them to suggest that
motion perception biases are unlikely to be caused
by a single global factor but may instead be caused
by dissociable local factors. Using different motion
perception paradigms, Hu et al. (2022) similarly
observed limited correlations between different motion
perception paradigms (motion-induced spatial conflict,
motion-induced position shift, the adaptation-induced
spatial shift accrual rate, smooth motion threshold).

To date, only one study has used an individual
differences approach to study MPIs. Morrow and
Samaha (2022) investigated the Frohlich effect and the
FLE using an individual differences approach with 24
participants. They found that individual magnitudes
in the two illusions were uncorrelated, suggesting that
these illusions are caused by dissociable mechanisms.
These findings corroborate observations by Gauch
and Kerzel (2008, Experiment 4, N = 14) who found a
version of the Frohlich effect and the flash-lag effect
were not significantly correlated. However, a limitation
of both studies is their small sample sizes, which provide
limited statistical power to detect between-subject
effects. Additionally, both studies only looked at two
MPIs (the FLE and FE). Therefore, the extent to
which these or other MPIs recruit dissociable or shared
mechanisms remains unknown.

The present study addresses these limitations by
characterizing the relationships between eight different
MPIs in a larger sample. This allows us to evaluate the
extent to which (if any) these illusions share common
neural mechanisms. Analysis of the correlations
suggests an underlying factorial structure with two
clusters of illusions that share a common underlying
process. The first cluster comprises the motion-induced
position shift (MIPS), the twinkle-goes illusion
(TG), and the flash-grab effect (FG), and the second
cluster comprises the flash-drag (FD) and Frohlich
effect (FE). The association between the MIPS, TG,
and FG, and the FD and FE, was subsequently
corroborated by an exploratory factor analysis. Overall,

Downloaded from jov.arvojournals.org on 09/17/2023

Cottier, Turner, Holcombe, & Hogendoorn 5

our pattern of results shows that some MPIs share
common underlying mechanisms, but despite their
phenomenological similarities, and contrary to the
prevailing assumption in the field that they are caused
by the same mechanisms, many of these phenomena
arise from dissociable mechanisms.

Participants

In total, 116 participants were recruited from the
University of Melbourne’s research participant pool.
Participants completed this study for either monetary
compensation or course credit in an undergraduate
psychology subject. All participants completed two
sessions. Ten participants were excluded from the final
analysis because they completed the first session but
failed to complete a second session. The final sample (N
= 106) was aged between 18 and 49 years (M, = 21.05,
SDge. = 4.94; 78 females). All participants reported
having no neurological deficits or disorders and having
normal or corrected-to-normal vision. In total, 104
participants reported being primarily right-handed (all
participants used their right hand to use the computer
mouse). This study was approved by the University of
Melbourne’s Human Research Ethics committee (ID:
2022-12816-29275-8). All participants provided written
informed consent.

Apparatus

The stimuli were presented using PsychoPy
(v2021.2.3; Peirce et al., 2019, 2022) on HP EliteDesk
800 G3 TWR desktop PCs with Nvidia GeForce
Gtx1060s, running Windows 10 Pro (v.1803; Microsoft,
2018). Stimuli were presented on 24.5-in. ASUS
PG258Qs with a resolution of 1,920 x 1,080 pixels
and a refresh rate of 144 Hz. Monitors were gamma
corrected using a Cambridge Research Systems
Colorcal MKII (Cambridge Research Systems, 2018).
Participants viewed the stimulus with their head
stabilized on a chin and forehead rest approximately
50 cm from the monitor.

Overall procedure

All participants completed two experimental sessions.
During each session, each participant completed eight
separate experimental blocks—one for each of the eight
MPIs that make up this study (Figure 1). Each of the
two sessions took between 2 and 2.5 hours to complete
and were completed on separate days. On average, the
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second session took place 5.2 days (minimum = 1 day,
maximum = 21 days) after the first session.

The order of the eight different MPIs was
randomized for each participant and for each session.
Prior to each experimental block, participants received
written and verbal instructions about the task and
completed a survey on a separate computer to
verify their understanding of task instructions. The
experimenter then checked participants’ understanding
a final time. Finally, participants completed practice
trials for all tasks (except the FE due to time constraints)
while the experimenter observed. In all experimental
blocks, participants completed the task alone in a
dark room, with their head stabilized on a chinrest.
Participants were asked to maintain fixation on a
central fixation point throughout the experiment.

Experimental paradigms

For each observer and each session, the magnitude of
the eight MPIs was tested in eight separate experimental
blocks. In all tasks, stimuli were presented on a
gray background, with a fixation point (subtending
approximately 0.3 to 0.5 degrees of visual angle
[dva]) in the center of the screen. The dimensions for
the different features of each illusion are presented
below. Participants completed the same eight tasks in
both sessions. Breaks were provided throughout each
session, without a time limit. The experiment code is
publicly available at https://osf.io/s4aqg/?view_only=
a7261cdc610549¢9a07141c7fifb9e57.

Flash-lag effect (FLE)

For this study, we created our own version of
the flash-lag effect (Nijhawan, 1994). Connected
to the fixation point dot was a target rod (8.6 dva
long and 0.19 dva wide) that rotated clockwise or
counterclockwise around the fixation point at a speed
of 180 degrees of polar angle per second. The rod
randomly rotated for 1,250 ms, 1,500 ms, 1,750 ms, or
2,000 ms before disappearing, and 250 ms prior to the
target’s disappearance, a static rod (5.12 dva long and
0.19 dva wide) was briefly flashed for 49 ms. The edge
of the flash and target rod were separated by 3.5 dva.
The flash was always presented at a radius of 12.15
dva from the fixation dot. The flash was presented an
equal number of times in five positions in both the
upper and lower visual fields. It was presented at the
horizontal meridian, offset 5 degrees of polar angle to
the right or left, or offset 15 degrees of polar angle to
the right or left. Participants completed 8 practice trials,
followed by 160 experimental trials. Throughout the
task, participants were instructed to report which of
the target or flashed rod was further along the motion
trajectory of the moving target rod at the time of the
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flash. During the practice trials, feedback was provided
on whether participants correctly indicated which line
was ahead.

The polar angle offset between the flash and the
target rod was controlled by four randomly interleaved
independent 1-up, 1-down adaptive staircases (40 trials
per staircase), with two staircases for each rotation
direction of the rod (clockwise or counterclockwise).
To avoid hysteresis effects, for each rotation direction,
one staircase began with the flash position offset 28
degrees of polar angle in the rod’s direction of motion,
while the other began with the flash offset 28 degrees
in the direction opposite motion. Participants used
the keyboard to indicate which line was ahead at the
time of the flash. Flash offset was initially adjusted by
increments of 4 degrees of polar angle, which reduced
to increments of 2 degrees of polar angle after three
reversals.

Luminance flash-lag effect (LUM-FLE)

Our luminance variant of the FLE was based on
the original paradigm by Sheth et al. (2000). On each
trial, on a gray background (143 cd/m?), a black target
circle either above or below the central fixation dot
smoothly changed in luminance (0.13 cd/m? per ms)
for 833 ms. On half of the trials, this circle would
increase in luminance (from black to gray) by gradually
changing from 22 to 132 cd/m?. On the other half of
trials, the target circle would decrease in luminance
from gray (132 cd/m?) to black (22 cd/m?). Halfway
through the task (416.4 ms), when the target circle
had a luminance of 80 cd/m?, a circle was flashed for
14 ms on the opposite side of the fixation dot to the
target. Both circles subtended 2.9 dva, and the center of
both circles was at an eccentricity of 3.5 dva from the
fixation dot. Participants used the keyboard to report
which of the two circles was darker at the moment
of the flash, completing 8 practice trials, followed by
240 experimental trials, with a break halfway. During
the practice trials, feedback was provided on whether
participants correctly indicated which circle was darker.

The contrast of the flashed circle was controlled by
four randomly interleaved independent 1-up, 1-down
adaptive staircases (60 trials each). To avoid the
hysteresis effect, for each luminance change trajectory
of the target (darkening vs. lightening), one staircase
started with flash luminance contrast at 100% and the
other at 10%. Flash luminance contrast was adjusted in
5% increments after each trial.

Fréhlich effect (FE)

This study’s Frohlich effect paradigm was similar to
our flash-lag effect paradigm, with the exception that
no flash was presented. Connected to the fixation dot
was a black rod 10.5 dva long and 0.32 dva wide. This
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rod randomly rotated clockwise or counterclockwise
around the fixation point at 200 degrees of polar
angle per second for 604 ms. Participants completed
160 trials, with a break halfway. The rod’s starting
position on each trial was controlled by four randomly
interleaved independent 1-up, 1-down staircases (40
trials per staircase). For each direction of rod rotation,
one staircase began with the rod’s position offset 45
degrees of polar angle from vertical in the direction
of motion, while the other began with the rod offset
from vertical in the opposite direction. Participants
used the keyboard to indicate whether the rod was
pointing to the left or right of vertical at its onset. The
rod’s onset position was adjusted after each trial by
an increment that changed after every reversal in the
staircase direction, from 6 to 3, 2, and finally 1 degree
of polar angle.

Flash-drag effect (FD)

Our flash-drag paradigm was based on the original
paradigm by Whitney and Cavanagh (2000). Two
sinusoidally modulated grayscale linear gratings (20.5
dva high and 3.6 dva wide) with a spatial frequency of
0.15 cycles per dva were presented 3.85 dva to the left
and right of a red fixation cross subtending 0.5 dva. In
each trial, the two gratings were presented for 2,300 ms,
drifting vertically in opposite directions with a speed
of 26.7 dva/s. Motion direction reversed after every
trial.

During the motion sequence (1,100 ms, 1,400 ms,
1,700 ms, or 2,000 ms after onset), two horizontal
white target rectangles (0.25 dva high and 2.05 dva
wide) were presented 1.54 dva away from the outer
edges of the two gratings for a duration of 56 ms. The
vertical positions of the two flashed rectangles were
always equally offset from the horizontal midline in
opposite directions, with the magnitude of the offset
controlled by one of four quasi-randomly presented
1-up, 1-down staircases. For each possible direction of
grating motion (up or down), there was one staircase
that began with the flash vertically offset 3.52 dva in
the direction of motion and one staircase that began
vertically presenting the flash 3.52 dva in the direction
opposite motion. The presentation of the staircases
was quasi-random, in that the staircases were randomly
presented in pairs of opposite direction of motion.
For example, a staircase with the right grating moving
upward would be followed by a staircase with a grating
moving downward. All permutations of pairs were
explored, such that, for each staircase, it was paired
with both staircases for the opposite direction of
motion. Participants used a keyboard to report which
flash was higher. The four staircases controlled the
vertical positions of the two flashes to converge on the
point of perceived equality, initially adjusting the flash’s
vertical position by 0.44 dva, then reducing to 0.22 dva
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after four staircase reversals. Participants completed 4
practice trials and 208 experimental trials, with a break
provided halfway. Throughout the task, participants
were asked to report which flash was higher, and during
the practice trials, feedback was provided to participants
on whether they were correctly indicating the higher
flash.

Flash-grab effect (FG)

Our flash-grab paradigm was based on the paradigm
used by Hogendoorn et al. (2015). A checkerboard-
textured black and white annulus with a radius of 17.8
dva randomly rotated clockwise or counterclockwise
at 200 dva/s for a duration of 700 ms, 800 ms, 900
ms, 1,000 ms, 1,100 ms, or 1,200 ms, before reversing
direction for 500 ms. At the center of the annulus was a
stationary white fixation dot subtending 0.5 dva. When
the reversal occurred, a red target circle subtending 3.2
dva was flashed for 14 ms. The red target circle was
presented an equal number of times at three positions:
the bottom center of the annulus, offset 20 degrees of
polar angle to the left of center, or offset 20 degrees to
the right of center. The center of the red target was
presented at a radius of 14.15 dva from the fixation dot
(i.e., centered on the width of the annulus). Participants
completed 200 experimental trials: 30 trials for each
of the six inducer durations and 20 catch trials in
which no target was displayed to participants. Once
the annulus had completed its movement, it became
gray and participants used the mouse to report the
perceived location of the red target on the annulus.
When participants did not see the target, they reported
this by clicking on the fixation point.

Motion-induced position shift

This paradigm was inspired by De Valois and De
Valois (1991). At the center of the screen there was a
black fixation cross subtending 0.5 dva. There were
four vertically oriented Gabor patches, two to the right
and two to the left of the fixation cross, offset 9.61 dva
above and below the fixation cross. The Gabor patches
had a diameter of 6.41 dva with a contrast of 90% and
spatial frequency of 0.46 cycles per dva. On each trial,
the Gabors’ horizontal positions were randomly chosen
from one of three possible combinations of positions:
(a) the top and bottom were vertically aligned, with all
Gabors offset horizontally by 9.71 dva from fixation; (b)
the top Gabors were offset horizontally from fixation
by 12.16 dva, while the bottom Gabors were offset
horizontally by 7.26 dva; and (c) the top Gabors were
offset from fixation by 7.26 dva while the bottom
Gabors were offset away from fixation by 12.16 dva.
The phase of each Gabor drifted horizontally within
its static envelope at a speed of 4.3 dva/s, with each
Gabor drifting in the opposite direction to its vertical
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partner. For example, the upper pair of Gabors could
drift outward while the lower pair drifted inward or
vice versa. All Gabors continued drifting throughout
each trial, and participants used the keyboard to adjust
the horizontal position of the two pairs of Gabors
such that they were vertically aligned. Participants
completed 60 trials, comprising 20 trials for each of
the three different starting offsets. Prior to starting the
experiment, participants practiced the task (~usually
two to five trials) in front of the researcher.

Twinkle-goes illusion (TG)

Our twinkle-goes paradigm was based on the initial
report of the illusion by Nakayama and Holcombe
(2021), using the same stimulus parameters as their
Experiment 1. Stimuli were presented on a background
of visual noise comprising squares (0.26 x 0.26 dva)
with random luminance values. Stimuli consisted of
two rectangles (2.9 dva wide x 7.7 dva high), presented
diagonally above and below fixation, on opposite sides
of the screen (left or right) at an initial eccentricity of
7.7 dva. Both rectangles translated horizontally toward
the midline at a speed of 18.1 dva/s for a random
duration between 800 and 1,000 ms before disappearing.
After the rectangles disappeared, the background noise
remained on the screen for 400 ms before disappearing,
and the screen went gray. On half of the 320 trials
(the illusion condition), 80 ms before the rectangles
disappeared, the background noise became dynamic by
randomly and independently modulating the luminance
values of each of the background noise squares. In the
remaining trials (the static noise condition), the original
static noise pattern was presented. In both conditions,
the fixation point disappeared concurrently with the
noise background, after which the screen remained gray
until a key response was made.

On each trial, the disappearance location of the
squares was controlled by one of eight randomly
interleaved adaptive 1-up, 1-down staircases (40 trials
per staircase). There were four staircases for each noise
condition, two for each direction of motion (left to
right or right to left). All staircases began with the
squares disappearing out of vertical alignment, offset
horizontally either 4.52 dva in the direction of motion
or in the opposite direction. Staircases were used to
converge on the point of perceived equality, adjusting
the displacement between the squares with increments
of 0.45 dva. Participants completed 332 trials total: 12
practice trials and 320 experimental trials.

Flash-jump effect (FJ)

The flash-jump paradigm was inspired by the original
report by Cai and Schlag (2001). The display consisted
of a central fixation point and two vertical bars (0.36
dva wide), presented in diagonally opposite visual
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quadrants. Starting from a horizontal eccentricity of
14.52 dva, the two bars translated horizontally toward
fixation at a speed of 14.52 dva/s for 2,000 ms before
disappearing. While the bars were moving, one bar
grew in height while the other bar shrunk in height,
and the height changed at 4.32 degrees/s. On half of
the trials, the top bar grew in height while the bottom
bar shrunk in height, with the opposite occurring on
the other half of trials. Midway through the motion
trajectory, while the bars were vertically aligned, both
bars briefly flashed white for 14 ms.

The display repeated continuously while participants
used a keyboard to adjust the height of one of the two
bars, which we will call the target bar, until it was the
same perceived height as the other bar at the instant that
they both flashed white. The target bar was presented
above fixation on half the trials and below fixation on
the other half of trials. The identity of the target bar
was indicated to the participant by presenting either
the top or the bottom half of the fixation point in red
throughout the trial. Stimulus presentation continued
until participants pressed the “space” key to indicate
that they perceived the bars as being equal height when
they flashed white.

Participants completed 51 randomly presented
experimental trials, of which the first 3 were practice
trials, and 3 were attention checks that occurred every
15 trials. For a third of the experimental trials (15), the
bar heights were initially set such that the heights of
the two bars were equal when they flashed white. On
a further third of trials, the target bar height at the
moment of the flash was initially set to 1.93 dva taller
than the other bar, and in the final third of trials, the
target bar height at the moment of the flash was set to
1.93 dva shorter than the other bar. Offline inspection
of presentation data files revealed a degree of temporal
imprecision in the presentation timing at the time of
the flash on a minority of trials. For example, in the
condition when we intended on the bars being the
same height at the time of the flash, the flash may
have not occurred when the bars were the same height.
However, the fact that we observed strong illusory effect
(Figure 3) with high test reliability (Figure 2) provides
confidence that the paradigm nevertheless measured
some perceptual effect.

Analysis

The objective of each of the eight experimental
blocks in each session was to estimate the magnitude of
the associated MPI for that participant. To do so, five
MPIs (FLE, LUM-FLE, FE, FD, TG) used adaptive
staircases, FG used direct reports, and MIPS and FJ
used a method of adjustment.

For paradigms that did not use adaptive staircases
(MIPS, FG, and FJ), the magnitude of the illusion
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Figure 2. Scatterplots and Spearman’s rho correlations between sessions for each MPI (**p < 0.01). For all illusions, horizontal and
vertical axes show the illusion magnitude in dva (except LUM-FLE, which is in % luminance contrast). Pearson’s r correlations for these

relationships are presented in Table A2.

was simply the mean difference between the reported
position and the physical position, in the direction of
motion. For illusions with staircases, we calculated the
magnitude of the illusion as the averaged difference
between the points of subjective equality (PSEs) for
each direction of motion of the inducer or target
(e.g., clockwise vs. counterclockwise, left vs. right, in
the TG—dynamic noise vs. static noise). For the FLE,
LUM-FLE, and FD, the PSE for each motion direction
was calculated as the average of the final 20 trials of all
staircases in that direction (final 10 trials for FE and
TG due to fewer available trials).

lllusion-specific details

Flash-lag effect (FLE)

The FLE magnitude was operationalized as the arc
length distance in dva between the end of the target
rod and the flash, in the direction of motion, averaged
across motion directions. In total, 104 participants
completed this task. Due to time constraints, two
participants did not complete this task during an
experimental session. Nineteen participants were
excluded from this task’s analysis because their
staircases did not converge. Staircases were classified
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as not converged if the difference between the two
staircases for a given motion direction (one initialized
ahead and one initialized behind) remained greater than
3.18 dva (15 degrees of polar angle). The final sample
size for this illusion was 85 participants.

Flash-lag effect luminance (LUM-FLE)

Illusion magnitude was represented as the difference
between the PSE of the luminance of the target circle
and the flashed circle at the moment of the flash. In
total, 105 participants completed this experiment. Due
to time constraints, one participant did not complete
this task. Twenty-two participants were excluded from
this task’s analysis because their staircases failed to
converge. Staircases were considered not converged if,
within any luminance change direction, the difference
between the staircases with opposite initial values was
greater than 30% luminance contrast. The final sample
size for this illusion comprised 83 participants.

Fréhlich effect

FE magnitude was calculated as the arc length
difference in dva between the physical starting position
of the rod’s trailing edge and the vertical midline.
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A total of 104 participants completed this task.

Two participants did not complete this task in one
experimental session because of time constraints. Eight
participants were excluded from analysis for this task
for pressing the same key in at least 80% of trials in two
or more staircases in one session. An additional eight
participants were excluded from this illusion’s analysis
because of their staircases not converging. Staircases
were considered not converged if, within a single
motion direction, the difference between staircases with
opposite starting values remained greater than 8.25 dva
(45 degrees of polar angle). The final sample size for
this illusion comprised 88 participants.

Flash-drag effect (FD)

FD effect magnitude was operationalized as the
vertical distance in dva between the target rectangles
and the central fixation point at PSE. A total of 106
participants completed this illusion. One participant
did not complete this task during an experimental
session because of time constraints. One participant
was excluded from this illusion because their staircases
failed to converge: Within one direction of motion, the
final staircase values differed by more than 3.5 dva.
Additionally, another participant’s datafile was lost due
to an error during saving. The final sample size for this
illusion comprised 103 participants.

Flash-grab effect (FG)

FG magnitude on each trial was calculated as
the arc length distance in dva between the target’s
presented position and the participant’s reported
position. For each reversal direction (clockwise and
counterclockwise), a direction-specific effect was
calculated by averaging across all trials, and positive
errors represented errors in the direction of postreversal
motion. A total of 103 participants completed this task
in both sessions. Three participants did not complete
this task due to time constraints. Four participants were
excluded for failing more than 20% of the attention
check trials or reporting not seeing the target in more
than 10% of the total trials. The final sample size for
this illusion comprised 99 participants.

Motion-induced position shift (MIPS)

Illusion magnitude was calculated as half of the
average horizontal offset between upper and lower
Gabors at the point that observers reported the two
to be horizontally aligned. A total of 104 participants
completed this task, and no participants were excluded
from the analysis. Two participants did not complete
this task during an experimental session due to time
constraints. Trials in which participants reported an
effect with an absolute magnitude of 10 dva or greater
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were removed as outliers. Six participants had an effect
greater than 10 dva but only for a single trial. The final
sample size for this illusion comprised 104 participants.

Twinkle-goes

TG magnitude was operationalized as the difference
(in dva) between the PSE in trials with dynamic noise
and trials with static noise. For each condition, the PSE
reflects half the mean horizontal offset from physical
vertical alignment at the point of perceptual alignment.
A total of 104 participants completed this task. Two
participants did not complete this task during an
experimental session due to time constraints. Eight
participants were excluded because staircases within
at least one motion direction did not converge. Within
each direction of motion, staircases were considered
not converged if staircases with opposite initial values
had PSE differences greater than 1.48 dva. The final
sample size for this illusion comprised 96 participants.

Flash-jump effect

FJ magnitude was operationalized as half the average
difference between the height of the target bar and
the reference bar at the moment of the flash in the
shrinking versus growing configurations. Illusory effects
in the direction of size change (i.e., overestimation of
the height for a growing bar) were taken as positive. A
total of 103 participants completed this task. Three
participants did not complete this task during an
experimental session due to time constraints. Six
participants were excluded for failing all three attention
checks. To eliminate accidental premature responses,
trials were considered outliers and excluded from the
effect calculation if the magnitude reported on that trial
differed by more than 3 SDs from that participant’s
mean effect magnitude. One participant had two trials
that were outliers, and 20 participants had one trial that
was an outlier. The final sample size for this illusion
comprised 97 participants.

To assess the degree of overlap in shared mechanisms
underlying the eight different MPIs, we explored the
relationships between illusions by correlating illusion
magnitude between individuals and conducting an
exploratory factor analysis. All statistical analyses were
conducted with MATLAB (v.R2021B; The MathWorks
Inc., 2021). The analysis code will be made publicly
available upon publication at https://osf.io/s4aqg/
2view_only=a7261cdc610549¢9a07141c7{{fb9e57.

Scatterplots showed that for the FE, some
participants were outliers with scores above 10 dva
or below —10 dva. It is highly unlikely these scores
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Figure 3. Distribution of individual illusion magnitudes for all eight MPIs. For each illusion, Session 1 is depicted in blue and Session 2
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created using MATLAB’s ksdensity function. Lines connect individual participants’ scores for each session.

reflect genuine effects, instead likely representing a
misunderstanding of the task instructions. As such,
six outliers were removed from this illusion’s analysis.
Additionally, histograms of illusion magnitudes for
each of the eight MPIs were inspected, and it was
observed that illusion magnitude variables were
nonnormally distributed for both sessions. This was
confirmed by significant Kolmogorov—Smirnov tests
for each illusion at both session time points (all p <
0.001; Table A1). Therefore, nonparametric correlation
analyses and bias-corrected and accelerated (Efron
& Tibshriani, 1994) 95% bootstrapped confidence
intervals (N = 1,000) are reported and interpreted for
all analyses.

Before analyzing correlations between illusion
magnitudes across different MPIs, we investigated
the test-retest reliability of each illusion. To do so,
within each MPI, we examined the correlation in
illusion magnitude between Session 1 and Session 2.
Overall, reliability was high (intersession Spearman’s
rho ranged from 0.56 to 0.90; Figure 2), indicating that
illusion magnitudes are highly stable across time and
validating their use as a between-subjects correlation
measure. Having established the reliability of these
measurements, we averaged across both sessions to

Downloaded from jov.arvojournals.org on 09/17/2023

establish a single magnitude measure for each illusion
and for each participant.

Descriptive statistics

For each illusion, the distribution of participants’
illusion magnitudes and interquartile range, median,
mean, and individual scores for each session are
presented in Figure 3. Means and standard deviations
are provided in Table A3. Raincloud plots were created
using the MATLAB function by Allen et al. (2019). We
observed strong, reliable illusion effects in all eight MPI
paradigms. Qualitatively, FG, TG, and MIPS appear
to have the strongest illusory effects, with nearly all
individual participants experiencing an illusory effect in
the expected direction. In absolute terms, the largest
average illusion magnitude was observed in the FG,
consistent with previous reports of this illusion being
especially strong (Cavanagh & Anstis, 2013).

As shown in Table A3 and Figure 3, for all illusions
except the LUM-FLE, there was a reduction in mean
illusory magnitude from Session 1 to 2. We were
interested in exploring whether this reduction in illusory
magnitude was related to the number of days between
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Sessions 1 and 2. Therefore, as shown in Table A4,

we looked at correlations between the number of

days between Sessions 1 and 2 and the difference in
illusory effect from Sessions 1 to 2. There were no
significant correlations observed via either Spearman’s
rho or Pearson’s R. This suggests that the decrease in
illusory effect from Sessions 1 to 2 may not be related
to the number of days between sessions. However, we
recommend that these results are interpreted cautiously,
as we did not design this study with this analysis in mind
and did not directly manipulate the number of days
between sessions. As such, we may be underpowered to
detect a true effect, and future studies should explore

a wider range of temporal delays. The distribution of
days between sessions is presented in Figure Al and
shows that 1, 6, and 7 days was the most frequent
number of days between sessions.

Pairwise correlations
To investigate whether the different MPIs are likely

to be the result of shared or dissociable mechanisms,
Spearman’s rho was calculated for illusion magnitudes
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for each pair of illusions (Figure 4). For completeness,
Spearman’s rho and Pearson’s R are both presented
in Table A5, alongside 95% confidence intervals.

To correct the family-wise error rates for multiple
comparisons, Bonferroni correction (o = 0.05/28) was
conducted. The p values for the correlation analyses
are presented in Table A6. To control for participant
factors that may be unique to a single session (e.g.,
mood, tiredness), we also investigated the Spearman’s
rho correlations between illusions across sessions (e.g.,
FLE Session 1 with FD Session 2; Goodbourn et

al., 2012). These correlations and their p values are
presented in Table A7. The first observation of note
is that across most MPIs, illusion magnitudes did not
correlate to a statistically significant degree. However,
two clusters of statistically significant correlations
emerged. The first cluster included significant positive
correlations between the FG, TG, and the MIPS.

All correlations were above 0.38, corresponding

to moderate to large effects according to Cohen’s
(1988) guidelines or large effects according to Gignac
and Szodorai’s (2016) guidelines for interpreting
correlations in individual differences research. The FE
and FD were also significantly correlated, to a moderate
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(Cohen, 1988) or large degree (Gignac & Szodorai,
2016).

Inspecting correlations between tasks across different
sessions (e.g., correlating a participant’s FE magnitude
in Session 1 with their FD magnitude in Session 2),
our results remain mostly unchanged (Table A7). The
only change observed is that the MIPS no longer
significantly correlates with the TG or FG (when p
values are interpreted against the previously used
Bonferroni-corrected alpha). This suggests that
transient participant-related factors unique to a single
session (e.g., tiredness) are unlikely to be a dominant
factor driving these correlations.

The correlations discussed above represent estimates
of the true effect size that are attenuated by possible
measurement error (Hedge et al., 2018; Mollon et al.,
2017; Spearman, 1987; Trafimow, 2016). Test-retest
reliabilities provide an estimate of the noise of the
measurement. To correct for this noise and calculate
an estimate of the disattenuated (“true”) correlation
(Mollon et al., 2017), we calculated disattenuated
(“true”) Spearman’s rhos (Figure 4) using Spearman’s
(1987) formula (Equation 1). In this equation, x and
y represent separate illusions, and Reliability(x) and
Reliability(y) refer to the test-retest reliability for the
associated illusion.

Disattentuated correlation (x, y)
B Pairwise correlation (x, y)
J/ Reliability (x) * Reliability (y)

After disattenuation based on Equation 1, all four
significant correlations identified above meet the
criterion for “large effects” according to Gignac and
Szodorai (2016) and Cohen (1988). However, note
that while disattenuated correlations are estimates
of the true correlation, they are not suitable for
inference (Hedge et al., 2018). Disattenuated correlation
coeflicients are plotted above the diagonal in Figure 4.
They show the same qualitative pattern of relationships
between MPIs as the raw correlations.

(1)

Factor analysis

Having observed two main clusters of correlations
with moderate to large effects, we further explored
the underlying structure of these correlations using
exploratory factor analysis.

An exploratory principal axis factor analysis with
an oblique oblimin rotation was conducted using JASP
0.17.1 (JASP Team, 2023). The violation of normality
for the distributions of illusion magnitude was not
problematic, as this factor analysis seeks to describe
the relationships between the illusions, not engage in
statistical inference (Field, 2017; Tabachnick & Fidell,
2014). To verify the sampling adequacy for the analysis,
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Illusion Factor 1 Factor 2 Factor 3 Uniqueness
TG 0.650 —0.061 —0.149 0.534
FG 0.632 —0.014 0.004 0.606
MIPS 0.629 0.086 0.169 0.580
FD —0.017 0.764 0.010 0.423
FE 0.185 0.330 —0.275 0.739
FJ 0.010 0.008 0.601 0.641
FLE 0.239 0.008 —0.121 0.916
LUM-FLE* - - - 0.973

Table 1. Pattern matrix factor loadings after oblimin rotation.
Missing cases excluded pairwise. Factor loadings above 0.32 are
presented in bold. *Excluded from the final factor analysis.

the Kaiser—-Meyer—Olkin (KMO) measure was explored
and interpreted according to Kaiser and Rice’s (1974)
guidelines. The overall KMO (KMO = 0.630) was
mediocre, and the FJ (KMO = 0.473) and LUM-FLE
(KMO = 0.375) were unacceptable, with the remaining
illusions having miserable to mediocre KMOs above 0.5
(Kaiser & Rice, 1974). Based on the low KMO value for
the LUM-FLE, we removed it from the factor analysis.
This increased the FJ’s KMO (KMO = 0.489). The FJ’s
KMO was just on the border of miserable/unacceptable.
When the analysis was repeated with FJ excluded,

the interpretation remain unchanged. Therefore, we
decided to retain the FJ in this analysis.

To minimize data loss, the factor analysis was
conducted with pairwise exclusion of missing values.
Pairwise data exclusion includes all the participants
not missing data for the two illusions being considered
in each correlation (Kang, 2013). When the analysis
was repeated with listwise exclusion, which excludes
all participants with an estimate missing for any of
the MPIs (Kang, 2013), the main interpretation was
unchanged. Factor analysis with pairwise exclusion of
missing values is reported below, and the factor analysis
with listwise exclusion of missing values is provided
in Table A8 and Figure A2. Using Kaiser’s (1960)
criterion, the rotated factor analysis identified three
factors with an eigenvalue above 1 (Table 1). These three
factors explained 36.6% of the total variance. Factor
1 explained 19.1% of the variance, Factor 2 explained
10.2%, and Factor 3 explained 7.3%. Inspection of the
scree plot (Figure 5) indicated that only the first factor
should be retained. To identify the MPIs that loaded
on each factor, we followed Tabachnick and Fidell’s
(2014) recommendation, only interpreting variables
with a factor loading above 0.32. A factor loading of
0.32 ensures we only interpret variables that account
for at least 10% of the variance in a factor. The first
factor comprised the same three MPIs that mutually
correlated in our primary analysis: the FG, TG, and
MIPS (and FD when repeated with listwise exclusion).
The second factor comprised the FD and FE (FJ
and TG when repeated with listwise exclusion), and



Journal of Vision (2023) 23(10):8, 1-24

2.0 -
S 15-
®©
>
C
(0]
2
W0
0.5 -
| | | | | | |
1 2 3 4 5 6 7
Factor

Figure 5. Exploratory factor analysis scree plot. The horizontal
line at the y coordinate of 1 shows the eigenvalue criteria
factors needed to exceed to be retained (Kaiser, 1960).

the third factor comprised the FJ (FE when repeated
with listwise exclusion). Interestingly, regardless of the
missing data exclusion rule used for the exploratory
factor analysis, the FLE was the only illusion to not
load on any factors. Table 1 displays the factor loadings
for all illusions.

Overall, the exploratory factor analysis corroborated
our correlation analyses, suggesting the FG, TG, and
MIPS, as well as the FE and FD, share an underlying
factor. More broadly, the limited loading of individual
illusions on shared factors, the high uniqueness
observed in the factor analysis, and the absence of
further pairwise correlations suggest that other than
these two correlated clusters, the different MPIs are
likely to involve unique mechanisms.

Motion-position illusions are a broad class of visual
illusions in which motion signals cause the position
of one or more objects to be misperceived. Although
many of these illusions are phenomenologically similar,
and many researchers have proposed individual theories
designed to explain several of them, the degree to which
they are the result of common underlying mechanisms
is unknown. Here, we used a between-subjects
correlational approach to investigate variations in
illusion magnitude in eight MPIs: the flash-lag effect
(FLE), the luminance flash-lag effect (LUM-FLE),
the Frohlich effect (FE), the flash-drag effect (FD),
the flash-grab effect (FG), motion-induced position
shift (MIPS), the twinkle-goes effect (TG), and the
flash-jump effect (FJ).

We report three main results. First, there were three
illusions for which individual differences in illusion
magnitude were positively and statistically significantly
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intercorrelated: the FLE, MIPS, and TG. A subsequent
exploratory factor analysis corroborated this pattern,
finding that these three illusions loaded onto a single
factor and thereby suggesting that they might share
more underlying mechanisms with each other than
with the other illusions. Second, we observed a positive
correlation between the FE and FD, which was also
corroborated by the exploratory factor analysis,
showing these two illusions load onto a single factor
and therefore supporting that these two illusions
might also share a (different) common mechanism.
Third, there is a common belief that many of these
illusions are caused by a shared mechanism. It has
been proposed that some of these illusions may be
caused by motion biasing (Eagleman & Sejnowski,
2007), discrete subsampling (Schneider, 2018), motion
extrapolation (Hogendoorn, 2020), and an interaction
of global and local motion signals (Kwon et al., 2015).
Contrary to this belief, we did not observe any other
statistically significant correlations: Beyond the two
shared factors identified, the factor analysis did not
identify any other factors comprising more than one
illusion. This suggests that the remaining MPIs may
result from distinct, illusion-specific mechanisms.

We know that in order to perceive and judge the
position of the stimuli, all the tasks must rely on some
degree of shared neural mechanisms that are inherent
to all visual perception tasks, such as the retina and
early visual cortex (Goodbourn et al., 2012). It would
be surprising if variation in such processes did not also
cause (shared) variation in some of the present illusions.
To speculate, the brains of those with lower visual
acuity or motion sensitivity might rely more on their
priors for speed or position than other participants,
which could influence the magnitude of multiple several
illusions in the current study. Indeed, we noted a range
of small positive (nonsignificant) correlations across
numerous MPI pairs that might reflect such shared
variance, but it is notable that (if real) the correlation is
evidently too subtle to be statistically significant with a
study of this size.

Overall, our results reveal that MPIs are likely caused
by both dissociable and shared mechanisms, because
while there are two clusters of intercorrelated illusions,
several illusions did not correlate with one another.
Notably, despite the flash-lag effect being central to
theoretical debates about the mechanisms underlying
MPIs, and contrary to the typical assumption the FLE
and other MPIs share an underlying cause (Eagleman
& Sejnowski, 2007; Schneider, 2018), we observed
only nonsignificant correlations of weak to moderate
strength between the FLE and other illusions. This
suggests that, beyond the low-level neural mechanisms
common to all these illusions (e.g., retina and early
visual cortex), some of these illusions arise from
dissociable mechanisms. This is a surprising result and
highlights the importance of us identifying the extent to
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which these illusions are caused by common or distinct
mechanisms.

In the MPI literature, there are unresolved debates
regarding the similarities and differences of many
illusions. By adopting an individual differences
approach, we are able to address some of these debates.
First, it has been argued that the FE and FLE may
actually be the same phenomenon, since the FE
has much in common with the flash-initiated FLE
(Eagleman & Sejnowski, 2007). However, consistent
with Morrow and Samaha (2022), our results suggest
that these are separate illusions, as illusion magnitudes
in the two paradigms were uncorrelated. Additionally,
Eagleman and Sejnowski (2007) also argued that the
FD and FLE are both caused by motion biasing and
that they have inversely related effects, with the FD
reducing as the FLE increases. If this were the case, we
might expect a negative correlation between these two
MPIs, but we observed no correlation at all, suggesting
that they may in fact be unrelated. Third, Sheth et al.
(2000) argued that different variants of the FLE in
other feature spaces, including luminance (LUM-FLE),
were caused by a shared domain-general mechanism.
However, although we observed stable illusory effects
for both the FLE and LUM-FLE, effect magnitudes
were uncorrelated. This suggests that the FLE and
LUM-FLE are caused by separate processes rather than
a common process. Fourth, we also observed that the
FG and FD effects were uncorrelated. This is consistent
with the initial presentation of the FG by Cavanagh
and Anstis (2013), who used the differences in their time
course and attentional demands to argue that these
were different phenomena. Finally, we found that the
FLE and MIPS were not significantly correlated, which
is consistent with a previous finding of a dissociation
between them (Linares & Holcombe, 2008).

It is important to note that for each of the eight
illusions we investigated, we observed strong illusion
effects that were stable over time. As such, it seems
unlikely that our results were overwhelmingly driven
by noise or nonperceptual factors. If our estimates of
illusion magnitudes were unduly affected by noise, this
would have resulted in weak test-retest reliabilities,
whereas our test-retest reliabilities were strong across
all eight paradigms. Conversely, if correlations were
caused by nonperceptual factors, such as experimenter
expectancy bias or some kind of reporting bias, we
would expect to observe correlations between all
illusions, rather than between just two subsets (Hu et
al., 2022). Therefore, it seems likely that our results
accurately reflect the influence of dissociable underlying
perceptual factors.

An additional incidental observation that we noted
when inspecting illusion magnitudes across the two
sessions is that all illusions had a small decrease in the
mean illusory magnitude from Session 1 to Session
2 (Table A3). While this decrease in effect suggests
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that illusion magnitude is not stable over time, the
strong test—retest reliabilities indicate that individual
differences in the perception of MPIs remained

stable over time (Cretenoud et al., 2021). These two
observations are consistent with findings for geometric
illusions (Cretenoud et al., 2021). Wexler et al. (2015)
similarly showed that individual differences in the
perception of motion stimuli stay stable for up to a year.
If the effects of MPIs do decrease with time, practice,
or exposure, this may make them different than at least
some geometric illusions (Predebon, 2006). Further
exploration of this finding and its implications is an
interesting avenue for future research.

What features define the two subsets of illusions
for which we observe significant associations? The
main cluster of intercorrelated illusions includes the
FG, TG, and MIPS. One shared feature of these three
illusions is that they all involve position judgments
about superimposed objects (in the FG, a disc is flashed
on a moving annulus; in the TG, a dynamic noise
background is presented when the target disappears;
and in MIPS, participants judge the static envelope
of a drifting texture). The same is not true for the
remaining illusions. If spatial superposition is a defining
feature connecting these illusions, then it seems likely
that interactions between multiple, colocalized motion
signals (e.g., local and global motion, or object and
pattern motion) play a role in determining illusion
magnitude (even when global motion signals have no
net motion energy in any direction, as in dynamic
noise background of the TG). This interpretation is
supported by previous modeling work by Kwon et
al. (2015). The second group of correlated illusions
in our results includes the FE and FD. It is difficult
to identify a single common feature of these two
illusions that is not also shared by other MPIs. For
instance, in both FE and FD, the position of a transient
event (the object’s own appearance, in the case of the
FE) is shifted in the direction of subsequent motion.
This likewise applies to the FG, yet FG only weakly
correlated with the FE and had no correlation with the
FD. Moreover, one might expect the FE to correlate
with the flash-initiated FLE, which is identical in terms
of presentation except for the presentation of a static
flash. Although the flash-initiated FLE was not tested
here, the flash-initiated FLE’s illusion magnitudes
are similar to the conventional FLE (Eagleman &
Sejnowski, 2000). Therefore, we would expect the FLE
and flash-initiated FLE to correlate with one another
and be caused by a shared mechanism. In our data set,
the FLE and FE did not correlate, suggesting that they
may in fact be separate phenomena.

Overall, we observed strong correlations between
two distinct groups of MPIs, with FG, TG, and MIPS
making up one group and FD and FE making up the
other. However, in both cases, it seems unlikely that the
shared mechanism is the single underlying cause. Even
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using the disattenuated correlations, pairs of illusions
share only around 20-40% of the variance in illusion
magnitude. Likewise, three factors identified in the
exploratory factor analysis only explained 36.6% of the
variance, with the primary shared factor (TG, FG, and
MIPS) only explaining 19.1% of variance. Therefore,
although there are clear, strong correlations between
some illusions, the majority of the variance in each
illusion is unaccounted for by its correlation with the
other illusion(s). Consequently, it is likely that multiple
different mechanisms contribute to each MPI. This
interpretation is consistent with recent experimental
and modeling evidence that showed a single theoretical
account cannot explain the FG effect (Blom et al.,
2019; Takao et al., 2022). It would therefore be valuable
for future research to further tease apart the different
mechanisms contributing to each of these illusions.

The general dissociation we observed between
different MPIs argues against these illusions reflecting a
single overarching neural process. One such process is
motion extrapolation, which is a popular explanation
for the FLE (Hogendoorn, 2020). Motion extrapolation
refers to the use of previous information about an
object’s motion and trajectory to predict its future
veridical position (Hogendoorn, 2020; Nijhawan, 2008).
Motion extrapolation has been argued to be valuable in
helping the brain overcome the neural delays inherent
in communicating information throughout the nervous
system (Hogendoorn, 2020; Nijhawan, 1994). Motion
extrapolation has been observed to operate at multiple
levels in the nervous system (Benvenuti et al., 2020;
Berry et al., 1999; Blom et al., 2020; Hogendoorn &
Burkitt, 2018; Jancke et al., 2004; Subramaniyan et
al., 2018; van Heusden et al., 2019), and it has been
argued to manifest perceptually as the FLE and related
illusions. However, because motion extrapolation is
argued to be an inherent process of the nervous system,
if it was the predominant cause of the FLE, we would
expect (a) all participants to experience a flash-lag
effect (Holcombe, 2021) and (b) individual variability
in motion extrapolation mechanisms to manifest as
correlations in the resulting illusions. Contrary to
this notion, the present study identified that some
participants experienced stable effects in the direction
opposite to the classical illusion effects (e.g., a flash-lead
effect rather than a flash-lag effect or, to a lesser extent,
a repulsion effect in the FD). This limitation applies to
all popular MPI theories, none of which can explain
why some individuals consistently experience the
opposite of the usual effect for some illusions.

One neurophysiological variable that might act
as a possible predictor of individual differences in
MPIs is individual alpha frequency (IAF). IAF can
be obtained from electroencephalographic recordings
of participants while they complete eyes-open
and eyes-closed resting state conditions (for more
information on extracting IAF, see Corcoran et al.,
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2018). TAF has been positively correlated with and
suggested to drive the temporal window of integration
in the sound-induced double-flash illusion (Cecere et
al., 2015), and faster alpha frequencies are related to
greater flash discrimination accuracy on a two-flash
fusion threshold task (Samaha & Postle, 2015).
Therefore, exploring how IAF correlates with individual
differences in MPIs is an interesting avenue for future
research.

In designing the individual MPI paradigms, we aimed
to stay close to the configuration in which each illusion
was either first reported or most commonly presented.
As a result, the different MPIs were presented at
different eccentricities and positions in the visual field.
Several studies have reported idiosyncratic differences
in visual sensitivity and localization across different
positions in the visual field (e.g., Barbot et al., 2021;
Greenwood et al., 2017; Kosovicheva & Whitney, 2017),
which may have reduced the association we observed
between different illusions. However, for both of the
clusters of correlating MPIs that we observed, the
individual illusions correlate despite having widely
divergent spatial configurations. For example, the FD
involves vertically translating textures but correlates
with the FE, which involves radial movement. Likewise,
TG involves two horizontally translating objects
that are compared near the vertical midline, MIPS
involves horizontally drifting gratings in each of
the four quadrants, and the FG involves rotating
annular gratings and a flash directly below fixation.
The fact that these MPIs correlate despite substantial
configurational differences suggests that it is unlikely
that idiosyncratic interindividual differences in visual
sensitivity caused us to meaningfully underestimate true
effects. Nevertheless, to minimize the possible impact
of any such differences, it would be useful for future
studies to adapt different MPI paradigms to match
display configurations as closely as possible.

Beyond elucidating the factorial structure of MPIs,
our results speak to the fundamental question of the
multifactorial architecture of the human visual system.
Over the past decade, researchers have wondered
whether the multitude of visual functions might be
subserved by a smaller number of common underlying
processes. Based on the individual differences approach,
the available evidence suggests that many visual
phenomena, including geometric illusions (Cretenoud
et al., 2019; Grzeczkowski et al., 2017, 2018), some
motion paradigms (Hu et al., 2022; Wexler et al., 2022),
four magnocellular tasks (Goodbourn et al., 2012),
binocular rivalry (Brascamp et al., 2019), simultaneous
contrast (Bosten & Mollon, 2010), and performance
on a range of visual psychophysical tests (Cappe et al.,
2014; Shaqiri et al., 2019; Ward et al., 2017), are unlikely
to be caused by a single common factor or process but
instead reflect multiple factors. Our finding that MPIs
are not caused by a single shared factor extends this
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research and supports the emerging perspective that
there is no general common factor in vision (Cappe et
al., 2014; Tulver, 2019).

In sum, the present study used an individual
differences approach to investigate the factorial
structure of eight motion-position illusions. We
observed two separate groups of intercorrelated
illusions but no evidence for broader shared
mechanisms. This demonstrates that despite the
phenomenological similarity of illusions in this class,
and contrary to the prevailing, if implicit, view in
the field, different illusions are likely to result from
different mechanisms. Furthermore, we found evidence
that rather than resulting from a single mechanism,
individual illusions likely result from an interplay
of different mechanisms. Further research is needed
to unravel the contribution of different mechanisms
to illusions in this class and more broadly how they
interact to influence the localization of objects in our
dynamic visual world.
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Frohlich effect, flash-drag effect, flash-grab effect,
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flash-jump effect, shared mechanisms
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Appendix
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Figure Al. A histogram of the frequency (y-axis) of the number of days between sessions (x-axis).
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Figure A2. Exploratory factor analysis scree plot. Missing cases excluded listwise. Consistent with the scree plot when missing cases
were excluded pairwise, the listwise scree plot suggests there is only one notable factor underlying the eight MPIs.
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Kolmogorov—Smirnov statistic (df)

22

Illusion Session 1 Session 2 Average effect
Flash-lag effect (FLE) D (84) = 0.54 D (84) =0.43 D (84) = 0.51
Flash-lag luminance effect (LUM-FLE) D (82) =0.44 D (82) = 0.46 D (82) =0.45
Frohlich effect (FE) D (81) =0.43 D (81) =0.40 D (81) =0.40
Flash-drag effect (FD) D (102) = 0.46 D (102) =0.45 D (102) = 0.46
Flash-grab effect (FG) D (98) = 0.95 D (98) = 0.93 D (98) = 0.94
Motion-induced position shift (MIPS) D (103) =0.64 D (103) =0.59 D (103) = 0.62
Twinkle-goes (TG) D (95) = 0.48 D (95) = 0.47 D (95) = 0.49
Flash-jump (FJ) D (96) = 0.40 D (96) = 0.35 D (96) = 0.37
Table Al. Kolmogorov—Smirnov tests for each illusion. All Kolmogorov—Smirnov tests were significant (p < 0.001).

Illusion (N) Pearson’s R
Flash-lag (85) 0.75
Luminance flash-lag (83) 0.76
Frohlich (82) 0.54
Flash-drag (103) 0.75
Flash-grab (99) 0.89
Motion-induced position shift (104) 0.74
Twinkle-goes (96) 0.57
Flash-jump (97) 0.72

Table A2. Pearson’s correlations values for the correlation between Sessions 1 and 2 for each illusion. N = sample size. All correlations

significant p < 0.01.

M (SD)

Illusion Session 1 Session 2 Average effect
Flash-lag effect (FLE) 2.02 (1.94) 1.37(1.87) 1.70 (1.78)
Luminance flash-lag effect (LUM-FLE) 11 (14) 13 (13) 12 (13)
Frohlich effect (FE) 1.32 (1.64) 1.08 (1.45) 1.2 (1.36)
Flash-drag effect (FD) 0.07 (0.08) 0.05 (0.07) 0.06 (0.07)
Flash-grab effect (FG) 4.52 (1.71) 4.15 (1.68) 4.34 (1.65)
Motion-induced position shift (MIPS) 0.81 (0.29) 0.65 (0.24) 0.73 (0.25)
Twinkle-goes effect (TG) 0.42 (0.35) 0.35 (0.24) 0.38 (0.26)
Flash-jump effect (FJ) 0.49 (0.45) 0.39 (0.42) 0.44 (0.40)

Table A3. Mean effect and standard deviation for each illusion’s magnitude. All effects but LUM-FLE are in the degrees of visual angle
(dva). LUM-FLE’s effect is in luminance contrast (%).

Illusion

Spearman’s rho (p)

Pearson’s r (p)

Flash-lag effect (FLE)

Luminance flash-lag effect (LUM-FLE)
Frohlich effect (FE)

Flash-drag effect (FD)

Flash-grab effect (FG)
Motion-induced position shift (MIPS)
Twinkle-goes effect (TG)

Flash-jump effect (FJ)

0.163 (0.137)
0.088 (0.428)
0.154 (0.151)
0.05 (0.615)
—0.064 (0.531)
—0.106 (0.286)
0.052 (0.612)
—0.125 (0.221)

0.040 (0.717)
—0.014 (0.899)
0.149 (0.165)
0.109 (0.272)
—0.011 (0.911)
—0.097 (0.328)
0.072 (0.486)
—0.122 (0.236)

Table A4. Spearman’s rho and Pearson’s r correlations between the number of days between sessions and the difference in illusory

effect from Sessions 1 to 2.
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illusion FLE LUM-FLE FE FD FG MIPS TG F)
0.009 0.092 0.047 0.253 0.154 0.106 -0.133
[-0.221, 0.259] [-0.155, 0.290] [-0.235, 0.321] [-0.008, 0.459] [-0.083, 0.349] [-0.157, 0.326] [-0.324, 0.102]
LUM-FLE -0.064 0.035 -0.003 0.016 -0.028 -0.092 -0.112
[-0.312, 0.205] [-0.230, 0.265] [-0.230, 0.208] [-0.237, 0.277] [-0.252, 0.188] [-0.292,0.118]  [-0.336, 0.107]
FE 0.098 0.016 0.274 0.192 [-0.047, 0.163 0.272 -0.158
[-0.144, 0.336] [-0.243, 0.263] [0.060, 0.460] 0.414] [-0.025, 0.372] [0.051, 0.543] [-0.400, 0.102]
FD 0.088 0.049 0.370 0.110 0.201 0.045 0.035
[-0.148, 0.316] [-0.169, 0.266] [0.161, 0.555] [-0.055, 0.323] [0.010, 0.384] [-0.160, 0.247] [-0.177, 0.275]
FG 0.180 -0.076 0.232 0.076 0.363 0.411 -0.046
[-0.057, 0.403] [-0.297, 0.148] [-0.009, 0.428] [-0.111, 0.254] [0.150, 0.515] [0.229, 0.578] [-0.245, 0.141]
MIPS 0.220 -0.071 0.225 0.181 0.392 0.406 0.035
[-0.027, 0.435] [-0.303, 0.144] [-0.016, 0.430] [-0.018, 0.363] [0.196, 0.546] [0.224, 0.579] [-0.169, 0.264]
TG 0.112 -0.178 0.160 0.027 0.375 0.390 -0.168
[-0.119, 0.330] [-0.400, 0.033] [-0.073, 0.367] [-0.213, 0.238] [0.196, 0.546] [0.185, 0.558] [-0.33, 0.036]
FJ -0.115 -0.099 -0.155 0.007 -0.110 -0.025 -0.199
[-0.320, 0.127] [-0.322,0.117] [-0.381, 0.088] [-0.226, 0.233] [-0.309, 0.072] [-0.206, 0.195] [-0.396, 0.010]

Table A5. Pairwise correlation analyses between the average effect for each illusion. The black diagonal line separates Spearman’s rho
and Pearson’s r. Spearman’s rho values are presented on the bottom left of the diagonal line (blue), and Pearson’s r is presented on
the top right of the diagonal line (orange). The 95% bias-corrected and accelerated bootstrapped confidence intervals are in square
brackets (N = 1,000). The precise significance values are provided in Table A6.

[lusion FLE LUM-FLE FE FD FG MIPS TG
LUM-FLE 0.606

FE 0.419 0.901

FD 0.431 0.663 *x

FG 0.104 0.505 0.038 0.460

MIPS 0.055 0.528 0.042 0.070 o

TG 0.318 0.120 0.162 0.799 o *x

FJ 0.310 0.388 0.176 0.949 0.295 0.808 0.575

Table A6. P values for each pairwise correlation **p < 0.001. Correlation analyses are Spearman’s rho. The p values are not corrected

for multiple comparisons.

Session 2

lllusion FLE LUM-FLE FE FD FG MIPS TG F)

FLE 0.768* —0.044 (0.719)  0.071(0.562)  0.037(0.741)  0.188(0.089)  0.156 (0.159) 0.09 (0.427) —0.065 (0.567)

LUM-FLE  —0.06 (0.627) 0.803* —0.028 (0.821)  0.101(0.371) —0.103 (0.367) 0.02 (0.861) —0.192 (0.094) —0.035 (0.764)

FE 0.137(0.258)  0.084 (0.505) 0.582* 0.302 (0.006)  0.164 (0.145)  0.277 (0.012)  0.197(0.084) —0.141(0.217)
Session1 FD 0.1(0.371)  0.008 (0.943) 0.388* 0.715* 0.201(0.048)  0.162(0.106)  0.032 (0.757) —0.012 (0.91)

FG 0.118(0.29)  —0.013(0.911)  0.296 (0.008) —0.045 (0.665) 0.899* 0.379* 0.338(0.001) —0.121 (0.246)

MIPS 0.221(0.045) —0.158(0.16) 0.121(0.281)  0.201(0.044)  0.306 (0.002) 0.651* 0.274 (0.008) —0.013 (0.9)

TG 0.153(0.173) —0.005(0.963)  0.113(0.326)  0.057 (0.588) 0.343* 0.365* 0.557* —0.143 (0.175)

F) —0.158 (0.162) —0.109 (0.346) —0.083 (0.468) 0.03(0.776)  —0.05 (0.634) —0.068 (0.509) —0.135 (0.2) 0.74*
Table A7. Correlations between illusions, Sessions 1 and 2, and Sessions 2 and 1. The p values are presented in brackets. *p < 0.001.

Gray cells show correlations with p < 0.0018 (Bonferroni-corrected alpha used in the main correlation analyses).
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Illusion Factor 1 Factor 2 Factor 3 Uniqueness
FG 0.735 0.029 —0.070 0.483
MIPS 0.688 0.079 0.063 0.508
TG 0.508 —0.367 0.028 0.559
FD 0.366 0.075 0.287 0.738
FJ 0.027 0.882 —0.008 0.224
FE —0.016 —0.011 0.771 0.409
FLE 0.209 —0.131 0.044 0.926
LUM-FLE* - - - 0.976

Table A8. Factor loading of the principal axis factor analysis following oblique oblimin rotation with missing cases excluded listwise.
Pattern matrix factor loadings with missing cases excluded listwise. Factor loadings above 0.32 are in bold. *LUM-FLE was removed

from the factor analysis due to a low KMO.
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