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Abstract
Visual apparent motion is a perceptual illusion where sequentially presented static stimuli containing no physically continuous
motion are perceived as moving. In the current study, we examined whether and how self-reference, as a typical high-level
information processing, could modulate perceptual categorization of the apparent motion in Ternus display, even when self-
reference is task-irrelevant. Two frames were consecutively presented, with the first frame consisting of two identical stimuli
(e.g., two rectangles) on the leftmost and the middle positions and the second frame consisting of two stimuli on the middle and
the rightmost positions. Depending on the inter-stimulus interval (ISI) between the two frames, the display could be perceived as
showing Element Motion (EM), with the peripheral stimulus moving from one side to the other while the middle stimulus
remains stationary or flashes briefly at the middle position, or Group Motion (GM), with both stimuli appearing to move as a
whole. Participants were tested in this configuration and then learned to associate different labels (Self, Friend, Stranger) with
geometric shapes (Circle, Rectangle, Triangle). They were tested again in the new configuration. Results showed that after
association (vs. before association), participants were more likely to perceive the Ternus display of self-associated shapes as GM,
but this effect did not appear for friend-associated or stranger-associated shapes. Self-referential processing spatially “glues” the
two stimuli in a frame with the concept of “Self,” leading to a more dominant percept of GM.
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Introduction

Visual apparent motion is a perceptual illusion where sequential-
ly presented static images containing no physically continuous
motion are perceived asmoving (Wertheimer, 1912). Among the
kaleidoscope of apparent motions, Ternus display is one power-
ful paradigm in which two identical stimuli (e.g., two rectangles)
flash twice with various sub-second inter-stimulus intervals

(ISIs) between the two visual frames (He & Ooi, 1999; Ma-
Wyatt et al., 2005; Pantle & Picciano, 1976; Petersik & Rice,
2006; Ternus, 1926). As shown in Fig. 1A, the two stimuli in the
first frame are presented at the leftmost and the middle positions
(Locations 1 and 2), followed by the two stimuli in the second
frame presented at the middle and the rightmost positions
(Locations 2 and 3). When the ISI between the two frames is
short enough (e.g., less than 50 ms), the majority of observers
would perceive Element Motion (EM) where the leftmost stim-
ulus in the first frame appears to move to the rightmost position
in the second frame while the middle stimulus (Location 2) re-
mains stationary or flashing briefly. In this case, temporal group-
ing, i.e., grouping different visual elements as a whole according
to temporal proximity, is dominant, such that the middle
(overlapping) stimuli between the two frames are perceived as
one stationary (flashing) stimulus while the two stimuli within a
frame are not perceived as a group. However, with a long enough
ISI (e.g., more than 260 ms), participants are more likely to
perceiveGroupMotion (GM)where both stimuli appear tomove
from one visual frame to the other frame as a group (Fig. 1B). In
this case, spatial grouping, i.e., grouping different visual elements
in a frame as a whole according to spatial proximity, is dominant
over temporal grouping between elements of different frames.
Thus, temporal and spatial grouping processes are in competition
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with each other in different ISIs, resulting in either a dominant
EM or a dominant GM percept (He & Ooi, 1999; Petersik &
Rice, 2006). Investigating visual apparent motion could help us
understand principles of perceptual organization as well as the
correspondence problem in which how our visual system estab-
lishes correspondence between objects andmaintains the identity
of the object over time (see Dawson, 1991; Stepper et al., 2020).

Perception of visual apparent motion could be modulated by
both bottom-up, stimuli-driven factors and top-down, semantics-
driven factors. It has been shown that perception of motion is
modulated by spatio-temporal information including inter-
stimulus interval, frame duration (see He & Ooi, 1999; Petersik
& Pantle, 1979) and by feature information including the simi-
larity in size or luminance between elements of the Ternus dis-
play (see Hein & Moore, 2012, 2014; Hein & Schutz, 2019;
Kramer & Yantis, 1997). For example, when the overlapping
(middle) stimuli between the two frames share the same lumi-
nance information, they are more likely to be perceived as sta-
tionary, leading to EM percept (Hein & Moore, 2012).

Importantly for the present purpose, top-down or high-
level information processing such as semantic context has
also been shown to modulate the perception of Ternus
Display (Chen & Zhou, 2011; Yu, 2000). Chen and Zhou
(2011) embedded Chinese characters in the two circles in
each frame. They found that when the two characters in each
frame formed a meaningful compound word, the

participants were more likely to perceive them as GM than
when the two characters form a meaningless nonword. The
authors argued that since compound words are represented
as wholes in the lexicon (Zhou et al., 1999), the activation of
these representations would serve as “glue” to bind the cir-
cular stimuli in a frame, leading to more reporting of GM.
This top-down semantic guidance can derive not only from
lexical semantics but also from general world knowledge
(Hsu et al., 2015; Yu, 2000). For example, Yu (2000) pre-
sented observers with a cartoon of a walking person’s feet
(two circles) or of the wheels of a car before a Ternus dis-
play composed of circles. Observers reported more EM after
seeing a walking person’s feet than after seeing the wheels
of a car, suggesting that the observers’ world knowledge of
human walking with one foot remaining static and the other
moving, and the knowledge of wheels of a car moving as
one unit affected the observers’ perception of the Ternus
display. Recently, Stepper and colleagues (2020) manipu-
lated participants’ experience with the objects used in the
Ternus display such that these objects were encounted pre-
viously either as being spatiotemporally grouped together
(common object history) or being spatiotemporally inde-
pendent from each other (separate object history). They
found that the objects with common object history were
more likely to be pecieved as GM in the Ternus display than
objects with a separate object history.

Fig. 1 Ternus apparent motion paradigm and exemplar stimuli. A The
apparent motion stimuli consist of two frames presented sequentially,
separated by an inter-stimulus interval (ISI). B Two possible percepts of
Ternus display. “Element Motion” percept: The middle stimulus is per-
ceived as staying or flashing briefly at the same location (“2”) across the

two frames, while the outer stimulus is perceived as moving from one
location to the other (from “1” to “3”). “GroupMotion” percept: The two
stimuli are perceived as moving together in the manner of a coherent
lateral displacement. The direction of motion is rightward in the above
example. The leftward direction is also viable
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right or left of the center in the second frame. Following the
stimulus presentation, a question mark appeared in the center
of the screen to instruct the participant to make a forced choice
by pressing a keyboard button (i.e., J or K, counter-balanced
across participants) indicating whether they had perceived EM
or GM in the current trial. Once a decision had been made,
after 300–500 ms, the next trial began. There were ten trials
for each combination of label and ISI level, giving 210 trials in
total in either the pre-test or the post-test. Trials of different
conditions were randomly mixed and presented.

Before the formal experiment, participants completed a 40-
trial practice block with only two levels of ISI (50 ms, 260
ms). For the ISI of 50 ms, the display was expected to be
perceived as EM; for the ISI of 260 ms, the display was ex-
pected to be perceived as GM. Feedback was displayed on the
screen if the participant made an incorrect response. After
practice, the participant moved on to the formal experiment
unless his/her response accuracy was below 90%; in the latter





decreased over label conditions in a linear trend (largest in
Self, medium in Friend, weakest in Stranger).

Discussion

Replicating previous studies of self-reference (e.g.,
Humphreys & Sui, 2015; Sui et al., 2012) , we observed
beneficial effects (e.g., faster RTs) of self-association in
shape-label association tasks. Importantly, consistent with
previous studies on the top-down semantic impacts upon
visual apparent motion (Chen & Zhou, 2011; Hsu et al.,
2015; Yu, 2000), we showed that self-referential processing
can also modulate the perception of a Ternus display.
Participants had enhanced GM perception for self-
associated shapes but not friend- or stranger-associated
shapes in the post-test, relative to the pre-test, in the appar-
ent motion categorization task.

There could be two explanations for the observed percep-
tual bias. The first one is that self-referential processing facil-
itates spatial perceptual integration between the two stimuli
within a frame, such that the two stimuli within a frame are
perceived as a group, appearing tomove from one frame to the
other. This observation is consistent with the argument that all
the information related to self form a network and self-
reference acts as an integrative hub for information process-
ing, helping bind together different information, in a way that
self-associated shapes are integrated into a single representa-
tion as “self Gestalt” (see Sui & Humphreys, 2015a), and
leading to more reports of GM in the current study. Indeed,
for a participant, there is only one “self” in the world but there
are many “friends” and “strangers,” which could increase un-
certainty and make it harder for the participant to integrate the
visual stimuli with “friends” and “strangers.”

The above explanation is further supported by recent
studies demonstrating that self-reference facilitates spatial
grouping (e..g, Scheller & Sui, 2022; Sui & Humphreys,
2015b; Sui et al., 2015). For example, Sui and colleagues
(2015b) investigated redundancy gain in a shape-label
matching task. Participants first learned to associate two
different shapes with either self or a best friend. Then they
were presented with either a single shape or two shapes and
were asked to judge whether the single shape or one of the
shape pairs matches a given label. The authors found that
compared with the single shape condition, responses to the
shape pairs were faster for both the Self and the Friend
conditions (i.e., a redundancy gain effect). Importantly, this
redundancy gain was larger for the self-related stimuli than
for the friend-related stimuli, reflecting the function of “self
Gestalt.”

Another possible but less supported explanation for the
current finding argues for a role of self-referential processing
in temporal resolution, rather than in spatial grouping. This

account assumes that stimuli associated with self are more
easily differentiated in time. When participants are presented
with Ternus stimuli, the spatially overlapping stimuli in the
two frames, i.e., the stimuli presented at the center of the
screen in the first and second frames, normally perceived as
being stationary or flashing, are more easily physically segre-
gated if the two stimuli are associated with Self than with
Friend or Stranger. This would lead to more spatial grouping
of stimuli within a frame and more reports of GM for the self-
associated trials than for the friend- or stranger-associated tri-
als. Indeed, a recent study showed that training participants’
interval discrimination ability by asking them to judge which
of the two time intervals marked by two sound beeps is longer
improves the participants’ ability to separate the two visual
frames in the Ternus display, leading to more reports of GM
after training (Chen & Zhou, 2014). Another study using the
temporal order judgment task also demonstrates that self-
reference enhances temporal resolution to some degree
(Constable et al., 2019). Constable and colleagues (2019)
asked participants to report which object (the picture of the
mug that belonged to the participant, or the one that belonged
to the experimenter) appeared first in a temporal order judg-
ment task while the ISI between the two objects was varied
across trials. In a series of experiments, the authors found that
participants were more likely to report their own mugs than
the experimenter’s mug across all ISIs. It seems that self-
reference facilitates temporal processing.

Although the data in the current study do not allow us to
choose between the two explanations, the current findings do
extend our understanding of the relationship between visual
perception and high-level information processing. In Chen
and Zhou (2011), the compound words were embedded in
the Ternus stimuli (i.e., circles), having no direct relation to
the stimuli, and hence were completely task-irrelevant. In the
current study, as in Yu (2000) and Stepper et al. (2020), the
high-level information (self or the history of experience) was
directly associated with the visual stimuli, even though it was
still task-irrelevant. Nevertheless, the processing of all this
high-level information gives rise to a modulatory effect on
the correspondence problem probed by the Ternus display,
demonstrating a general top-down impact on perceptual
processing.

In the domain of self research, a large body of previous
research has shown that visual perception is biased towards
preferentially processing self-related information compared
with information related to social identities or properties
(e.g., Macrae et al., 2017; Sui & Humphreys, 2015b).
However, these studies commonly used tasks that directly
tap into self-referential processing, such as asking participants
to associate shapes with the Self (vs. Friend vs. Stranger) label
and then report the presence or absence of a specified shape
based on a given label (Macrae et al., 2017). In the current
study, although the participants weprocessi51 3(corr)1e



stimuli with different labels, the task they conducted to test the
self-referential effect was self-irrelevant, providing novel evi-
dence for the pervasiveness of Self in human life.

In conclusion, by associating geometric stimuli with differ-
ent social labels, the present study demonstrated the effect of
self-referential processing on visual apparent motion. Beyond
low-level information such as spatio-temporal information,
higher level information, including self-reference and other
semantic properties, is utilized as a top-down constraint to
guide the parsing of one form of apparent motion over the
other.

Acknowledgements This study was supported by the National Natural
Science Foundation of China (62061136001, 31861133012).

Author contributions All authors developed the study concept and con-
tributed to the study design. Data collection and analysis were performed
by JH. Manuscript preparation was carried out by JH, LC and XZ. All
authors approved the manuscript for submission.

References

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision,
10(4), 433–436. https://doi.org/10.1163/156856897X00357

Chen, L., & Zhou, X. (2011). Visual apparent motion can be modulated
by task-irrelevant lexical information. Attention, Perception, &
Psychophysics, 73(4), 1010–1015.

https://doi.org/10.1163/156856897X00357
https://doi.org/10.3758/s13414-010-0083-5
https://doi.org/10.3758/s13414-010-0083-5
https://doi.org/10.1007/s00221-014-3877-1
https://doi.org/10.1007/s00221-014-3877-1
https://doi.org/10.1177/1747021818762010
https://doi.org/10.1037/0033-295x.98.4.569
https://doi.org/10.1037/0033-295x.98.4.569
https://doi.org/10.3758/bf03193146
https://doi.org/10.3758/s13414-021-02248-7
https://doi.org/10.3758/s13414-021-02248-7
https://doi.org/10.1068/p2941
https://doi.org/10.1068/p2941
https://doi.org/10.1037/a0028197
https://doi.org/10.1037/a0028197
https://doi.org/10.3758/s13414-013-0616-9
https://doi.org/10.3758/s13414-018-1589-5
https://doi.org/10.3758/s13414-018-1589-5
https://doi.org/10.1177/0301006615596903
https://doi.org/10.1177/0301006615596903
https://doi.org/10.1080/20445911.2014.996156
https://doi.org/10.3758/Bf03206851
https://doi.org/10.1080/17470218.2015.1120330
https://doi.org/10.1080/17470218.2015.1120330
https://doi.org/10.1037/xhp0000361
https://doi.org/10.1037/xhp0000361
https://doi.org/10.1080/13506285.2018.1498421
https://doi.org/10.1080/13506285.2018.1498421
https://doi.org/10.1068/p3444
https://doi.org/10.1126/science.941023
https://doi.org/10.1163/156856897x00366
https://doi.org/10.1016/0042-6989(79)90044-0
https://doi.org/10.1016/0042-6989(79)90044-0
https://doi.org/10.1068/p5522
https://doi.org/10.1037/xhp0001013
https://doi.org/10.1037/xhp0001013
https://doi.org/10.3758/s13414-019-01923-0
https://doi.org/10.3758/s13414-019-01923-0
https://doi.org/10.1016/j.tics.2015.08.015
https://doi.org/10.1016/j.tics.2015.08.015
https://doi.org/10.3758/s13414-015-0970-x
https://doi.org/10.3758/s13414-015-0970-x
https://doi.org/10.1037/a0029792
https://doi.org/10.1037/a0029792


Proceedings of the National Academy of Sciences of the United
States of America, 110(19), 7607–7612. https://doi.org/10.1073/
pnas.1221862110

Sui, J., Yankouskaya, A., & Humphreys, G. W. (2015). Super-capacity
me! Super-capacity and violations of race independence for self- but
not for reward-associated stimuli. Journal of Experimental
Psychology: Human Perception and Performance, 41(2), 441–
452. https://doi.org/10.1037/a0038288

Ternus, J. (1926). Experimentelle Untersuchungen über phänomenale
Identität. Psychologische Forschung, 7(1), 81–136.

Treutwein, B., & Strasburger, H. (1999). Fitting the psychometric func-
tion.Perception&Psychophysics, 61(1), 87–106. https://doi.org/10.
3758/bf03211951

Wertheimer, M. (1912). Experimentelle Studien über das Sehen von
Bewegung. Zeitschrift für Psychologie, 61, 161–265.

Yin, S., Sui, J., Chiu, Y. C., Chen, A., & Egner, T. (2019). Automatic
prioritization of self-referential stimuli in working memory.

Psychological Science, 30(3), 415–423. https://doi.org/10.1177/
0956797618818483

Yin, S., Bi, T., Chen, A., & Egner, T. (2021). Ventromedial prefrontal
cortex drives the prioritization of self-associated stimuli in working
memory. Journal of Neuroscience, 41(9), 2012–2023. https://doi.
org/10.1523/JNEUROSCI.1783-20.2020

Yu, K. (2000). Can semantic knowledge influence motion correspon-
dence? Perception, 29(6), 693–707. https://doi.org/10.1068/p3063

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds
exclusive rights to this article under a publishing agreement with the
author(s) or other rightsholder(s); author self-archiving of the accepted
manuscript version of this article is solely governed by the terms of such
publishing agreement and applicable law.

Attention, Perception, & Psychophysics

https://doi.org/10.1073/pnas.1221862110
https://doi.org/10.1073/pnas.1221862110
https://doi.org/10.1037/a0038288
https://doi.org/10.3758/bf03211951
https://doi.org/10.3758/bf03211951
https://doi.org/10.1177/0956797618818483
https://doi.org/10.1177/0956797618818483
https://doi.org/10.1523/JNEUROSCI.1783-20.2020
https://doi.org/10.1523/JNEUROSCI.1783-20.2020
https://doi.org/10.1068/p3063

	Self-reference modulates the perception of visual apparent motion
	Abstract
	Introduction
	Methods
	Participants
	Procedure and materials
	The Ternus apparent motion task
	The shape-label association tasks

	Data analyses

	Results
	The shape-label association tasks
	Apparent motion task

	Discussion
	References


