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Examination of the Effect of the
Real-Life Meaning of the Stimulus
on the Self-Motion Illusion

Abstract

Vection refers to the illusory self-motion perception mainly induced by the motion of
a visual stimulus. This phenomenon concerns presence and immersion in the illusion
of self-motion, especially in virtual reality. In the present study, we investigated how
the real-life meaning of stimuli contributes to vection by using animations of objects
that can move by themselves. In two psychophysical experiments, we first employed
animated cars presented with or without wheel rotation as the visual inducer, using
various motion directions and postures; then we added the road scenery, which was
either moving (in the same or opposite direction to the cars) or still, as a contextual
background in the visual stimulus. The results of Experiment 1 showed that in condi-
tions with forward- and backward-moving cars, vection was stronger than in condi-
tions with upward-moving and inverted cars. The results of Experiment 2 showed that
vection was weakest in the still road scenery condition and that the cars’ wheel rota-
tion could facilitate vection. This suggests that the more natural the stimulus meanings,
the stronger the vection. It is a feasible and effective application prospect to enhance
the vection experience by changing the naturalness of the stimulus to further increase
the sense of presence and immersion. Therefore, the perceived naturalness and the
assumed immobility of the visual inducer are two important cognitive factors in visual
self-motion perception and presence in the virtual world.

1 Introduction

Vection is the general term for a visually induced, illusory self-motion per-
ception. Generally, physically stationary observers often perceive themselves
as moving if they perceive their surrounding environment, which should have
been still, as moving. Vection is now often used for various purposes in VR en-
vironments, amusement parks, and also in animation and movies (Kruijff et al.,
2016). Specifically, when observers are exposed to a uniformly moving visual
stimulus that occupies a large part of their visual field, they typically perceive il-
lusory motion of their self-body in the direction opposite to the visual inducer’s
motion. Vection can occur, for example, when we observe moving clouds
or streaming water (Dichgans & Brandt, 1978; Palmisano, Allison, Kim, &
Bonato, 2011; Palmisano, Allison, Schira, & Barry, 2015). At present, previ-
ous studies usually used subjective report or measurement methods to measure
vection intensity, such as latency, duration, subjective strength, and distance
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travelled; more objective methods are also under further
development (Kooijman et al., 2024).

This phenomenon involves the dynamic interplay be-
tween presence and immersion, particularly in simulat-
ing self-motion within virtual reality (VR). Immersion,
defined by the extent of user engagement and absorp-
tion in a virtual environment, includes sensory elements
like visual, auditory, and sometimes haptic feedback
(Servotte et al., 2020). Presence, in contrast, represents
the subjective feeling of truly existing within the virtual
world, emphasizing a sense of “being there” (Han et al.,
2022). The past research has extensively studied the
positive correlation between vection and presence, and
vection and immersion.

For instance, experiments simulating forward self-
motion using the Oculus Rift head-mounted display
showed participants with different sequential yaw head
movements consistently demonstrating parallel trends
in both vection and presence. This positive relationship
persisted across a broad range of head-to-display lags
(Kim et al., 2022). Similar findings emerged in studies
involving spatial presence, where various optical flow
stimuli observed through a head-mounted display in a
virtual environment produced analogous results. Addi-
tionally, research revealed that anisometropia suppres-
sion concurrently diminished both vection intensity
and spatial presence (Luu et al., 2021). Notably, this
positive relationship endured even in the presence of
visual-induced motion sickness, commonly referred to as
cybersickness (Kooijman et al., 2022b).

Furthermore, some studies have integrated virtual re-
ality technology to construct immersive environments,
demonstrating that the strength of vection is heightened
in scenarios mimicking immersion in water (Fauville
et al., 2021). Additionally, immersive environments are
widely used in movie stages and other contexts. For ex-
ample, researchers have found through the movie ride
effect that there is a direct connection between vection
and immersion (Najm, 2019). In virtual environments,
there is a positive correlation between immersion and
presence (Servotte et al., 2020). This synthesis of re-
search findings underscores the intricate dynamics be-
tween vection, presence, and immersion within virtual
reality contexts. Studying the relationship between vec-

tion, presence, and immersion holds significant impor-
tance and application prospects for the future existence
and experience of virtual worlds.

Vection is typically a subjective illusory experience
triggered by visual grating motion stimuli presented in a
2D display environment. Previous research has demon-
strated that vection experiences can also be induced by
auditory and tactile stimuli (Väljamäe, 2009; Kooijman
et al., 2022a). If the stimulus can be presented in dif-
ferent modalities and rendered more realistically and
immersed for an extended period, such as through vir-
tual reality (VR) (Xiong et al., 2021), would there be no
difference between the vection illusion experience and
our real movement? In this case, it may feel the same as
actual self-movement, leading to the loss of the illusion
of moving while actually moving. This nuanced perspec-
tive challenges our understanding of vection as a typical
self-motion illusion, suggesting it can be perceived as ac-
tual movement within the metaverse space. This realiza-
tion underlines the interconnectedness of vection, pres-
ence, and immersion in the virtual world, reinforcing
the study’s focus on exploring factors, including natu-
ralness, to enhance the overall immersive experience and
comfort in virtual reality. Previous research has explored
the impact on vection intensity from two perspectives:
top-down and bottom-up. However, naturalness, an im-
portant factor that affects vection intensity and the sense
of presence in the virtual world, remains to be further
explored. By creating different new visual stimuli and
by varying the naturalness level of these stimuli on vec-
tion intensity, more immersion and presence and virtual
world experiences can be created.

2 Literature Review

Many researchers have examined visual factors that
are effective in vection induction, and they have found
several important facts which are valuable in understand-
ing the perceptual and neural processes underlying self-
motion. Vection types are usually divided into linear
and circular vection and other types based on different
stimulus types, with most studies examining linear vec-
tion. For example, it is well known that the visual field in

D
ow

nloaded from
 http://direct.m

it.edu/pvar/article-pdf/doi/10.1162/pres_a_00413/2465368/pres_a_00413.pdf by Kyushu U
niversity  user on 03 June 2025



Jiang et al. 147

which the visual inducer is presented can have a strong
impact on linear vection: a visual stimulus presented in
the observer’s peripheral visual field can be more effec-
tive in inducing vection than one presented in the cen-
tral visual field (Brandt et al., 1973; Johansson, 1977;
Dichgans & Brandt, 1978; Howard & Heckmann,
1989; however, see Nakamura & Shimojo, 1998; Ander-
sen & Braunstein, 1985; Howard & Heckmann, 1989;
Nakamura, 2001, 2008; Post, 1988; Wolpert, 1990, for
contrary findings). Other stimulus factors which can af-
fect the occurrence and strength of linear vection are,
amongst others, stimulus size (e.g., Brandt et al., 1973;
Nakamura & Shimojo, 1998; Allison et al., 1999), mo-
tion speed (e.g., Brandt et al., 1973; Allison et al., 1999;
Fujii et al., 2019; Andersen & Braunstein, 1985), stimu-
lus depth structure (e.g., Andersen, & Braunstein, 1985;
Brandt et al., 1975; Nakamura, 2006; Howard & Heck-
mann, 1989), and additional accelerating motion (e.g.,
Palmisano, Allison, & Pekin, 2008; Palmisano, Allison,
et al., 2014).

In addition to these stimulus factors, several studies
have also indicated that vection is sensitive to the cogni-
tive state of the observers (e.g., Riecke, Schulte-Pelkum,
et al., 2006; Riecke & Schulte-Pelkum, 2013; Riecke,
2009). In particular, vection strength can be affected by
experimental instructions. For example, Palmisano and
Chan (2004) showed that linear vection strength be-
came weaker when the experimental instructions biased
the participants toward the perception of object-motion,
rather than self-motion. Furthermore, based on the cog-
nitive/perceptual frameworks of movability proposed by
Riecke (2009), prior knowledge indicating the possibil-
ity of actual movement by the observer had an impact
on vection perception. Specifically, Lepecq et al. (1995)
reported that when participants (7- and 11-year-old chil-
dren) were informed before actual experiments that their
seat was able to move in correspondence with the visual
stimulation (backward linear vection stimuli), vection la-
tency could be shortened, that is, occurred with a faster
onset. Their findings thus indicated that cognitive in-
formation about actual movement could facilitate self-
motion perception (also see Wright et al., 2006, for cog-
nitive contribution to oscillatory linear vection in adults,
though Schulte-Pelkum (2008) and Schulte-Pelkum

et al. (2004) failed to find any cognitive contribution
to circular vection in adults). In addition, some studies
reported that the use of a restraining shoulder harness,
which tied participants to the stationary floor, would
reduce the strength of roll vection (Young et al., 1983;
Young & Shelhamer, 1990). Their findings thus indi-
cated that vection could be affected both in a cognitive
way (e.g., prior knowledge about movability of the ob-
server themselves) and a perceptual way (e.g., the tactile
sensation). Similarly, Riecke, Feuereissen, et al. (2008,
2009) reported the combinational contribution of both
cognitive and perceptual factors in auditory circular vec-
tion. Together, these previous studies thus have sug-
gested that vection is a perceptual phenomenon which is
not only determined by the physical characteristics of the
vection stimulus, but also by cognitive factors.

Cognitive factors in vection have also been studied
in another way. Ogawa and Seno (2014) reported that
assumed linear vection strength was modulated by the
interpretation of the “real-life meaning” of the vection
stimulus in the physical world. They reported that vec-
tion strength was reduced in conditions where the vec-
tion inducer was composed of visual objects that could
move in the environment, independent of the observer’s
self-motion. Real-life or animated real-life objects, such
as downward-moving feathers, petals, and leaves, in-
duced less pronounced vection as compared to stimuli
with no specific real-life meaning (e.g., random dots,
which are commonly used in vection experiments), even
though the motions of the visual stimuli in both con-
ditions were completely identical. The reason why the
downward motion of “natural” visual objects caused less
strong self-motion is that the motion can be interpreted
as “object-motion,” caused by the earth’s gravity, and
not as a consequence of the observer’s self-motion. This
motion processing involved motion parsing. This is a
perceptual process in which the visual system segregates
different sources of motion information within a scene.
Essentially, it involves the ability to distinguish between
self-generated motion and motion generated by exter-
nal sources. The human visual system is adept at pars-
ing or separating these various motion cues to create a
coherent understanding of the visual environment. In
the context of visual perception, motion parsing helps
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individuals attribute movements to specific objects
or entities in a scene. While you are walking through
a park, your visual system parses the motion of trees,
benches, and other static objects as being caused by your
own movement. Simultaneously, it distinguishes the mo-
tion of other people, animals, or vehicles moving inde-
pendently within the scene (Field et al., 2020; Warren,
& Rushton, 2007).

The results of Ogawa and Seno (2014) are consistent
with the idea that vection is based on a perceptual pro-
cess which attributes retinal image motion of the visual
stimulus to the observer’s self-motion—not to object-
motion in the external world (Dichgans & Brandt,
1978; Palmisano et al., 2015). In the former case, the
retinal image motion of the visual stimulus would be in-
terpreted as the apparent motion of externally static ob-
jects caused by the observer’s self-motion. Other studies
also reported similar effects for auditory stimuli. For ex-
ample, sound sources that are associated with stationary
objects (so-called auditory landmarks, like church bells
or a fountain) are more instrumental in inducing audi-
tory vection than artificial sounds (e.g., pink noise) and
sounds originating from moving objects, like the sound
of footsteps or a driving car (Larsson et al., 2004; Riecke
et al., 2005; Väljamäe et al., 2009). Following this, in
the current investigation, we hypothesized that visual
stimuli which are assumed to be static and not moving
in the real world can induce stronger vection than stim-
uli that would be able to move in real life, independent
from the observer. We refer to this notion as the “mo-
bile/static hypothesis” of vection.

Cognitive factors in vection are not solely affected by
stimulus movability (whether referring to the physically
(im)movable observer themselves or vection-inducing
stimuli), but can also be manipulated by stimulus natu-
ralness. Previous studies have revealed that more natural
visual stimuli, often observed in daily life, can induce
stronger self-motion perception (e.g., Bubka & Bon-
ato, 2010; Kim et al., 2016; Riecke et al., 2006; Riecke,
Västfjäll, Larsson, & Schulte-Pelkum, 2005). Specifi-
cally, Riecke et al. (2006) examined vection induced by
video footage of movement through a city scene and
compared vection strength between conditions with a
normal upright (natural) scene and an upside-down (un-

natural) scene. Although both conditions shared similar
physical stimulus properties, the resulting self-motion
was much stronger in the former than in the latter con-
dition. Thus, we can assume that a more natural visual
stimulus can induce vection more effectively than a less
natural stimulus. The vection-facilitating effect of the
naturalness of the visual stimulus might be caused by the
fact that perceptual processing is less effortful for more
familiar visual stimuli (Bubka et al., 2008). We refer to
this as the “naturalness hypothesis” for vection (Naka-
mura, 2013).

As mentioned above, the cognitive meaning of the
visual stimulus possibly affects vection via two possi-
ble ways, namely its movability/staticity in the external
world and its naturalness. The main motivation of the
present investigation is to address the relative contribu-
tions of these two factors to vection. In two experiments
reported in this paper, we employed objects that could
spontaneously move by means of an energy source in the
external world, that is, moving cars (schematically drawn
as simple cartoons), as visual stimuli. In Experiment 1,
we varied two factors in these animations, namely the
motion of the wheels and the motion direction/posture
of the cars, to independently modulate the movabil-
ity/staticity and the naturalness of the visual stimuli.
The wheels were either static or rotating clockwise. It is
assumed that the cars could be recognized as movable
in the external world when the wheels were rotating,
whereas the cars would be recognized as static with the
static wheels. To modulate the perceived naturalness
of the stimuli, we varied the motion direction and the
posture of the cars as well; cars presented upright and
moving horizontally were assumed to be perceived as
natural. This kind of visual stimulation resembles a vivid,
dynamic wallpaper. We assumed that as the present time
of this stimulus increases, participants will associate these
motion stimuli with scenes in life, so that the stimulus
is not only a dynamic wallpaper, but also has a mean-
ing that is closer to reality and nature. Unnatural stim-
uli were made with cars moving vertically or presented
upside-down (Riecke et al., 2006). In Experiment 2, we
added schematically drawn road scenery as a contextual
background. The addition of the road scenery was sup-
posed to enhance the observer’s perception that the cars
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were moving on a static road, affecting their interpreta-
tion of the movability/staticity of the visual stimuli.

3 Methods

3.1 Ethics Statement

The study was pre-approved by the Ethics Com-
mittee of Kyushu University and written informed con-
sent was obtained from all participants before starting
the two experiments.

3.2 Apparatus

The visual stimuli were presented on a Plasma dis-
play (3D Viera 65-inch, Panasonic, Japan, with 1920 ×
1080-pixel resolution at a 60-Hz refresh rate) (see Fig-
ure 1e) and controlled by a computer (MacBook Pro
Retina, 13-inch, Mid 2014). The visual angles of the
display subtended 71 degrees (vertical) × 103 degrees
(horizontal) from the viewing distance of 57 cm. Experi-
ments were conducted in a darkened experimental room
where the display was the sole light source.

3.3 Participants

Fifteen naïve volunteers (6 men and 9 women),
gathered via convenience sampling participated in two
experiments. Their average age was 23.9 years (ranging
from 21 to 27). They were graduate or undergraduate
students of Kyushu University, Japan, and all had normal
vision or corrected-to-normal vision. They were not
aware of the purpose of the experiment.

3.4 Procedure

There were 9 different stimulus conditions in Ex-
periment 1 and 6 different stimulus conditions in Exper-
iment 2. The experimental trials in each experiment were
presented in a randomized order in one block, with each
block repeated 3 times. In this study, the Random class
was used, which is a pseudo-random number generation
algorithm in Unity. This can make the randomized array
present stimuli in a randomized order. The task of the

participants was to press a button when they perceived
vection. Elapsed time from the visual stimulus onset un-
til the first button press was recorded as the latency of
vection, and the total duration of button pressing was
recorded as the duration of vection. After presentation
of each stimulus, participants reported their subjective
estimated vection magnitude using a 101-point rat-
ing scale, that is, 0 (no vection at all) to 100 (strongest
vection).

3.5 Stimuli

The visual stimuli employed in Experiment 1 con-
sisted of a multiple number of cartoon cars, against a
blank background, moving in the same direction (see
Figure 1), that is, forward, backward, and upward. We
also provided an additional condition in which the cars
were presented upside down and moved forward (the
inverted condition). We assumed that the forward and
the backward conditions would be recognized as natu-
ral because we experience these in daily life, whereas the
upward and the inverted conditions should be consid-
ered unnatural. In all conditions, the cars’ fronts were
directed to the right (thus, the cars moved rightward in
the forward and inverted condition, and moved leftward
in the backward condition).

In each direction condition, the wheels of the cars
were set to rotate clockwise or remained static to see
if the perceived movability of the cars would have any
effect on vection; the stimuli with the rotating wheels
implied that the cars were movable, whereas the static
wheels implied that the cars were static in the external
world. In total, we employed 8 different stimuli with
cartoon cars, consisting of 4 levels of motion direction
(forward, backward, upward, and inverted), each with 2
kinds of wheel motion (rotation and static). The ninth
stimulus was a control condition, in which black ovals,
instead of cars, moved rightward. These black ovals had
the same size as the cars.

In the car stimuli, on average, 4–5 cars were presented
on the display, forming 2 rows of cars. The size of each
car was 10.52 degrees in length and 6.83 degrees in
height. The visual stimulus was presented on the en-
tire area of the display. The speed of the moving cars
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150 PRESENCE: VOLUME 33

Figure 1. (a)–(d): The stimuli used in Experiment 1. Each arrow indicates the motion direction of cars or

ovals. In stimuli with car movement, the wheels of cars were either rotating or static. (e): The apparatus used in

Experiments 1 and 2.

was 8.3 degrees/s (in the center of the screen), and the
speed of the wheel rotation was 0.2 rotations/s. The
background of the stimuli was white with a luminance of

13.5 cd/m2. The cars were drawn in black lines with a
luminance of 0.3 cd/m2. The axles were drawn in black,
red, purple, and green to facilitate the visibility of the
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Figure 2. The stimuli used in Experiment 2. Cars in two rows moved

always rightward and the road scenery moved rightward (same direc-

tion), leftward (opposite direction), or was still.

wheel rotation. Stimulus duration was set to 30 seconds
for all experimental trials.

The visual stimuli used in Experiment 2 were modified
from those used in Experiment 1 in the following way.
We introduced “road scenery” as a background into the
visual stimuli as indicated in Figure 2. The independent
variables manipulated in this experiment therefore were
the motion of the road scenery and the rotation of the
wheels. The cars occupied the bottom two-thirds of the
screen and the road scenery occupied the top one-third.
The size of one car was the same as that in Experiment
1, and the cars were always set to be upright and moving
rightward. There were three levels of road scenery mo-
tion, namely, motion in the same direction (rightward),
in the opposite direction (leftward), or still. In the same-
direction and the opposite-direction conditions, the
motion speed of the road scenery was identical to that of
the cars (8.3 deg/s). As in Experiment 1, the car wheels
were either rotating or static. In the rotating condition,
the wheels were set to rotate clockwise.

4 Findings

Figure 3 indicates average vection latency, dura-
tion, and estimated magnitude for each stimulus con-
dition obtained in Experiment 1. Two-way analyses
of variance (ANOVA) revealed that the main effect of
the motion direction of the cars was significant for the
three indices of vection strength: latency, F (3, 42) =

5.41, p < 0.01, η2
p = 0.28; duration, F (3, 42) = 7.62,

p < 0.01, η2
p = 0.35; estimated magnitude, F (3, 42) =

10.49, p < 0.01, η2
p = 0.43. The main effect of the

wheel rotation and the interaction between the two in-
dependent variables were not significant for the three in-
dices: Main effect of wheel rotation: latency, F (1, 14) =
0.03, p = 0.86, η2

p < 0.01; duration, F (1, 14) = 2.47,
p = 0.14, η2

p = 0.15; estimated magnitude, F (1, 14) =
1.11, p = 0.31, η2

p = 0.07; Interaction (car motion di-
rection × wheel rotation): latency, F (3, 42) = 1.00, p =
0.40, η2

p = 0.07; duration, F (3, 42) = 1.58, p = 0.21,
η2

p = 0.10; estimated magnitude, F (3, 42) = 1.46, p =
0.24, η2

p = 0.09.
Post hoc pairwise comparisons with Fisher’s LSD

test (alpha = 0.05) for the main effects of motion di-
rection of the cars revealed that shorter vection latency
was obtained in the forward condition (p < 0.01) and
the backward condition (p < 0.01) as compared to the
inverted condition, which indicates vection was more
profound in the forward and backward condition than
in the inverted condition. Also, longer vection dura-
tion was obtained in the forward condition (p < 0.01),
in the backward condition (p < 0.01), and in the up-
ward condition (p < 0.05), as compared to the inverted
condition. Longer vection duration was also obtained
in the backward condition (p < 0.05) as compared to
the upward condition. Together, this indicates that vec-
tion was more profound in the forward and backward
condition, together with the upward condition, than in
the inverted condition. Meanwhile, the backward con-
dition induced more robust vection than the upward
condition. Finally, higher estimated magnitude was ob-
tained in the forward condition (p < 0.01) and in the
backward condition (p < 0.01) as compared to the in-
verted condition. A higher estimated magnitude was
also found for the backward condition (p < 0.05) as
compared to the forward condition, as well as for the
backward condition compared to the upward condition
(p < 0.01). Together, this indicates that the forward
and backward conditions induced more robust vection
than the inverted condition, and that the backward con-
dition induced the most robust vection compared to
the other conditions. It should be noted that no signifi-
cant difference was found between forward and upward
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Figure 3. Averaged latency, duration, and estimated magnitude under each stimulus condition obtained in Experiment 1 (N = 15; **, p < 0.01;

*, p < 0.05; error bars indicate SEs).

conditions, suggesting they were equally effective in in-
ducing vection, though the forward condition tended to
induce a shorter latency, a longer duration, and a larger
estimated magnitude than the upward condition. Lastly,
the control condition, in which the visual stimulus was
composed of objects without real-life meanings (i.e., the
ovals), yielded the longest latency, the shortest duration,
and the lowest estimated magnitude compared with each
other experimental condition consisting of stimuli with
real-life meaning (i.e., cars). This shows that the more
natural the stimulus is to the participants, the stronger
the vection intensity. Naturalness is an important factor
affecting the vection intensity. In addition, it can be seen

from Figure 3 that the vection intensity of the forward
and backward motion conditions is also higher than that
of the upward and inverted conditions, because the for-
ward and backward conditions are more common in life
while the upward and inverted conditions are not com-
mon in life and therefore feel unnatural.

Figure 4 indicates average vection latency, dura-
tion, and estimated magnitude for each stimulus con-
dition obtained in Experiment 2. For the three vec-
tion strength indices, two-way ANOVA revealed that
the main effect of the motion direction of the road
scenery was significant: latency, F (2, 28) = 17.95, p <

0.01, η2
p = 0.56; duration, F (2, 28) = 19.07, p < 0.01,
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Figure 4. Averaged latency, duration, and estimated magnitude under each stimulus condition obtained in Experiment 2 (N = 15; **, p < 0.01;

*, p < 0.05; error bars indicate SEs).

η2
p = 0.58; estimated magnitude, F (2, 28) = 21.41,

p < 0.01, η2
p = 0.61. The main effect of the wheel rota-

tion was not significant for vection latency and duration:
latency, F (1, 14) = 2.16, p = 0.16, η2

p = 0.13; duration,
F (1, 14) = 1.49, p = 0.24, η2

p = 0.10, but was sig-
nificant for estimated magnitude, F (1, 14) = 8.21,
p < 0.05, η2

p = 0.37. The interaction (road scenery
motion direction × wheel rotation) was not signifi-
cant for all indices: latency, F (2, 28) = 0.82, p = 0.45,
η2

p = 0.06; duration, F (2, 28) = 1.09, p = 0.35,
η2

p = 0.07; estimated magnitude, F (2, 28) = 0.36,
p = 0.70, η2

p = 0.03.
Post hoc pairwise comparisons with Fisher’s LSD test

(alpha = 0.05) for the main effects of motion direc-
tion of the road scenery revealed that shorter latency,

longer duration, and higher estimated magnitude were
obtained in the same-direction (p < 0.01) and opposite-
direction (p < 0.01) conditions as compared to the still
scenery condition. The same-direction and opposite-
direction conditions thus induced more robust vection
than the still scenery condition for all three indices. As
for estimated magnitude, a higher score was obtained
in the wheel rotation condition than in the wheel static
condition (p < 0.05). Thus, the wheel rotation condi-
tion induced vection more convincingly than the wheel
static condition when the static or moving road scenery
was added to the visual stimulus. It indicated that the
clockwise rotation of the wheels, which was consistent
with the rightward movement of the cars, increased
the vection strength. This is inconsistent with the
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movability/staticity hypothesis because the rotating
wheels certainly should have increased the likelihood
that the cars were considered as moving by themselves
in the external world, which should have hindered vec-
tion. When presented along with the background stim-
ulus (i.e., the road scenery), however, it is likely that the
background would dominate visual self-motion percep-
tion, and the movability/staticity of other visual objects
(e.g., the cars in this experiment) should be negligible.
Rather, the facilitative effect of the wheel rotation on
vection would stem from the improved “naturalness” of
the visual stimulus, not from its immobility; moving cars
against road scenery are likely perceived as more natu-
ral when presented with rotating wheels instead of static
wheels. Although weaker than the movability/staticity
effect of the strong spatial frame of reference (i.e., the
road scenery), the result of Experiment 2 thus suggests
that the naturalness of the visual inducer can facilitate
the observer’s visual self-motion perception, following
the naturalness hypothesis.

5 Discussion

Based on previous research, it is known that if
vection strength increases, vection latency decreases,
vection duration increases, and the estimated magni-
tude should be higher (e.g., Seno et al., 2017, 2018).
Together, Experiment 1’s results thus show that the
(natural) forward and backward conditions induced the
strongest vection, while the (unnatural) inverted condi-
tion induced the weakest vection in terms of stimuli with
real-life meaning (i.e., cars).1 Weaker vection induced in
the control condition (as compared with the experimen-

1We also conducted a post-hoc observation to confirm the per-
ceived direction of self-motion. Five naïve observers, who took
part in the main experiment, also participated in the post-hoc ob-
servation. They were asked “in which direction did you feel you
moved?”. There were five possible responses, that is, (1) upward,
(2) downward, (3) leftward, (4) rightward, and (5) No self-motion.
In rightward conditions, two participants reported leftward self-
motion (40%) and one participant reported rightward self-motion
(20%). The fourth participant reported leftward self-motion under
wheels rotation but no self-motion under wheels static (20%), while
the fifth participant reported rightward self-motion under wheels ro-

tal conditions) would also be consistent to the natural-
ness hypothesis, because meaningless ovals would be less
natural as compared with cars in any motion direction
and posture. In general, these motion stimuli are com-
posed of representations of things contained in reality.
Certain dynamic wallpapers also use stimuli with natural
meanings, so stimuli that are consistent with life will au-
tomatically be regarded as providing more natural stim-
ulation. As opposed to what can be expected based on
the movability/staticity hypothesis, Experiment 1 failed
to find a significant difference in vection strength be-
tween the conditions where the wheels were set to rotate
(which implied the cars were moving) or remained static
(which implied the cars were static). Earlier research has
shown that consistent and inconsistent local rotations of
visual elements convoluted into global rotation might be
ignored by participants (Nakamura, 2015). It is there-
fore possible that the fine and detailed rotation of the
wheels was ignored by the observers. One of the possi-
ble reasons why the effects of wheel rotation might have
been discounted or ignored is the lack of information
indicating that the cars were moving on a road against
a scenic background. Without such a background, the
observers somehow might have had an impression that
the wheels were “slipping on the spot,” and the cars

tation but leftward self-motion under wheels static (20%). In leftward
conditions, three participants reported rightward self-motion (60%),
and the other two participants reported rightward self-motion under
wheels rotation, while under wheels static one of them reported no
self-motion (20%) and the other one reported leftward self-motion
(20%). In upward conditions, four participants reported downward
self-motion (80%) and the fifth participant reported upward self-
motion (20%). In inverted and oval conditions, three participants
reported leftward self-motion (60%), another participant reported
rightward self-motion (20%), while the fifth participant reported no
self-motion (20%). Notably, the participant who reported no self-
motion was always the same participant. Most observers reported
that self-motion was perceived in the opposite direction against the
car motion in each experimental condition. That is, leftward self-
motion was perceived in the forward and the inverted condition,
rightward self-motion was perceived in the backward condition, and
downward self-motion was perceived in the upward condition. While
there also were exceptional cases in which just one observer rarely
perceived any self-motion, the results were consistent with the per-
vious vection studies; visual self-motion was mostly induced in the
opposite direction to the visual inducer.
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themselves were static in the external scene. In Experi-
ment 2, we further examined the effects of wheel rota-
tion in conditions where contextual background, that
is, road scenery, was added in order to better convey the
real-life meaning of moving cars.

Experiment 2 indicated that in the conditions with
the moving road scenery (the same- and the opposite-
direction conditions), more compelling vection was in-
duced than with the still scenery condition. When the
still road scenery was presented, the observer’s self-
motion perception was highly suppressed, irrespective
of the presentation condition of the moving cars. Vec-
tion thus appears to be determined by the motion of the
road scenery, not by the motion of the cars.2 This was
consistent with previous research indicating that visual
self-motion perception is dominated by the background
stimulus, which is assumed to be static in the external
space (Howard & Heckmann, 1989; Seno et al., 2009).
The present results thus can be consistently explained by
the movability/staticity hypothesis. In addition, the ef-
fect of the wheel rotation was significant only for vection
estimated magnitude, but not for latency or duration.

2Similar to Experiment 1, we conducted a post hoc observation
in order to assess vection direction. The 5 observers who partici-
pated in the previous post hoc observation also took part here. The
procedure was the same as in Experiment 1. In still conditions, all
participants reported they did not perceive continuous and unidi-
rectional visual self-motion (100%). In same-direction conditions,
four participants reported leftward self-motion (80%), and the fifth
participant reported no self-motion with rotating wheels but leftward
self-motion with static wheels (20%). In opposite-direction condi-
tions, four participants reported rightward self-motion (80%), and the
fifth participant reported rightward self-motion with rotating wheels
but leftward self-motion with static wheels (20%). Notably, the par-
ticipant who reported different assessments from the other four in
same- and opposite-direction conditions was not always the same par-
ticipant. Above all, although it is noted that visual motion presented
in the lower visual field induces stronger vection compared with that
in the upper visual field (Fujimoto & Ashida, 2020), suggesting that
the perceived self-motion direction might be dominated by the cars,
in this study, most observers reported that self-motion was perceived
in the opposite direction against the motion of the road scenery (that
is, leftward and rightward self-motion was perceived in the same- and
the opposite-direction conditions, respectively). On the other hand,
no observer reported visual self-motion perception without direction
in the opposite conditions (Seno et al., 2012).

This might be related to the fact that magnitude esti-
mation of vection is highly sensitive to manipulation of
cognitive factors in vection experiments, as compared
with latency or duration (Seno, Abe, & Kiyokawa, 2013;
Seno, Ito, & Sunaga, 2009; Seno, Sawai, et al., 2017;
Seno, Murata, et al., 2018; Palmisano et al., 2015). In
Experiment 1, in which the visual stimulus did not in-
clude the additional road scenery, we did not confirm
a significant effect of wheel rotation. It is possible that
the effect of local wheel rotation is originally weak, and
could not emerge without contextual background, that
is, the road scenery, which strongly implied that the cars
moved in the external environment. (Please note that
although the effect of the wheel rotation was significant,
it was much weaker than the effect of the road scenery,
and there was no significant interaction between the two
independent variables.)

The results of the two psychophysical experiments
reported here thus demonstrate that both the natural-
ness and the movability/staticity of the visual stimuli
can significantly affect vection. Their relative influence,
however, is modulated in accordance with the stimu-
lus setting. In Experiment 1, where the visual stimulus
was composed only of cars without road scenery, vec-
tion strength was affected by the naturalness of the vi-
sual stimulus much more than by movability/staticity
of the objects in the stimulus. This can be consistently
explained in accordance with the naturalness hypothesis:
more natural visual stimuli can induce stronger vection.
Thus, the inverted cars stimuli used in Experiment 1 are
supposed to be perceived as unnatural (see also, e.g.,
Kim & Marlow, 2016, for a discussion on inverted im-
ages), because we always expect them to be upright and
rarely can see cars in an upside-down position due to
the usual frame of reference (i.e., the earth’s ground).
Previous studies have used other methods to vary the
naturalness of stimuli, such as their smoothness (by us-
ing a multi-flash protocol) (Fujii et al., 2018), the com-
pleteness of the stimulus (by using the mosaic method)
(Riecke et al., 2006), the abstraction level of the stim-
uli (Guo et al., 2022), and their surface properties via
computer graphics technology (Morimoto et al., 2019).
The use of natural real-world stimuli (e.g., real street
scenes, room scenes, and believable ground information)
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affected the stimuli’s naturalness. These studies
similarly found that the higher the naturalness of the
visual stimuli, the stronger the vection (Richards et al.,
2004; Riecke et al., 2006; Sato et al., 2020; Schulte-
Pelkum et al., 2003).

On the other hand, when the background (i.e., the
road scenery) was introduced into the visual stimulus in
Experiment 2, the (im)movability of the stimulus ob-
jects became the dominant factor in generating vection.
This is similar to previous vection studies. For exam-
ple, Ogawa and Seno (2014) revealed that natural visual
objects, such as feathers, petals, or leaves, which can be
considered as movable in the external world, were less
effective in inducing vection as compared with visual ob-
jects without specific real-life meanings (e.g., random
dots). In this case, the movability/staticity interpretation
of the visual stimulus might take a priority, obscuring
the effects of stimulus naturalness. Experiment 2 also
indicated that vection strength became weaker when
the road scenery was still, as compared to moving, irre-
spective of the motion direction of the cars. This sup-
ports the movability/staticity hypothesis: visual objects
which are assumed to be externally static (e.g., the road
scenery) have greater impact on visual self-motion per-
ception than movable objects (e.g., cars). Although we
expected more robust vection in the opposite-direction
condition than in the same-direction condition, because
foreground object motion can increase the perception
of self-motion generated by background motion, even
when both are in the opposite direction (Kim & Tran,
2016), the present study did not show any significant
difference between the same- and opposite-direction
conditions. We tend to attribute this to the larger area
of the uniformly-moving stimulus in the same-direction
condition, since vection strength increases linearly with
the size of the area in which the moving pattern is pre-
sented (e.g., Nakamura & Shimojo, 1998; Nakamura,
2001, 2008).

Although we tentatively conclude that the perceived
naturalness and the assumed immobility of the visual
inducer are two important cognitive factors in visual self-
motion perception, their relative contributions on vec-
tion are not clearly understood yet. Actually, the present
study used cartoons as the stimuli instead of real video
footage because that enabled us to independently ma-

nipulate the wheel motion in a systematic and controlled
way. However, not using images of real cars indeed lim-
its the present findings and meaning. Thus, in future
studies, we should utilize stimuli in which both their
naturalness and their mobility are manipulated systemat-
ically and quantitatively, to better clarify their individual
effects on vection.

In addition, the results of this study can open new re-
search angles and methods for the relationship between
vection and presence in virtual reality. With the devel-
opment of virtual reality technology, more and more
studies have examined the role of vection in virtual re-
ality. Self-motion perception itself is a process involving
the processing of multisensory cues, such as visual and
vestibular cues (Zhou & Gu, 2023). Vection is gener-
ally believed to improve simulator fidelity and enhance
virtual reality applications and so on. Since an important
indicator of virtual reality is the sense of presence and
immersion, researchers usually study the role of vection
in virtual reality together with the sense of presence and
immersion. It was found that there is a positive corre-
lation between the intensity of vection and immersion
and the sense of presence. The findings of this study
further expand the means of enhancing vection experi-
ence. For example, real-life objects and motion stimuli
can be combined and cleverly presented in the virtual
reality world. In this way, the boundary between the vir-
tual world and the real world will become increasingly
blurred, and the individual’s experience in the virtual
world will be more realistic, which will be helpful in
many fields, such as psychotherapy in the virtual world
and so on (Emmelkamp & Meyerbröker, 2021).

Another important indicator of virtual reality world is
motion sickness (induced by motion simulation, accom-
panied by symptoms such as nausea, dizziness) and cy-
bersickness (induced by the device, symptoms are similar
to motion sickness) (Mazloumi Gavgani et al., 2018).
Previous research found that motion sickness is posi-
tively correlated with presence and frequency of vection
(Keshavarz et al., 2023). In addition, previous research
has found that the impact of cybersickness on user expe-
rience should be more accurately detected during user
immersion rather than after (Kourtesis et al., 2024). And
researchers are also looking for ways to reduce motion
sickness or cybersickness through vection (Kim et al.,
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2023; Matsumoto & Zhang, 2022). Therefore, in fu-
ture research, we can use virtual reality to present more
natural stimuli or scenes to increase the user’s vection in-
tensity, moderate the motion sickness, and enhance the
sense of presence.

6 Conclusion

In this study, we examined the influence of cog-
nitive factors on visual self-motion perception by em-
ploying stimuli with a real-life meaning, consisting
of moving cars with wheel rotation and moving road
scenery. The results of the two psychophysical experi-
ments demonstrated that both the naturalness and the
movability/staticity of the visual stimuli could signifi-
cantly affect vection. This suggests that the more natural
the stimulus meanings were, the stronger the vection
was. Vection is self-movement in the virtual world and
is closely related to the sense of presence. It is a feasible
and effective application prospect to enhance the vection
experience by changing the naturalness of the stimulus
to further increase the sense of presence and immersion.
Therefore, the perceived naturalness and the assumed
staticity of the visual inducer are two important cogni-
tive factors in visual self-motion perception and presence
in the virtual world.

Acknowledgments

This study was supported in part by Japan Society for the

Promotion of Science KAKENHI (21K03135, NS). The au-

thors thank the reviewers for their valuable comments and

suggestions.

Data Availability Statement

The data that support the findings of this study are
available upon request to the corresponding author.

Conflict of Interest

The authors have no conflict of interest to declare
that are relevant to the content of this paper.

REFERENCES

Allison, R. S., Howard, I. P., & Zacher, J. E. (1999). Effect
of field size, head motion, and rotational velocity on roll
vection and illusory self-tilt in a tumbling room. Perception,
28(3), 299–306. 10.1068/p2891

Andersen, G. J., & Braunstein, M. L. (1985). Induced self-
motion in central vision. Journal of Experimental Psychol-
ogy: Human Perception and Performance, 11(2), 122–132.
10.1037/0096-1523.11.2.122

Brandt, T., Dichgans, J., & Koenig, E. (1973). Differential
effects of central versus peripheral vision on egocentric and
exocentric motion perception. Experimental Brain Research,
16, 476–491. 10.1007/BF00234474

Brandt, T., Wist, E. R., & Dichgans, J. (1975). Foreground
and background in dynamic spatial orientation. Perception &
Psychophysics, 17(5), 497–503. 10.3758/BF03203301

Bubka, A., & Bonato, F. (2010). Natural visual-field features
enhance vection. Perception, 39(5), 627–635. 10.1068/
p6315

Bubka, A., Bonato, F., & Palmisano, S. (2008). Expanding
and contracting optic-flow patterns and vection. Perception,
37(5), 704–711. 10.1068/p5781

Dichgans, J., & Brandt, T. (1978). Visual-vestibular inter-
action: Effects on self-motion perception and postural
control. In R. Held, H. W. Leibowitz, & H. L. Teuber
(Eds.), Handbook of Sensory Physiology: Vol. 8. Perception
(pp. 755–804). Berlin: Springer. 10.1007/978-3-642
-46354-9_25

Emmelkamp, P. M., & Meyerbröker, K. (2021). Virtual re-
ality therapy in mental health. Annual Review of Clinical
Psychology, 17, 495–519. 10.1146/annurev-clinpsy-081219
-115923

Fauville, G., Queiroz, A. C., Woolsey, E. S., Kelly, J. W., &
Bailenson, J. N. (2021). The effect of water immersion on
vection in virtual reality. Scientific Reports, 11(1), 1022.
10.1038/s41598-020-80100-y

Field, D. T., Biagi, N., & Inman, L. A. (2020). The role of the
ventral intraparietal area (VIP/pVIP) in parsing optic flow
into visual motion caused by self-motion and visual motion
produced by object-motion. NeuroImage, 213. 10.1016/
j.neuroimage.2020.116679

Fujimoto, K., & Ashida, H. (2020). Roles of the retinotopic
and environmental frames of reference on vection. Frontiers
in Virtual Reality, 10.3389/frvir.2020.581920

Fujii, Y., Kio, O. G., Au, D., Wilcox, L. M., & Allison, R. S.
(2019). Effects of frame rate on vection and postural sway.
Displays, 58, 33–43. 10.1016/j.displa.2019.03.002

D
ow

nloaded from
 http://direct.m

it.edu/pvar/article-pdf/doi/10.1162/pres_a_00413/2465368/pres_a_00413.pdf by Kyushu U
niversity  user on 03 June 2025

https://doi.org/10.1068/p2891
https://doi.org/10.1037/0096-1523.11.2.122
https://doi.org/10.1007/BF00234474
https://doi.org/10.3758/BF03203301
https://doi.org/10.1068/p6315
https://doi.org/10.1068/p5781
https://doi.org/10.1007/978-3-642-46354-9_25
https://doi.org/10.1146/annurev-clinpsy-081219-115923
https://doi.org/10.1038/s41598-020-80100-y
https://doi.org/10.1016/j.neuroimage.2020.116679
https://doi.org/10.3389/frvir.2020.581920
https://doi.org/10.1016/j.displa.2019.03.002


158 PRESENCE: VOLUME 33

Fujii, Y., Seno, T., & Allison, R. S. (2018). Smoothness of
stimulus motion can affect vection strength. Experimental
Brain Research, 236(1), 243–252. 10.1007/s00221-017
-5122-1

Guo, X., Morimoto, Y., Seno, T., & Palmisano, S. (2022).
Does the degree of abstraction in a video stimulus alter the
experience of vection? Proceedings of the 38th Annual Meet-
ing of the International Society for Psychophysics, pp. 29–
35.

Han, D. I. D., Bergs, Y., & Moorhouse, N. (2022). Virtual
reality consumer experience escapes: preparing for the meta-
verse. Virtual Reality, 26(4), 1443–1458. 10.1007/s10055
-022-00641-7

Howard, I. P., & Heckmann, T. (1989). Circular vection as
a function of the relative sizes, distances, and positions of
two competing visual displays. Perception, 18(5), 657–665.
10.1068/p180657

Johansson, G. (1977). Studies on visual perception of locomo-
tion. Perception, 6(4), 365–376. 10.1068/p060365

Keshavarz, B., Umatheva, N., & Peck, K. (2023). Investi-
gating the role of vection, presence, and stress on visually
induced motion sickness. In International Conference on
Human-Computer Interaction, pp. 619–633. 10.1007/978
-3-031-35634-6_45

Kim, J., Charbel-Salloum, A., Perry, S., & Palmisano, S.
(2022). Effects of display lag on vection and presence
in the Oculus Rift HMD. Virtual Reality, 26, 425–436.
10.1007/s10055-021-00570-x

Kim, J., & Marlow, P. J. (2016). Turning the world upside
down to understand perceived transparency. i-Perception,
7(5). 10.1177/2041669516671566

Kim, J., Lee, J., Kim, Y. J., & Lee, J. (2023). Influence of
cross-modal correspondence between auditory and visual
stimuli on vection perception in virtual reality. In IEEE In-
ternational Symposium on Mixed and Augmented Reality
Adjunct, pp. 604–608. 10.1109/ISMAR-Adjunct60411
.2023.00128

Kim, J., & Tran, M. T. T. (2016). A new angle on object-
background effects in vection. i-Perception, 7(2). 10.1177/
2041669516631695

Kim, J., Khuu, S., & Palmisano, S. (2016). Vection depends
on perceived surface properties. Attention, Perception,
& Psychophysics, 78, 1163–1173. 10.3758/s13414-016
-1076-9

Kooijman, L., Asadi, H., Mohamed, S., & Nahavandi,
S. (2022a). A systematic review and meta-analysis on
the use of tactile stimulation in vection research. At-

tention, Perception, & Psychophysics, 84(1), 300–320.
10.3758/s13414-021-02400-3

Kooijman, L., Asadi, H., Mohamed, S., & Nahavandi, S.
(2022b). Does the vividness of imagination influence illu-
sory self-motion in virtual reality? In IEEE International
Conference on Systems, Man, and Cybernetics, pp. 1065–
1071. 10.1109/SMC53654.2022.9945359

Kooijman, L., Berti, S., Asadi, H., Nahavandi, S., & Ke-
shavarz, B. (2024). Measuring vection: A review and criti-
cal evaluation of different methods for quantifying illusory
self-motion. Behavior Research Methods, 56, 2292–2310.
10.3758/s13428-023-02148-8

Kourtesis, P., Papadopoulou, A., & Roussos, P. (2024). Cyber-
sickness in virtual reality: The role of individual differences,
its effects on cognitive functions and motor skills, and inten-
sity differences during and after immersion. Virtual Worlds,
3(1), 62–93. 10.3390/virtualworlds3010004

Kruijff, E., Marquardt, A., Trepkowski, C., Lindeman, R. W.,
Hinkenjann, A., Maiero, J., & Riecke, B. E. (2016). On
your feet! Enhancing vection in leaning-based interfaces
through multisensory stimuli. In Proceedings of the Sympo-
sium on Spatial User Interaction, pp. 149–158.

Larsson, P., Västfjäll, D., & Kleiner, M. (2004). Perception
of self-motion and presence in auditory virtual environ-
ments. Proceedings of the 7th Annual Workshop of Presence,
pp. 252–258. https://www.researchgate.net/publication/
228752019

Lepecq, J. C., Giannopulu, I., & Baudonniere, P. M. (1995).
Cognitive effects on visually induced body motion in chil-
dren. Perception, 24(4), 435–449. 10.1068/p240435

Luu, W., Zangerl, B., Kalloniatis, M., & Kim, J. (2021). Ef-
fects of stereopsis on vection, presence and cybersickness
in head-mounted display (HMD) virtual reality. Scientific
Reports, 11(1), 12373. 10.1038/s41598-021-89751-x

Matsumoto, R., & Zhang, J. (2022). Influence of the vec-
tion effect on VR motion sickness. In International
Symposium on Affective Science and Engineering, 1–4.
10.5057/isase.2022-C000017

Mazloumi Gavgani, A., Walker, F. R., Hodgson, D. M., &
Nalivaiko, E. (2018). A comparative study of cybersick-
ness during exposure to virtual reality and “classic” motion
sickness: are they different? Journal of Applied Physiology,
125(6), 1670–1680. 10.1152/japplphysiol.00338.2018

Morimoto, Y., Sato, H., Hiramatsu, C., & Seno, T. (2019).
Material surface properties modulate vection strength. Ex-
perimental Brain Research, 237, 2675–2690. 10.1007/
s00221-019-05620-0

D
ow

nloaded from
 http://direct.m

it.edu/pvar/article-pdf/doi/10.1162/pres_a_00413/2465368/pres_a_00413.pdf by Kyushu U
niversity  user on 03 June 2025

https://doi.org/10.1007/s00221-017-5122-1
https://doi.org/10.1007/s10055-022-00641-7
https://doi.org/10.1068/p180657
https://doi.org/10.1068/p060365
https://doi.org/10.1007/978-3-031-35634-6_45
https://doi.org/10.1007/s10055-021-00570-x
https://doi.org/10.1177/2041669516671566
https://doi.org/10.1109/ISMAR-Adjunct60411.2023.00128
https://doi.org/10.1177/2041669516631695
https://doi.org/10.3758/s13414-016-1076-9
https://doi.org/10.3758/s13414-021-02400-3
https://doi.org/10.1109/SMC53654.2022.9945359
https://doi.org/10.3758/s13428-023-02148-8
https://doi.org/10.3390/virtualworlds3010004
https://www.researchgate.net/publication/228752019
https://doi.org/10.1068/p240435
https://doi.org/10.1038/s41598-021-89751-x
https://doi.org/10.5057/isase.2022-C000017
https://doi.org/10.1152/japplphysiol.00338.2018
https://doi.org/10.1007/s00221-019-05620-0


Jiang et al. 159

Najm, M. (2019). Flying through the image vection and im-
mersion through technical analysis of the Movie-Ride effect.
Doctoral dissertation, Notre Dame University-Louaize.

Nakamura, S. (2001). The perception of self-motion induced
by central and peripheral visual stimuli moving in opposite
directions. Japanese Psychological Research, 43(3), 113–120.
10.1111/1468-5884.00167

Nakamura, S. (2006). Effects of depth, eccentricity and size
of additional static stimulus on visually induced self-motion
perception. Vision Research, 46(15), 2344–2353. 10.1016/
j.visres.2006.01.016

Nakamura, S. (2008). Effects of stimulus eccentricity on vec-
tion reevaluated with a binocularly defined depth. Japanese
Psychological Research, 50(2), 77–86. 10.1111/j.1468-5884
.2008.00363.x

Nakamura, S. (2013). The influence of miniature effects ap-
plied to the motion image upon visually induced self-motion
perception. Transactions of the Virtual Reality Society of
Japan, 18(1), 3–6 [in Japanese]. 10.18974/tvrsj.18.1_3

Nakamura, S. (2015). The effects of local rotation on roll vec-
tion induced by globally rotating visual inducer. Frontiers in
Psychology, 6, 694. 10.3389/fpsyg.2015.00694

Nakamura, S., & Shimojo, S. (1998). Stimulus size and eccen-
tricity in visually induced perception of horizontally trans-
lational self-motion. Perceptual and Motor Skills, 87(2),
659–663. 10.2466/pms.1998.87.2.659

Ogawa, M., & Seno, T. (2014). Vection is modulated by the
semantic meaning of stimuli and experimental instructions.
Perception, 43(7), 605–615. 10.1068/p7639

Palmisano, S., & Chan, A. Y. C. (2004). Jitter and size effects
on vection are immune to experimental instructions and
demands. Perception, 33(8), 987–1000. 10.1068/p5242

Palmisano, S., Allison, R. S., & Pekin, F. (2008). Accelerating
self-motion displays produce more compelling vection in
depth. Perception, 37(1), 22–33. 10.1068/p5806

Palmisano, S., Allison, R. S., Kim, J., & Bonato, F. (2011).
Simulated viewpoint jitter shakes sensory conflict ac-
counts of vection. Seeing and Perceiving, 24(2), 173–200.
10.1163/187847511X570817

Palmisano, S., Allison, R. S., Ash, A., Nakamura, S., &
Apthorp, D. (2014). Evidence against an ecological ex-
planation of the jitter advantage for vection. Frontiers in
Psychology, 5, 1297. 10.3389/fpsyg.2014.01297

Palmisano, S., Allison, R. S., Schira, M. M., & Barry, R. J.
(2015). Future challenges for vection research: Definitions,
functional significance, measures, and neural bases. Frontiers
in Psychology, 6(193), 1–15. 10.3389/fpsyg.2015.00193

Post, R. B. (1988). Circular vection is independent of stimulus
eccentricity. Perception, 17(6), 737–744. 10.1068/p170737

Richards, J. T., Mulavara, A. P., & Bloomberg, J. J. (2004).
Postural stability during treadmill locomotion as a function
of the visual polarity and rotation of a three-dimensional
virtual environment. Presence: Teleoperators and Virtual En-
vironments, 13(3), 371–384. 10.1162/1054746041422299

Riecke, B. E. (2009). Cognitive and higher-level contri-
butions to illusory self-motion perception (“vection”):
Does the possibility of actual motion affect vection? The
Japanese Journal of Psychonomic Science, 28(1), 135–139.
10.14947/psychono.KJ00005878681

Riecke, B. E., Feuereissen, D., & Rieser, J. J. (2008). Auditory
self-motion illusions (“circular vection”) can be facilitated by
vibrations and the potential for actual motion. In ACM SIG-
GRAPH Symposium on Applied Perception in Graphics and
Visualization, pp. 147–154. 10.1145/1394281.1394309

Riecke, B. E., Feuereissen, D., & Rieser, J. J. (2009). Au-
ditory self-motion simulation is facilitated by haptic and
vibrational cues suggesting the possibility of actual mo-
tion. ACM Transactions on Applied Perception, 6(3), 1–22.
10.1145/1577755.1577763

Riecke, B. E., & Schulte-Pelkum, J. (2013). Perceptual and
cognitive factors for self motion simulation in virtual en-
vironments: How can self-motion illusions (“vection”) be
utilized? In F. Steinicke, Y. Visell, J. Campos, & A. Lécuyer
(Eds.), Human Walking in Virtual Environments (pp. 27–
54). New York: Springer. 10.1007/978-1-4419-8432-6_2

Riecke, B. E., Schulte-Pelkum, J., Avraamides, M. N., Heyde,
M. V. D., & Bülthoff, H. H. (2006). Cognitive factors can
influence self-motion perception (vection) in virtual reality.
ACM Transactions on Applied Perception, 3(3), 194–216.
10.1145/1166087.1166091

Riecke, B. E., Västfjäll, D., Larsson, P., & Schulte-Pelkum,
J. (2005). Top-down and multi-modal influences on self-
motion perception in virtual reality. In Proceedings of the In-
ternation Human-Computer Interaction Conference, pp. 1–
10. https://www.researchgate.net/publication/41781305

Sato, H., Morimoto, Y., Remijn, G. B., & Seno, T. (2020).
Differences in three vection indices (latency, duration, and
magnitude) induced by “camera-moving” and “object-
moving” in a virtual computer graphics world, despite
similarity in the retinal images. i- Perception, 11(5), 1–16.
10.1177/2041669520958430

Schulte-Pelkum, J. (2008). Perception of self-motion: Vection
experiments in multisensory virtual environments. PhD the-
sis, Ruhr-Universität Bochum, Bochum, Germany.

D
ow

nloaded from
 http://direct.m

it.edu/pvar/article-pdf/doi/10.1162/pres_a_00413/2465368/pres_a_00413.pdf by Kyushu U
niversity  user on 03 June 2025

https://doi.org/10.1111/1468-5884.00167
https://doi.org/10.1016/j.visres.2006.01.016
https://doi.org/10.1111/j.1468-5884.2008.00363.x
https://doi.org/10.18974/tvrsj.18.1_3
https://doi.org/10.3389/fpsyg.2015.00694
https://doi.org/10.2466/pms.1998.87.2.659
https://doi.org/10.1068/p7639
https://doi.org/10.1068/p5242
https://doi.org/10.1068/p5806
https://doi.org/10.1163/187847511X570817
https://doi.org/10.3389/fpsyg.2014.01297
https://doi.org/10.3389/fpsyg.2015.00193
https://doi.org/10.1068/p170737
https://doi.org/10.1162/1054746041422299
https://doi.org/10.14947/psychono.KJ00005878681
https://doi.org/10.1145/1394281.1394309
https://doi.org/10.1145/1577755.1577763
https://doi.org/10.1007/978-1-4419-8432-6_2
https://doi.org/10.1145/1166087.1166091
https://www.researchgate.net/publication/41781305
https://doi.org/10.1177/2041669520958430


160 PRESENCE: VOLUME 33

Schulte-Pelkum, J., Riecke, B. E., von der Heyde, M., &
Bülthoff, H. H. (2003). Circular vection is facilitated by a
consistent photorealistic scene. In Proceedings of Presence.
https://www.researchgate.net/publication/41781101
_Circular_vection_is_facilitated_by_a_consistent
_photorealistic_scene

Schulte-Pelkum, J., Riecke, B., & Bülthoff, H. H. (2004).
Vibrational cues enhance believability of ego-motion sim-
ulation. Poster presented at 5th International Multisensory
Research Forum, Barcelona, Spain.

Seno, T., Abe, K., & Kiyokawa, S. (2013). Wearing heavy iron
clogs can inhibit vection. Multisensory Research, 26(6), 569–
580. 10.1163/22134808-00002433

Seno, T., Ito, H., & Sunaga, S. (2009). The object and back-
ground hypothesis for vection. Vision Research, 49(24),
2973–2982. 10.1016/j.visres.2009.09.017

Seno, T., Yamada, Y., & Palmisano, S. (2012). Directionless
vection: A new illusory self-motion perception. i-Perception,
3(10), 775–777. 10.1068/i0518sas

Seno, T., Murata, K., Fujii, Y., Kanaya, H., Ogawa, M., Toku-
naga, K., & Palmisano, S. (2018). Vection is enhanced
by increased exposure to optic flow. i-Perception, 9(3).
10.1177/2041669518774069

Seno, T., Sawai, K. I., Kanaya, H., Wakebe, T., Ogawa, M.,
Fujii, Y., & Palmisano, S. (2017). The oscillating poten-
tial model of visually induced vection. i-Perception, 8(6).
10.1177/2041669517742176

Servotte, J. C., Goosse, M., Campbell, S. H., Dardenne, N.,
Pilote, B., Simoneau, I. L., . . . & Ghuysen, A. (2020). Vir-
tual reality experience: Immersion, sense of presence, and
cybersickness. Clinical Simulation in Nursing, 38, 35–43.
10.1016/j.ecns.2019.09.006

Väljamäe, A. (2009). Auditorily-induced illusory self-motion:
A review. Brain Research Reviews, 61(2), 240–255.
10.1016/j.brainresrev.2009.07.001

Väljamäe, A., Larsson, P., Västfjäll, D., & Kleiner, M. (2009).
Auditory landmarks enhance circular vection in multimodal
virtual reality. Journal of the Audio Engineering Society,
57(3), 111–120.

Warren, P. A., & Rushton, S. K. (2007). Perception of ob-
ject trajectory: Parsing retinal motion into self and object
movement components. Journal of Vision, 7(11):2, 1–11.
10.1167/7.11.2

Wright, W. G., DiZio, P., & Lackner, J. R. (2006). Per-
ceived self-motion in two visual contexts: dissociable
mechanisms underlie perception. Journal of Vestibular
Research: Equilibrium & Orientation, 16(1–2), 23–28.
10.3233/VES-2006-161-202

Wolpert, L. (1990). Field-of-view information for self-motion
perception. In R. Warren & A. H. Wertheim (Eds.), Percep-
tion and control of self-motion (pp. 101–126). Psychology
Press. 10.4324/9781315807683

Xiong, J., Hsiang, E. L., He, Z., Zhan, T., & Wu, S.
T. (2021). Augmented reality and virtual reality dis-
plays: emerging technologies and future perspectives.
Light: Science & Applications, 10(1), 216. 10.1038/
s41377-021-00658-8

Young, L. R., Crites, T. A., & Oman, C. M. (1983). Brief
weightlessness and tactile cues influence visually induced
roll. Advances in Oto-Rhino-Laryngology: Vol. 30. Neuro-
physiological and Clinical Aspects of Vestibular Disorders (pp.
230–234). Karger. 10.1159/000407646

Young, L. R., & Shelhamer, M. (1990). Weightlessness en-
hances the relative contribution of visually-induced self-
motion. In R. Warren & A. H. Wertheim (Eds.), Perception
and control of self-motion (pp. 547–562). Psychology Press.
10.4324/9781315807683

Zhou, L., & Gu, Y. (2023). Cortical mechanisms of multisen-
sory linear self-motion perception. Neuroscience Bulletin,
39(1), 125–137. 10.1007/s12264-022-00916-8

D
ow

nloaded from
 http://direct.m

it.edu/pvar/article-pdf/doi/10.1162/pres_a_00413/2465368/pres_a_00413.pdf by Kyushu U
niversity  user on 03 June 2025

https://www.researchgate.net/publication/41781101_Circular_vection_is_facilitated_by_a_consistent_photorealistic_scene
https://doi.org/10.1163/22134808-00002433
https://doi.org/10.1016/j.visres.2009.09.017
https://doi.org/10.1068/i0518sas
https://doi.org/10.1177/2041669518774069
https://doi.org/10.1177/2041669517742176
https://doi.org/10.1016/j.ecns.2019.09.006
https://doi.org/10.1016/j.brainresrev.2009.07.001
https://doi.org/10.1167/7.11.2
https://doi.org/10.3233/VES-2006-161-202
https://doi.org/10.4324/9781315807683
https://doi.org/10.1038/s41377-021-00658-8
https://doi.org/10.1159/000407646
https://doi.org/10.4324/9781315807683
https://doi.org/10.1007/s12264-022-00916-8

