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ABSTRACT: This study investigates neural patterns
of acceleration in virtual reality (VR) using electroen-
cephalography (EEG). Participants experienced accel-
erating white spheres in VR while EEG signals were
recorded. Significant EEG differences were found at
the fronto-central region between acceleration and slow
speed, regardless of direction, and at the central region
depending on the acceleration direction. Topographic re-
sponses also show differences in spacial patterns between
the conditions. These findings give insights into the per-
ception of acceleration in the brain and show potential for
passive BCI applications.

INTRODUCTION

Although there are numerous definitions of VR [1], it can
be succinctly defined as “A real or simulated environ-
ment in which a perceiver experiences telepresence” [2].
The user’s psychological response to immersion in VR,
termed “presence” [3|], provides valuable insights into
user behavior and experience. Understanding user re-
sponses to specific stimuli in VR is crucial for enhanc-
ing overall user experience and mitigating issues such as
cybersickness [4]].

Recently, there has been growing interest in leveraging
BClIs to enhance VR experiences, aiming to create more
immersive and interactive environments [5]]. This paper
investigates brain responses to acceleration in VR to iden-
tify potential markers of acceleration perception. Our ex-
perimental setup involved the simultaneous use of a 16-
electrode EEG headset and a VR headset. Participants
were presented with stimuli consisting of moving white
spheres within the VR environment. These spheres ini-
tially moved at a slow constant speed before undergoing
a sudden acceleration, either forward or backward, fol-
lowed by a return to the initial speed. This experimental
paradigm allowed us to examine the neural responses as-
sociated with the perception of acceleration in different
directions.

The study of acceleration perception in VR is particularly
relevant given the association between the subjective sen-
sation of movement called vection and the user’s experi-
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ence in VR . Specifically, cybersickness has been asso-
ciated with vection [6] and could be better understood
through that prism.

Thus, studying the perception of acceleration serves as a
foundational step in investigating vection and its associ-
ated neural correlates.

We identify two potential neuromarkers:

1. A frontal marker of visual acceleration characterized
by a positive potential between 300ms and 700ms
after the start of the acceleration.

2. A signal differentiating the direction of the accel-
eration, whether it was forward or backward in the
central region.

To the best of our knowledge, these findings have not
been previously reported in the literature. They entail
two potential meanings for the fields of neuroscience
and BCIs. Firstly, they highlight fundamental cortical
responses associated with acceleration perception. Sec-
ondly, they pave the way for passive BCIs that utilize this
neuromarker to tailor the user experience accordingly. By
identifying markers of acceleration perception, we can
develop algorithms capable of discerning user attention
towards acceleration events. Aligning detected accelera-
tions with corresponding neuromarkers offers insight into
user engagement with such stimuli.

In summary, this study contributes to the growing body of
literature on BCIs and VR by hinting at the neural basis
of acceleration perception and its potential applications in
human-computer interaction and immersive technology.

MATERIALS AND METHODS

Objective: This protocol aims to generate accelera-
tion perception responses using Virtual Reality (VR). To
achieve this goal, a user study was designed to trigger a
potential through two types of trials: (1) sudden forward
acceleration FA; and (2) sudden backward acceleration
BA| (see[Figure IJ). Following this event, the participant
slowed back down to their initial speed by either a for-
ward (FA;) or a backward (BA») acceleration.
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Figure 1: Illustration of a trial: Evolution of speed over time
is depicted. Dashed durations represent variable delays, with
one of the three delays chosen randomly. The second delay is
selected to ensure that the cumulative sum of delays amounts to
6 seconds.

Farticipants and Ethics: Twenty healthy participants
with normal or corrected-to-normal vision (12 men, 8
women; age U = 28.1, ¢ = 7.99, min = 20, max = 56)
took part in the experiment. Ethical approval for this
study was obtained from the Ethics Committee of the
University of Lille with approval number 2021-526-S97.
The study adhered to the principles outlined in the Dec-
laration of Helsinki. Written informed consent was ob-
tained from all participants, who were explicitly informed
of their right to withdraw from the experiment at any
time without repercussion. Special attention was given
to inform the participants that they can withdraw should
they experience cybersickness. Data was anonymized
and stored in compliance with the General Data Protec-
tion Regulation (GDPR). Participants were given their
anonymized ID and could withdraw their consent at any
time after the experiment, removing their recordings from
the dataset.

Experimental Setup: The VE was displayed us-
ing a Valve Index Head-Mounted Display (HMD) con-
nected tp a DELL PRECISION 3640 personal com-
puter with an NVIDIA RTX 3080 video card. EEG
data were recorded using OpenVibe 3.1.0 software and a
2.GAMMAcap2 EEG cap from g.tec medical engineer-
ing GmbH®(Austria) with 14 electrodes positioned at
FPz, Fz, F1, F2, FCz, FC1, FC2, Cz, C1, C2, CPz, CP1,
CP2, Pz and a reference electrode placed on the right ear-
lobe. The VE was created using the Unity game engine
software (version 2020.3.11f1).

Trial Design: Each trial lasted 17 seconds and con-
sisted of four phases:

1. The Static phase: The environment fades in over 2
seconds and remains still.

2. The Slow speed phase: The environment accelerates
to a speed of 3m/s over 2 seconds and maintains
this speed for a variable duration of 1 to 5 seconds.
This phase is used to have an EEG baseline of visual
stimulation without strong speed or acceleration.
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Figure 2: Depiction of the visual experience presented to partic-
ipants, featuring a virtual scene composed of point clouds and a
central crosshair.

3. The Acceleration phase: Participants experience a
sudden forward acceleration FA; or backward accel-
eration BA| of 12m/s? for 1 second. The resulting
speed is maintained for two seconds before return-
ing to the initial slow speed with either a forward
acceleration FA, or a backward acceleration BA».

The End phase: The environment maintains a speed
of 3m/s for a duration matching the slow speed
phase before fading out over 2 seconds.

Environment: The VE consisted of a minimalistic en-
vironment with stationary white spheres arranged cylin-
drically around the participant, following what has been
done in the literature [[7]. Participants were instructed to
focus on a red crosshair at the center of the visual field
to minimize ocular movements. Spheres gradually be-
came visible from 150 meters away and were updated in
real-time to reflect the current speed. The participant’s
view can be seen in Participants experienced
78 trials organized into four blocks. Each condition was
evenly distributed amongst the trials, with 39 of each for-
ward and backward trials, as well as 26 of each duration
before acceleration (1, 3 or 5 seconds).

Data Processing: EEG data were processed using
MNE-python for filtering and epoching. Noisy channels
were identified and excluded, and data were re-referenced
using common average referencing (CAR). Data were re-
sampled to 128Hz and filtered from 0.3 to 10Hz using
a 4th order Butterworth filter. Epochs ranged from 0.5s
before stimulus onset to 1s after stimulus offset. Epochs
containing voltage exceeding 125uV were rejected. Data
were stored in EEG Brain Imaging Data Structure (BIDS)
standard for easy sharing. Visualization was performed
using the seaborn library.

RESULTS

In our subjects, we split the EEG data between different
conditions:

* Baseline: This is taken during the slow speed phase,

as shown in Where the subject is going at
a constant speed of 3m/s.

e FA|, BA|, FA,, BA; As described in the Trial Design
subsection.
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Figure 3: Topographic map comparison of the average response
for all subjects to baseline (top) and the first acceleration, FA|
and BA1, averaged (bottom)
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Figure 4: Mean values of the FCz electrode for FA| (blue), BA|
(orange), and baseline (green). The 95% confidence interval is
shown for each event. The shaded gray area corresponds to the
time period where there was a statistically significant difference
between the signals. FA; And BA| present similar patterns dis-
tinguishable from the baseline.

In this study, we evaluate the significance of observed dif-
ferences using a non-parametric bootstrapping approach.
First we perform 10,000 resamples on our data with re-
placement. Then we compute the 95% confidence in-
tervals which correspond to the range between the 2.5th
and 97.5th percentiles of the resampled data distribution.
These confidence intervals are represented as shaded ar-
eas in the figures. Additionally, we utilize topographic
maps to underscore spatial differences between condi-
tions, with cubic interpolation applied to obtain values
between electrodes.

Marker of acceleration: The spacial response shows
differences between the baseline and the acceleration
condition as shown in which presents a much
higher positive peak along the central regions and es-
pecially the fronto-central region peaking at 600ms. A
better temporal representation can be found in
which shows a significant difference at electrode FCz be-
tween periods of strong acceleration (FA| or BA|) com-
pared to slow speed (3m/s), regardless of acceleration di-
rection. We see the characteristic strong positive potential
between 300 and 700ms after acceleration onset. Both
FA| and BA; follow a similar pattern in this region. This
particular pattern in the region could represent a marker
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Figure 5: A comparison of the average topographic map across
all subjects for FA| (top) and BA| (bottom)
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Figure 6: Mean values of the Cz electrode for FA; (blue) and
BA; (orange). The 95% confidence interval is shown for each
event. The shaded gray area corresponds to the time period
where there was a statistically significant difference between
the signals. The Cz presents a significant difference between
FA1 and BA] .

of acceleration, regardless of direction.

Marker of direction: The spacial response to the di-
rection of acceleration also shows differences. Compar-
ing the topographic maps in[Figure 3] we find a stronger
negativity in the parietal region for the FA; condition
around 400ms, that becomes a frontal and positive over
the course of the next 200ms. The BA; condition shows a
much stronger negativity, especially around the central
electrodes, that increases until 600ms. Looking at the
Cz electrode, a significant difference was found between
forward and backward acceleration, as seen in
The BA; condition differentiates from the FA; condition
by showing a higher peak around 400ms and keeping a
stronger positive potential until 700ms after acceleration
onset.

Return to slow speed: Responses when returning to the
slower speed were not as pronounced as the responses we
found in the initial acceleration condition. We did find a
distinct marker for the return to slow speed section during
the Acceleration phase, as seen in First we ob-
serve a small difference in conditions around 350-500ms,
which is followed by a more pronounced late marker.
This late marker showed a significant difference between
the FA, and BA, conditions between 750-1000ms after
acceleration onset.
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Figure 7: Mean values of the Pz electrode for FA; (brown) and
BA; (purple). The 95% confidence interval is shown for each
event. The shaded gray area corresponds to the time period
where there was a statistically significant difference between
the signals. The Pz presents a significant difference between
FA2 and BAQ.

DISCUSSION

Interpretation: The identification of distinct neural ac-

tivation patterns in response to acceleration stimuli opens
the door for a deeper understanding of acceleration per-
ception circuits in the brain. Further understanding of
the neural mechanisms underlying acceleration percep-
tion may reveal insights into motor control processes.
Some of these responses, notably the one exhibited in
bears resemblance to P300 responses from the
literature in its timing and location [8]. As the P300 is
associated with surprise and decision-making, the per-
ception of a sudden acceleration could trigger a decision-
making process in the brain.
Importantly, these findings lay the foundation for future
research on passive BCIs that use acceleration percep-
tion as a neural signal. Acceleration perception could be
used in a similar manner to established passive BCI sig-
nals such as mental workload [9} 10] or changes in error-
related potentials [[11]. Such systems could adapt a user’s
environment and inputs, knowing if the user perceived an
acceleration and in which direction he perceived it. For
example, a passive BCI could detect if a driver in a vehi-
cle is paying attention to the road by using the markers of
acceleration perception along with an accelerometer.

Limitations and future work: In this paper, we find pat-
terns when going from a slow speed to a high speed (FA;
and BA)), but very different patterns when starting from
a high speed and going back to normal (FA; and BA)).
All four patterns are unique, we do not explain this dif-
ference, and it warrants further study to be better under-
stood. Moreover, while this study shows a signal specific
to acceleration perception and direction, these findings
are limited to specific conditions: the subject is sitting, in
VR, with a stimulation consisting of white spheres.
Continued research in this direction could uncover how
the response evolves as we add sensory indicators of ac-
celeration such as sounds. One could also compare this
signal to those exhibited ecological experiences of accel-
eration in VR as well as in real-world scenarios. Beyond
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the perception of motion, this opens the door to under-
standing how the brain perceives self-motion induced by
visual stimuli, or vection, which bears importance for the
field of VR and cybersickness. Thus, another direction
could be correlating this signal with the subjective per-
ception of the participant.

CONCLUSION

In this study, we find neural responses associated with
perceptual changes induced by sudden accelerations in
VR. We find different spatial responses characteristic of
both acceleration and acceleration direction. We also un-
cover differences in EEG signals at electrodes FCz and
Cz during acceleration perception, suggesting the exis-
tence of distinct neural markers for acceleration direction.
These findings have implications for the development of
passive BCIs and the enhancement of virtual reality ex-
periences. By leveraging these neural markers, future re-
search can design adaptive BCIs and create more immer-
sive and interactive VR environments. Overall, this study
contributes to advancing our understanding of the neu-
ral mechanisms underlying acceleration perception and
paves the way for innovative applications in brain com-
puter interfaces.
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