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Abstract. Objective. Presence is an important aspect of user experience in
virtual reality. It corresponds to the illusion of being physically located in a
virtual environment. This feeling is usually measured through questionnaires
that disrupt presence, are subjective and do not allow for real-time measurement.
Electroencephalography (EEG), which measures brain activity, is increasingly
used to monitor the state of users, especially while immersed in virtual reality.
Approach. In this paper, we present a way of evaluating presence, through
the measure of the attention dedicated to the real environment via an EEG
oddball paradigm. Using breaks in presence (BiP), this experimental protocol
constitutes an ecological method for the study of presence, as different levels
of presence are experienced in an identical virtual environment. Main results.
Through analysing the EEG data of 18 participants, a significant increase in
the neurophysiological reaction to the oddball, i.e., the P300 amplitude, was
found in low presence condition compared to high presence condition. This
amplitude was significantly correlated with the self-reported measure of presence.
Using Riemannian geometry to perform single-trial classification, we present a
classification algorithm with 79% accuracy in detecting between two presence
conditions. Significance. Taken together our results promote the use of EEG
and oddball stimuli to monitor presence offline or in real-time without interrupting
the user in the virtual environment.

Keywords:Virtual reality, Presence, Brain-Computer Interfaces, EEG, Event-Related
Potential, Oddball paradigm, Attention
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1. Introduction

Presence is a state of consciousness that arises when
one is immersed in a virtual environment. A high level
of presence in a virtual reality (VR) environment has
a positive effect on distinct behaviors. Users feeling
present in a VR environment (i) react to stimuli as
if they were real, (ii) are more involved and efficient
in VR-related tasks, (iii) are more attentive to events
occurring in the VR environment, and (iv) globally
retrieve a better experience from VR exposition [1, 2].

The reasons why presence is achieved, or not, are
still not fully understood, and a wide range of internal
and external factors from the virtual environment
have been shown to modulate the overall perceived
presence [3], such as the degree of realism [4] or the
coherence of the experience [5]. Additionally, presence
can be disrupted by several external events such as
unexpectedly touching a physical object or experiencing
rendering issues or due to technical difficulties. These
events, qualified as “Breaks in Presence” (BiP) [1],
occur when the participant stops responding to the
virtual stream of information and resumes responding
to the sensory stream from the real world. BiPs have a
negative impact on presence [1].

An additional challenge while studying presence
is its precise assessment[6]. The assessment methods
must have enough sensitivity in order to discriminate
subtle differences in presence, and if possible, detect
those potential breaks in presence that can arise during
a virtual experience. In addition to the pure assessment
of virtual experiences, being able to adjust the level
of presence in a virtual experience is important for a
wide range of applications. For instance, in virtual
reality therapies for phobias, the ability to control and
gradually increase the level of presence allows therapists
to create a safe and controlled environment where
patients can gradually confront their fears, aiding in
the therapeutic process [7].

While a wide range of measurements of presence
has been explored [5], the most common method
still remains the use of questionnaires [6, 8], such
as the iGroup Presence Questionnaire [9] or the
Slater-Usoh-Steed Questionnaire (SUS) [10]. While
presence questionnaires are not dependent of the virtual
environment and can be compared among different
virtual experiences, in order to respond to these
questionnaires users have to interrupt the immersion
in the virtual environment and they are typically

administered at the end of the experience. Thus, the
responses only represent a global perception of the level
of presence and not a detailed time-course. Moreover,
these measures can sometimes be unreliable [11], as the
concept of presence can be cryptic to participants, and
is subject to high inter-individual variability, as they
can be influenced by the participants’ prior experiences
in user studies [12].

The use of neurophysiological measures is a
promising method to assess presence in VR, as it
allows a measure of the mental states of the user
without disturbing their experience. It has been
used in VR to assess user experience factors, such as
the level of agency over an avatar [13], application
errors [14] or cognitive workload [15, 16]. Regarding
presence, previous studies explored measuring presence
using electroencephalography (EEG) via neuromarkers
related to attention [17, 18, 19, 20] since it is related to
the level of presence [21]. Indeed, when users are present
in a VR environment, they are gradually paying less
attention to the real world. Thus, having a measure of
that shift in attention from real to virtual environment
could be used as a proxy to measure presence in VR.

To that extent, past studies relied on an oddball
paradigm which is commonly used to monitor attention
and consciousness through the observation of the
amplitude of electrical brain responses that are time-
locked to specific events or stimuli [22, 15], named,
event-related potentials (ERPs). The oddball paradigm
consists in exposing the user to a series of identical
stimuli (e.g. sounds), with an infrequent and random
insertion of a divergent stimulus called deviant. When
observing the participant’s reaction to these deviant
stimuli, mainly using EEG, we can monitor a deviation
in the signal reflecting the attention allocated toward
these stimuli. However, the precedent studies that
used the oddball paradigm to measure presence [17,
18, 19, 20] did not analyze the P300 response. The
P300 response is classically the main component studied
in the oddball paradigm, as its amplitude is strongly
correlated to the attention allocated toward deviant
stimuli [23, 24, 22, 25].

In this paper, we explore the use of the oddball
paradigm to measure presence, by evaluating the user’s
attention to external stimuli while being immersed
in a virtual environment using a head-mounted
display (depicted in Figure la). Using BiP, we
intentionally negatively impacted the presence felt by
the participants, in order to have two experimental
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conditions producing different levels of presence within
the same environment. Through EEG data analysis,
we observed a difference in the reaction to the oddball
paradigm based on the experimental conditions, where
lower presence produces stronger reactions to the
oddball stimulus. This difference, observed in the
P300, represents the shift of attention between real and
virtual environments. P300 amplitudes are negatively
correlated with self-reported measure of presence
(obtained through questionnaires). Additionally, we
used the EEG data to train a Riemannian geometry-
based algorithm, capable of correctly classifying
the presence conditions with an accuracy of 79%

In summary, BiPs are here used for the first
time to produce an ecological environment for a
neurophysiological measure of presence, observing
through the P300 the change in attention toward the
real environment coming from a change in presence.
Additionally, we present evidence that questionnaires
and this neurophysiological marker provide compatible
measurements.

2. Related Work

In this Section, we present the different methods that
can be used to measure presence. First, we describe
the most traditional approach, which is questionnaire,
as well as behavioral measures. Then, we detail
neurophysiological measures of presence, with special
attention to the oddball paradigm.

2.1. Behavioral and self-reported measures of presence

Traditionally, presence has been measured through ques-
tionnaires. Souza & al. [6] provided a comprehensive re-
view of the methods employed to measure presence, and
reported that an overwhelming majority of studies used
questionnaires. Through questions asked to the user
after a virtual experience, questionnaires allow a simple
and cost-effective measure of the different components
of presence (spatial presence, involvement,...), while
providing standardized metrics facilitating comparisons
across studies. However, these questionnaires can be
unreliable due to the subjective nature of self-report
measures and since presence is a relatively unfamiliar
concept to the general public[11]. Also, questionnaires
are inherently incompatible with a real-time measure-
ment, since asking questions about presence in VR
forces the user to stop their VR task to assess their
current state, thus breaking their feeling of presence.
Behavioral measures can also provide valuable
information about presence in VR, such as the level
of engagement, exploration, or interaction within the
virtual environment. For example, researchers can
observe users’ navigation patterns, task performance,
or their reaction to an unexpected event [26]. This is

based on the assumption that as participants experience
a higher level of presence in the virtual environment
(VE), their reactions to virtual stimuli will tend to
become similar to their reaction to a natural stimulus.
These measures could be more reliable than subjective
measures, without impacting presence. Though, a
change in behavior can occur independently of a change
in presence [6].

2.2. Neurophysiological measurement of presence

The use of neurophysiological measures is steadily
increasing in VR, as it provides objective and
continuous assessments of VR users’ mental states.
For the measurement of presence, different frequency
components of the EEG have been studied, such
as alpha rhythm [27], as those features have been
closely associated with attention. Kober[27] studied
the feeling of presence by comparing two VR systems,
Single-Wall-VR-system (three-dimensional view, large
screen) and a less immersive Desktop-VR-system (two-
dimensional view, small screen). They observed a
significant correlation between alpha power and their
presence conditions, where an increase in the sense of
presence, produced by a more immersive VR system,
was accompanied by an increased parietal task-related
power decrease (TRPD).

2.8. Oddball paradigm for the measurement of presence

2.83.1. The oddball paradigm

Additionally, the oddball paradigm has been
investigated as a potential tool to obtain an objective
measure of presence. It is a neuro-scientific exploration
method, in which a participant is presented with
a repetition of stimuli [28, 22]. Since the oddball
paradigm can act as a measure of attention, it has
been used in a few studies as a mean of indirectly
measuring presence, by producing the stimulus in the
real environment to measure the shift in attention from
the real to the virtual environment, a sign that a user
is present in the virtual environment. In the typical
two-stimuli oddball, a series of standard stimuli (visual,
tactile or auditory) is presented to the participant at a
fixed rate, and a different stimulus (deviant) randomly
and infrequently replaces a standard stimulus. Brain
activity measures (EEG, magnetoencephalography
(MEG)) show that an automatic reaction to deviant
stimuli can be observed. The randomness of the
occurrence of the deviant is important to prevent any
expectation of its appearance and trigger the reaction.

The oddball paradigm can be used for active
or passive experiments. In active experiments,
participants are asked to focus on the oddball stimulus
and react to them, traditionally by counting or signaling
the occurrence of a deviant stimulus [29, 30]. In passive
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oddball paradigm, participants are asked to complete
an unrelated task while being subjected to oddball
stimuli[31, 32, 33, 34]. In contrast to active oddball,
participants are not asked to react or be attentive to
these stimuli.

In a traditional EEG two-stimulus oddball experi-
ment, two main ERP components are traditionally stud-
ied, the Mismatch Negativity (MMN) and the P300.

The P300, in the context of the oddball paradigm,
is a positive peak occurring between 250 and 400 ms
[33] produced in reaction to an unexpected deviant
stimulus. The rarity of the deviant stimulus greatly
impacts this ERP, producing higher amplitude when
intervals between deviants are increased [23].

The MMN, is a negative peak observed between
100 and 250- ms [19] observed in the waveform obtained
by subtracting the reaction to the standard stimulus
from the reaction to the deviant one. It is also elicited
in reaction to the oddball paradigm and the perception
of deviant stimulus, and reflect the automatic auditory
processing [35].

In passive oddball paradigm, studies mostly focus
on the MMN as it reflects the brain’s ability to
automatically perform comparisons between stimulus.
However, due to its high correlation with attention[23],
and its presence in passive oddball paradigm [31, 33],
the P300 is a worthwhile ERP component to study in
this context.

These two ERPs can be impacted by attention, as
the P300 amplitude is linked to the attention allocated
toward the oddball stimulus [23] and the MMN may
not be produced if the auditory change produced by
the deviant isn’t perceived or if there isn’t enough
attentionnal resources available for its evaluation [35].
So, in a dual-task or passive oddball paradigm, when
the main task increases in complexity, thus requiring
more attentional resources to be processed, a decrease
in the proportion of attentional resources allocated to
the processing of the oddball stimuli can be observed
through the measure of ERPs. Thus, the oddball
paradigm allows a measurement of the attention
required by a primary task.

2.3.2. Measuring presence with an oddball paradigm
The oddball paradigm has been introduced in the
field of virtual reality to measure presence through
the attention allocated towards the real environment in
three different studies [18, 19, 20] thus acting as a proxy
measure for presence. In these studies, participants
experienced a single virtual environment, displayed
on a head-mounted display, while being subjected to
auditory oddball stimuli played on loudspeakers located
in the real environment. Their presence levels were
assessed through questionnaires and used during data
processing to divide the participants into two presence

groups (one of high presence, and one of low presence).
Each of the three studies found a significant difference
in the brain reaction to the oddball based on those
presence groups, namely around the ERPs N1[20, 19]
and slow-wave 1&2 (SW)[18, 19, 20].

Burns et al. [17] also used an oddball paradigm
in VR to assess presence. Their goal was to study the
impact of the difficulty of a video game on presence.
Their participants played a racing video game with
different levels of difficulty while oddball sounds were
played in the background. Their analyses of 3 ERPs (P1,
SW and late negativity (LN)) indicate that presence
is negatively impacted when the game difficulty is low,
and that an adapted difficulty helps build the feeling
of presence.

However, they split their data into presence
groups based on responses to presence questionnaires,
preventing any results showing a difference for each
participant during the VR experience.

Thus, the previous work suggesting the viability of
using an oddball paradigm to assess presence level could
not evaluate presence variations within participants in
the same environment.

3. Materials and methods

In this study, we used an oddball paradigm as a method
to objectively assess presence using electroencephalo-
graphic measurements. All participants experienced
two different experimental conditions in a virtual en-
vironment presented through a head-mounted display.
With the passive oddball paradigm and the evaluation
of its event-related potentials, we aimed at measuring
the user’s attention to the real world in these two condi-
tions. Due to the correlation between attention to the
real environment and presence, we expected to measure
a difference in attention reflecting the level of presence
of the user.

3.1. Participants and apparatus

Twenty-four participants (11 women, 13 men) took
part in the experiment (average age = 32; std = 8.9).
Before signing a consent form, all the participants
were instructed about the topic and course of the
experiment as well as their rights during and following
the experiment, such as their ability to stop at any
time. The experiment was validated by Inria’s ethical
committee (agreement n°2022-45).

3.2. Ezxperimental protocol

The experiment comprised a unique session lasting
about one hour. Before starting, participants were
briefed about the course of the experiment and
instructed to keep their head straight and limit as
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much as possible their movements, to limit noise
contamination in the EEG signal. Then, the EEG
cap was placed on their head.

They were first familiarised with the oddball
stimulus used during the experiment (see Subsection
3.2.3) with a preliminary control trial during which they
were subjected to 7 minutes of these stimuli while their
brain activity was recorded without the VR headset.
Then, they experienced a walk in a VR environment (see
Subsection 3.2.1) during two different conditions (see
Subsection 3.2.4). One condition included frequent BiP
to impact the user’s feeling of presence, while the other
condition didn’t (see Subsection 3.2.2). During these
two conditions, participants were asked to not actively
pay attention to the oddball stimuli. The timeline of
the experiment is depicted in figure 2

3.2.1. VR Environment

The virtual environment consisted in a forest where
the participants passively walked (Figure 1.b). They
were embodied in a character resembling them in terms
of gender and color. Participants observed it briefly
before starting the experiment. During each trial, the
character walked in the forest and the users were able
to feel it by hearing the footsteps and observing their
displacement, consistent with a normal walk. Only the
head movements of the participant were transmitted
to the virtual avatar, but participants were asked to
limit their head movements to prevent any artifacts in
the EEG data. This virtual environment was designed
to induce presence and limit cybersickness as much as
possible. The virtual environment was designed and
presented using Unity VR software and C# scripts.
The experimental protocol has been produced with
OpenViBE and relied on TCP for communication with
Unity.

A few objects (i.e., 9 mushrooms and 9 statues of
cats) were hidden in the forest, and the participants
were instructed to count them, and report how many
they saw at the end of their walk. The performance
in this task was irrelevant; it was implemented solely
so that the participants were focused on the virtual
environment to improve the feeling of presence.

3.2.2. Breaks in Presence

In this study, we aimed at measuring different levels
of presence, so we intentionally (negatively) impacted
the feeling of presence of the participants. Using
the external camera of the HTC Vive HMD (Head-
Mounted Display), we broke presence by displaying
the real surrounding room inside the headset (Figure
1.c). When presented for 2 seconds, this interruption
produced a drastic setback to reality. The users are
reminded of their condition of participant in a VR
experiment, thus heavily impacting their feeling of

presence. There are other ways to impact presence, such
as changing textures and details of the environment
[36], the discrepancy between the user’s virtual and
physical head pose [37] or the embodiment of the virtual
character [38]. However, our goal was to keep the
two conditions as similar as possible and to limit the
impact on other factors of the user experience, such as
cybersickness.

3.2.8. Auditory oddball stimuli

During the two conditions, the participants were
subjected to oddball stimuli. We used two audio stimuli,
a 100 ms pure tone sound (1000 Hz for the standard,
2000 Hz for the deviant) played on loudspeakers placed
roughly 50 cm behind the participant. We used external
speakers (rather than the built-in HMD speakers)
so that participants associated the oddball stimulus
with the real environment rather than the virtual one.
These sounds were delivered at a rate of 1 per second
throughout the trials, only stopping during the breaks
in presence. Deviants represented 15% of all sounds
played; their sequence was pseudo-random with no
direct repetition, preventing the occurrence of two
consecutive deviants.

3.2.4. Conditions

The experimental protocol was designed in two parts.
First, participants experienced a preliminary control
trial where they experienced only the oddball stimulus
without a VR headset, in order to assess the validity
of the oddball paradigm and familiarize participants
with these stimuli. Then, using BiP, we designed two
experimental conditions, to induce different levels of
presence for the participants:

e Without_BiP: Users are passively walking in a
virtual forest, without any BiP.

e With BiP: Users experience the same walk, but
with numerous BiP occurring, at a rate of 1 BiP
every 30 s.

Each condition was composed of a single trial, which
involved a 7-minute walk, and participants experienced
both conditions. The order of presentation of these two
conditions was counterbalanced across participants.

3.2.5. Questionnaires At
the end of each experimental condition, participants
were asked to fill in the iGroup Presence Questionnaire.
The questionnaire was presented inside the virtual
environment, and participants had to answer through
a 7-point Likert scale, where positive values represent
a higher presence, and negative values a lower presence.
This questionnaire was used to assess presence between
conditions in a more traditional way. It provides four
main indications:
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Figure 1: Experimental setup. Left: The user, equipped with the VR headset (1) and EEG cap (2), and the
loudspeakers (3) producing oddball stimulus. Middle: Virtual environment developed to induce presence. Right:
User’s view during a Break in Presence showing in real-time the real environment within the headset.

Order of conditions counter-balanced
between participants

Condition
With Bip

Condition %
N Without Bip [H
Briefing &

Setup

Preliminary
control trial

Condition
Without Bip

Condition
With Bip

Figure 2: Timeline of the experiment.

e General Presence (PRES): the general sense of
"being there’ felt by participants

e Spatial Presence (SP): how much participants felt
physically present in the VE.

e Involvement (INV): how much participants were
involved and paid attention to the VE.

e Experienced Realism (REAL): how realistic did
participants feel their experience was in the VE.

3.8. Neurophysiological measurement € Signal
Processing

3.8.1. Recording

The EEG data was recorded using an ANT Neuro
system (Eego sports, ANT Neuro, The Netherlands),
composed of 32 electrodes (Fpl, Fpz, Fp2, F7, F5,
Fz, F4, F8, FC5, FC1, FC2, FC6, C3, Cz, C4, CP5,
CP1, CP2, CP6, P7, P3, Pz, P4, P8, POz, M1, M2,
T8, T7, O1, Oz, 02) positioned accordingly to an
extended 10-20 system and filled with non-abrasive
electrolyte gel. The EEG data was referenced to CPz
and grounded to AFz. The signal was recorded at
500 Hz through OpenViBE [39] (an open-source brain-
computer interface (BCI) software) and re-referenced
to P7-P8 due to the original reference electrode (CPz)
being located in the region of interest of this study.
P7-P8 have been selected for being the most stable
electrodes outside the region of interest, as mastoids
weren’t consistent in all recordings due to noise and
artifacts.

3.3.2. Preprocessing

EEG data has been preprocessed with MNE-
Python [40]. The signal was filtered with a Finite
Impulse Response (FIR) band-pass filter, providing a
stop-band attenuation of approximately 53 dB, with
cut-off frequencies of 2 and 20 Hz to reduce the
effects of environmental noise, drifts, motion artefacts,
etc. We used an independent component analysis
(ICA)[41, 42]. The ICA decomposes the EEG data
so that the independent components are maximally
independent. In terms of non-brain activity, it is
known that eye blinks and muscle activities can be
easily identified, as they produce ICA components
with specific patterns and component maps[43]. In
this regard, we selected noise components by visual
inspection based on frequency (high-frequency activity
is often linked to muscle movements), and temporal
and spatial patterns (i.e. short burst of frontal activity
is usually produced by eye movements). Due to the low
amount of EEG channels used, only clear artefactual
components (high-frequency activity, clear temporal
and spatial patterns) were removed, resulting in 0 to
2 components per participant removed. We extracted
epochs from -200 to 1000 ms to the auditory stimulus
onset, and the extracted epochs were baseline-corrected
with the first 100 ms. Additionally, epochs with
amplitude greater than £70 ©V were rejected as noisy
epochs. As a result, 4 participants were rejected due
to an important presence of artefacts in the data
(over 40% of epochs rejected), and 2 due to noisy
signal on electrodes of interest (particularly Cz). This
signal preprocessing is applied for each of the following
analyses.

It should be noted that this oddball paradigm
design and EEG signal preprocessing correspond to
a standard approach, that has been used in several
experiments [18, 20, 19, 17, 28].



Towards Electrophysiological Measurement of Presence in VR 7

3.4. Variables, Factors € Statistical Analysis

3.4.1. Questionnaire

To evaluate the impact of the BiP on the
feeling of presence experienced by the participants, we
investigated the self-reported measure of presence. The
answers to the iGroup Presence Questionnaires were
aggregated by categories (General Presence, Spatial
Presence, Involvement, Experienced Realism) and then
compared between WIiTHOUT_BIP and WiTH_BIP
conditions through Wilcoxon signed rank test, chosen
due to the non-normality of the data. This test
evaluates the statistical significance of the change
in the reported feeling of presence, particularly to
investigate whether BiP significantly affected the
subjective perception of presence in VR.

3.4.2. Neurophysiological analysis

We studied the impact of the experimental
conditions on the neurophysiological responses to the
oddball paradigm. Our analysis of the EEG data
focused on the reaction to the deviant stimuli, which
present information about the attentional resources
allocated towards the processing of the stimuli, notably
for the P300.

ERP analysis We then analyzed the grand-averaged
reaction to the deviant stimulus in both conditions
to observe the spatial and temporal differences in our
signal. We averaged the EEG signals for both conditions
from 0 to 500 ms post-stimulus and performed paired
t-test comparison for each time point (501 samples
between 0 and 1000 ms) and electrode to assess the
statistical significance of the differences.

The electrophysiological analysis aimed at measur-
ing the impact of the experimental conditions on the
ERP associated with the oddball paradigm, mainly on
the P300 and the MMN. Our analysis focuses on elec-
trode Cz, as P300 is observed around the centro-parietal
network and is a commonly used channel in the P300
literature [23], but, as the electrodes Fz and Pz are also
investigated in the oddball literature [28, 22], we’ve
duplicated the following analysis on Fz and Pz and
added the figures in Supplementary Material (Figure 8
& 9).

To measure these ERPs, we calculated the
amplitude of the maximum positive peak of the signal
between 250 and 400 ms for the P300 (as in [33]) and the
maximum negative peak between 100 and 250 ms in the
deviant - standard waveform for the MMN (as in [44]),
at the electrode Cz and then averaged per participant
for each reaction to the deviant stimulus, providing a
single averaged amplitude per subject per condition. In
order to analyze the statistical significance, we used a
repeated-measure ANOVA to assess the difference in
amplitudes between ERPs.

For the study of the MMN, we subtracted the
average response to the standard stimulus to the average
response to the deviant to get the deviant - standard
waveform.

3.4.8. Correlation between self-reported and neurophys-
1ological measurements of presence

We investigated the relationship between self-
reported measures and the neurophysiological responses
in order to assess the coherence between these two
measures of presence. To assess the link between
questionnaire responses and reaction to the oddball,
we computed the correlation between the responses
from significant factors of the questionnaire with the
corresponding averaged amplitude of the P300 and
MMN, through a Pearson test, reporting the correlation
coefficient and its significance.

8.4.4. Single trial classification of presence

Finally, to assess the possibility of a real-time
measurement of presence, we developed a single-trial
algorithm aiming at classifying the experimental context
based on the EEG data. For the classification of
WiTHOUT_BIP and WITH_BIP conditions, we used
the whole signal, from stimulus onset to 1000 ms post-
stimulus from both conditions on all electrodes, with an
average of 53 data samples per condition per participant,
yielding feature vectors with the dimension of [53 x 30
x 500], which represents the number of trials, channels,
and samples, respectively.. We used the pyRiemann
library [45] to model a classifier based on Riemannian
geometry. We first calculated covariance matrices from
the filtered EEG signal using XDawn spatial filtering,
an effective specialized covariance matrix for ERP
analysis [46]. These matrices are then projected in
the tangent space using Riemannian geometry and
classified between conditions with logistic regression.
Classification performance was estimated using 5-fold
cross-validation repeated 10 times. For 5-fold cross-
validation, the data were divided into 5 folds. Then,
one fold was used as a test, and the other four folds
were used for training.

The classification results are reported in terms
of accuracy (number of samples with the correct
experimental context determined), true positive
rate (TPR) and true negative rate (TNR) where
WITHOUT_BIP conditions are considered as positive
and WITH_BIP as negative. The chance level was
evaluated to be at 62% for a 0.05 significance level
based on the results of Muller-Putz and al. [47].
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Figure 3: Grand-average waveform for the standard and
deviant stimuli across conditions (Cz electrode) with
standard deviation across the means of the participants.

4. Results

4.1. Protocol validation

4.1.1. Questionnaires

First, for the study on the impact of BiP on the
feeling of presence experienced by the participants, we
compared the self-reported questionnaires from both
WitHouT_BIP and WITH_BIP presence conditions.
Subjects reported overall a higher feeling of presence in
the WITHOUT_BIP condition, depicted in Table 1. As
stated in Subsection 3.4.1, Wilcoxon signed ranked tests
were performed to assess the statistical significance of
these differences. A significant difference was found
for the Involvement component of the questionnaire,
which represents how involved people felt and how much
attention they paid to the VE (Z = 58, p = 0.013).

Table 1: Average Response to the iGroup Presence
Questionnaire. Results for the different factors (PRES
= General Presence, SP = Spatial Presence, INV
= Involvement, REAL = Experienced Realism) per
experimental condition, reported as average value with
standard deviation. The last column contains the p-
values of the Wilcoxon signed ranked test comparing
our experimental conditions.

H Group ‘ WiTHOUT_BIP ‘ WiTH_BIP ‘ p-value H

PRES 4.0(£0.85) 3.84(+1.12) | 0414
Sp 3.66(+0.77) 3.51(+0.71) 0.88
INV 3.41(£0.66) 2.99(+0.7) | 0.013%
REAL | 2.45(%0.7) 2.31(£0.5) | 0.19
4.1.2. VR task A one-way ANOVA analysis

of the searching task results showed no impact of the
experimental conditions on participants’ performances

(F(1,16) =0, p =1, n? = 0).

in VR 8
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(b) Deviant-standard difference waveform

Figure 4: Grand-average waveform at electrode Cz
across conditions for the deviant stimulus (a) and the
difference between deviant and standard stimulus (b),
with green bar indicating significant differences and
standard deviation across the means of the participants.

4.2. Neurophysiological analysis

As detailed in Section 3.4.2, we analyzed the EEG data,
first by validating the neurophysiological recordings,
then by analyzing the global differences between
conditions, in terms of spatial, temporal and ERPs’
amplitudes differences.

General waveform We first checked the participants’

responses to the oddball paradigm. Figure 3 depict
the grand-averaged reaction to the standard and
deviant stimuli across conditions on electrode Cz.
The differences in waveform (mostly around 300 ms),
confirm the difference in perception between these two
stimuli. See Figure 8 (Suppl. Mat.) for electrode Fz
and Pz.

ERP analysis In order to observe the impact of the
experimental protocol, we first check the temporal
differences in the data. The grand average ERPs
elicited by the deviant oddball stimulus for the two
experimental conditions on electrode Cz are shown in
Figure 4a. The highlighted areas indicate a significant
difference for two ERPs between the two conditions.
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Figure 5: Grand-averaged topography elicited by

deviant stimulus over time in WITHOUT_BIP and
WITH_BIP conditions and topography of significant
differences between them.

The first one is the P100, recorded around 100
ms, for which the paired t-test showed a significant
difference from 100 to 130 ms.

The second is the P300, recorded around 300 ms, for
which the paired t-test showed a significant difference
from 290 to 315 ms.

This analysis showed no significant difference in
the MMN time frame (100-250ms|[44]) in the deviant-
standard waveform (Figure 4b).

Second, we investigated the spatial origins of
these differences. Figure 5 depicts the topographic
map of these reactions, along with the topographic
representations of significant differences between
conditions. We observe an important increase in
activity along the fronto-parietal axis for the condition
WITH_BIP at 100 and 300 ms. With paired t-test
analysis, we observed the statistical significance of these
differences, revealing a significant effect over centro-
frontal areas (Cz and FC1) at 100 ms, and over centro-
parietal areas (Cz and CP2) at 300 ms. The localization
of the P300 ERP, over frontal to parietal areas is
in coherence with the literature, as the P300 scalp
distribution changes over the midline electrodes (Fz,
Cz, Pz), which typically increases in magnitude from
the frontal to parietal electrode sites [23].

Finally, to quantify differences between conditions,
we computed the average P300 amplitude in both
conditions for each participant. Figure 6a reports the
distribution of those amplitudes, showing higher P300
amplitudes in condition WITHOUT_BIP. Statistical
analysis using repeated-measure ANOVA revealed
a significant effect of presence on P300 amplitudes
(F(1,17) = 5.19, p = 0.035, n?> = 0.039). However,
no significant difference has been found on the MMN
(Figure 6b).

Additionally, 14 participants out of 18 presented
a higher P300 in the WITH_BIP condition than in the

*p<0.05

n w S w
L L L L

P300 amplitude (pV)

o
L

Without BiP With BiP

(a) P300 amplitudes

. =

+
Without BiP With BiP
(b) MMN amplitudes

MMN amplitude (uV)

Figure 6: ERP amplitude recordings of P300 (a) and
MMN (b) for WITHOUT_BIP and WITH_BIP conditions
at electrode Cz, with median values represented as solid
lines and mean values as dotted lines. The diamond
represents an outlier.

WITHOUT_BIP condition. On electrodes Cz and Fz,
we observe a similar trend (P300 being higher in the
WITH_BIP condition), although the difference is not
significant (see Figure 8, Suppl. Mat.).

4.3. Correlation between self-reported and
neurophysiological measurements of presence

Using this P300 measurement, we investigated the
relationship between P300 amplitude and participants’
questionnaire responses, as stated in Section 3.4.3.
Figure 7 illustrates the link between the questionnaire’s
significant Involvement factor and P300 amplitude,
along with a linear regression on these two dimensions
for both experimental conditions combined. A
significant negative correlation was observed between
the two wvariables through Pearson’s correlation
coefficient (r = -0.46, p j 0.01), indicating that
higher P300 amplitudes elicited by real-world stimuli
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Figure 7: Correlation of subjective response with P300
amplitude. The responses to the Involvement factor for
WiTtHOUT_BIP and WITH_BIP conditions are plotted
against the corresponding average P300 amplitude for
each subject. The solid red line represents a fitted line
by linear regression.

were associated with lower involvement and attention
dedicated toward the virtual world. When computing
this link in Pz and Fz, we observe a similar significant
negative correlation (see Figure 8, Suppl. Mat.).

4.4. Single trial classification

In order to evaluate the feasibility of a real-time
classification of presence condition, we applied a
single trial classification algorithm on WiTHOUT_BIP
and WITH_BIP conditions, aiming at determining
from which experimental conditions a reaction to a
deviant stimulus is coming. Table 2 reports the
accuracy, sensitivity (TPR) and specificity (TNR) of
the classification for each participant with mean and
standard deviation indicated. The average accuracy
obtained is 79.5 %, with a chance level determined at
62 % [47], the classification being above chance level
for 14 participants out of 18, indicated with a "*’ on
Table 2.

5. Discussion

In this study, we designed and conducted an experiment
to measure through EEG analysis the feeling of presence
of participants performing a task in VR. Presence was
assessed by measuring the ERP response to an auditory

oddball paradigm conducted in the real environment.

Our experimental design aimed at generating two
virtual experiences which generated distinguishable
levels of presence. By artificially modulating the level
of presence we hypothesized that the P300 ERP will

have higher amplitude in the lower presence condition.

In order to generate distinguishable levels of presence,

Table 2: Riemannian geometry-based single-trial
classification results between the WiTHOUT_BIP and
WITH_BIP conditions for accuracy, sensitivity (TPR)
and specificity (TNR) averaged on 10 cross-validation
repetitions.  Standard deviation are indicated in
parenthesis. Participants with accuracy above chance
level are indicated with "*’.

Participant ~ Accuracy TPR TNR

1* 0.99(+0.01) 0.99(+£0.01) 1.0(£0.0)
2% 0.94(40.02) 0.94(+£0.02) 0.93(£0.03)
3* 0.87(40.01) 0.90(+£0.02) 0.83(40.03)
4 0.46(+0.03) 0.48(+£0.04) 0.43(£0.03)
5% 0.92(+0.01) 0.90(+£0.01) 0.94(+£0.01)
6% 0.99(+£0.01) 1.0(+£0.0) 0.99(+£0.01)
* 0.65(+0.03) 0.71(+£0.05) 0.56(+0.05)
8* 0.95(+0.01) 0.95(+£0.01) 0.96(+0.01)
9* 0.88(+0.01) 0.87(+£0.02) 0.90(£0.02)
10* 0.84(+£0.03) 0.84(+£0.03) 0.84(+£0.05)
11* 0.68(+0.03) 0.67(+£0.03) 0.7(£0.04)
12 0.56(+0.02) 0.58(+£0.04) 0.53(£0.05)
13 0.57(10.03) 0.69(£0.04) 0.41(40.04)
14%* 0.94(+£0.03) 0.94(+£0.03) 0.94(+£0.03)
15%* 0.87(+£0.03) 0.88(+£0.02) 0.85(£0.07)
16* 0.74(£0.02) 0.77(£0.04) 0.70(+£0.03)
17* 0.83(£0.05) 0.85(£0.05) 0.81(+£0.06)
18 0.55(+0.02) 0.61(£0.05) 0.49(+£0.03)
Average*  0.79(40.16) 0.81(4+0.15) 0.77(+0.19)

we introduced “Breaks in Presence” (BiP) during one
of the experimental conditions to negatively impact the
level of presence experienced by the participants. As a
result, we observed in the EEG data, and particularly
on the P300 ERP, a significantly higher activity when
participants were less present in the VR environment
(WITH_BIP condition), than when participants where
more present (WITHOUT_BIP condition). Additionally,
we used a single-trial classification algorithm using
Riemannian geometry able to relatively reliably classify
(at 79%) EEG data between the two experimental
conditions.

We started our analysis by studying the partici-
pant’s responses to the presence questionnaire in or-
der to validate our experimental design and assess the
impact of BiP on presence. Participants reported a
generally higher presence in the WiTHOUT_BIP condi-
tion, and specifically a significantly higher involvement
toward the virtual environment, than in the WiTH_BI1P
condition. This result confirmed that the use of BiP
negatively impacted the feeling of presence. In a prece-
dent study [17], Burns & al. used a video game where
they varied the difficulty to produce different levels of
presence. Although this method can easily modulate
presence, there is a potential risk to have an effect
of other factors on participants, such as mental work-
load. The other precedent studies did not produce any
comparisons within participants, they only made par-
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ticipants experience a single environment and grouped
them depending on their responses to the presence ques-
tionnaires. Here, with the use of BiPs, we were able to
modulate the level of presence of the participants within
the same environment. This protocol reduces the num-
ber of factors impacting the participant’s experience,
allowing for a more controlled study of presence.

Then, through EEG data analysis, we studied
the impact of presence on the reaction to the oddball
stimulus. In concordance with previous studies [17,
20, 18, 19], we observed that a lower presence in VR
led to a greater EEG response to stimuli displayed in
the real environment. Specifically, we have observed
this difference in the P300, which is one of the main
components studied in the oddball paradigm, as its
amplitude is strongly correlated to the difference of
attention allocated toward oddball stimuli [23, 24, 22].
P300 recordings on electrode Cz showed significantly
higher amplitude in the WITH_BIP condition, revealing
that participants were more attentive to the real
environment when they were less present in VR.
Furthermore, our analysis within participants showed
that more than 75 % of the participants (14 out
of 18) produced higher P300 in the lower presence
condition (WITH_BIP). In addition to electrode Cz,
when observing the P300 amplitudes at electrodes
Fz and Pz, we notice similar trends, with the P300
amplitude appearing higher under lower presence
conditions, although the difference is not statistically
significant.

To our knowledge, this is the first study reporting
such results, previous studies did not analyze the
P300 [17, 18, 19, 20]. We suppose they made this choice
as the paradigm didn’t require any active perception
of the auditory cues. However, as multiple studies
showed that the P300 is relevant in passive oddball
paradigms [31, 33], we decided it was relevant to study
the P300, and our results show significant differences
in P300 amplitudes despite the passive paradigm.
Additionally, with our experimental design, we are able
to explore the relationship between questionnaire scores
and neurophysiological measurements. The analysis
showed a negative correlation between participants’
presence scores and the amplitude of the P300 (i.e.
the more participants reported being present, the lower
the amplitude of the P300 was). In addition to electrode
Cz, we found this significant correlation to be robust
also on electrode Fz and Pz. This analysis suggests that
there is a correlation between the presence experienced
by participants, and their attention allocated toward
the real environment (observed in the P300 in reaction
to the oddball stimulus). It confirms that, while our
method measures attention, it also act as a proxy
measure for presence.

Although these analysis were reproduced on the

deviant - standard waveform and the MMN, no
significant differences were observed. Despite that
MMN is rarely affected by attention [48], some studies
have reported such an effect. In our case, we suppose
that the change in attention levels toward the oddball
stimulus wasn’t large enough to impact the MMN
amplitude.

Furthermore, the EEG analysis also revealed a
significant increase of the P100 amplitude in the lower
presence condition (WITH_BIP), for both electrodes Cz
and Fz. While this was not an expected result in our
study, as we were mainly focused on the P300 and MMN
response, a few studies on human attention [49, 50] have
reported that attention can impact early ERPs, such as
the P100 and N100. Specifically, the P100 is impacted
by spatial-selective attention, referring to the ability to
focus one’s attention toward a specific location while
disregarding others. In our protocol, the oddball stimuli
are produced in the real environment and physically
located behind the participant. This design likely
engages spatial-selective attention within this context.
Therefore, we suppose that the observed difference in
the P100 amplitude is due to a difference in attention
toward the real environment. In the WiTtnouT_BIP
condition, participants were less attentive and aware of
the real environment, thus potentially decreasing the
amount of spatial selective attention allocated to it,
therefore leading to smaller P100 amplitudes.

Lastly, we investigated the feasibility of assessing
presence in real-time. To that extent, we used
Riemannian geometry-based single trial classification
to discriminate whether the EEG response to the
deviant stimuli was from the higher presence condition
(WITHOUT_BIP) or from the lower presence condition
(WITH_BIP). The results, considering a two-class
discrimination, showed an average accuracy of 79%
which is coherent with the literature [18], and above
chance level, estimated at 62%[47]. However, our two
class classification methods rely on the hypothesis
that the level of presence is consistent in both
conditions, and strictly different. Yet, we cannot
confirm this hypothesis, as presence can fluctuate
during a condition. Furthermore, the selected channels
differs from our ERP analysis: it is likely that the
Riemannian classification gathered relevant information
outside of Cz channel that has been used for ERP
measures. We made the decision to include all channels
in this algorithm, as Riemannian algorithms cannot
compute correlation matrices over one channel and
perform better with additional channels. Although
the current study does not achieve ideal classification
performance, it still suggests that it could be applied
successfully in an online setting, thus providing a
real-time presence monitoring with minor participant
disturbance. Additionally, we trained one classifier per



Towards Electrophysiological Measurement of Presence in VR 12

participant, which limits the usability of our method in
real world applications as a first calibration time would
be required for each person before being able to estimate
presence level. Future analyses are required to assess if
similar results could be obtained using one predefined
classifier for all participants. Such analyses could also
explore different classifiers as well as spectral, spatial
and temporal characteristics that would particularly
contribute to the classification accuracy.

Finally, it should be noted that using auditory
stimuli can be sometimes detrimental to presence. As
reported by one participant, they can be too disturbing
to be fully involved in the virtual environment, while

others reported that they almost forget their existence.

Hence, this paradigm had some impact on the presence
experienced by participants. Future works could adapt
these stimuli, either by making them more discreet
or by using visual or haptic stimuli. Furthermore,
individual experience with virtual reality could impact
their presence in a virtual environment, as experienced

users could be more resilient to Breaks in Presence.

Follow-up studies could factor this in.

6. Conclusion

In this paper, we studied a novel method to measure

presence based on neurophysiological measurements.

This measure of presence is traditionally done via
questionnaires, but due to their instability and the
inability to use them without highly impacting the
feeling of presence, we leveraged electroencephalography
(EEG) to assess presence with a reduced impact on
participant’s experience.

By using an oddball paradigm, we were able to
measure the attention allocated to the real environment
through the analysis of the P300 response, a potential
evoked in response to the oddball stimulus whose
magnitude is impacted by the attention allocated
toward it. We observed significantly higher amplitudes
during the low presence condition, showing that
participants were more attentive to the real environment
when they were less present in the environment. Due
to the negative correlation between presence level and
attention level to the real environment, we were able
to indirectly measure a user’s level of presence.

Future experiments could study different levels
of Breaks in Presence to observe a gradual change of
P300 amplitudes. They could also use this paradigm
while the participants are experiencing VR, to monitor
their level of presence in real-time and detect breaks
in presence elicited by the environment when a drop
in presence occurs. This would allow experimenters to
monitor the presence level of participants without the
need to interrupt them in their experience of the virtual
reality environment.
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Figure 8 : Duplicated analysis of P300 for the elec-
trode Fz(1), Pz(2). (a) Grand-average waveform of
the deviant stimulus across conditions, with green bar
indicating significant differences and standard devia-
tion across the means of different participants. (b)
P300 amplitudes recordings for the WiTHOUT_BIP and
WITH_BIP conditions, with median values represented
as solid lines and mean values as dotted lines. (¢) Cor-
relation of subjective responses with P300 amplitude.
The responses to the Involvement factor for WiTH_BIP
and WITHOUT_BIP conditions are plotted against the
corresponding average P300 amplitude for each partici-
pant. The solid red line represents a fitted line by linear
regression.

Figure 9 : Duplicated analysis of MMN for the electrode
Fz(1), Pz(2). (a) Grand-average waveform across con-
ditions for the difference between deviant and standard
stimulus, with green bar indicating significant differ-
ences and standard deviation across means of different
participants (b) MMN amplitudes recordings for the
WiTHOUT_BIP and WITH_BIP conditions , with me-
dian values represented as solid lines and mean values
as dotted lines.
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