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Abstract

For the development of virtual reality (VR) technology, research to solve the
VR Sickness is essential. Many attempts have been made to measure and
reduce VR Sickness using questionnaires, analysis, and bio-signals, but it is
true that analytical research through clinical practice still lacks. In this paper,
the researcher collected bio-signals and questionnaire data to analyze the
correlation between VR Sickness and user and perform principal component
analysis and chi-square independence test based on the collected data. As a
result, the researcher was able to be aware of the user’s concentration and
relaxation state by EEG and found they are correlated with VR Sickness.
Finally, the result of the analysis was cross-checked to confirm that these
correlations show a significant difference. The empirical result of this study
is expected to be used for the research to reduce VR Sickness through
bio-signal.
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1 Introduction

Virtual reality (VR) is one of the major technological innovations to be
brought by the Fourth Industrial Revolution. In recent years, the VR market
has been extended to consumers, and is being used in various fields such as
games, arts and education [1]. Since 2015, a variety of consumer VR devices
have been launched, and products such as standalone head mounted displays
(HMDs), which do not require a high-performance PC, are now appearing.
As the development of the 5th generation mobile communication (5G) will
give more momentum to the development of VR technology, the prospect of
the VR market is still bright [2-4]. However, there is also a lot of skepticism
about VR. Most of VR contents still requires extra hardware in addition to
the HMD and requires a relatively large amount of space. In addition, the
number of contents is absolutely small. However, the expansion of the VR
market can be felt every year through the increase in sales volume of VR
HMDs around the world, and with the development of hardware, VR devices
are gradually becoming wireless and high-specified and the price is getting
cheaper. With the continued efforts of the industry, the shortcomings of VR
are gradually overcome. In order to respond to this movement, schools are
conducting research on virtual reality more actively than ever as a subject of
various technical cooperation and convergence research [5, 6].

In addition to the shortcomings mentioned above, VR also has a VR
Sickness that directly affects the user’s usability. VR Sickness continues to
cause problems in the safety and user experience of VR content, and the
symptoms vary depending on the user and external factors [7-9].

Frequently, people who had no 3D symptoms at all complain of VR
Sickness and visual fatigue. Efforts to improve VR Sickness have been
continued through interdisciplinary convergence research. Based on existing
research cases, content-oriented technology research such as viewing angle
and directing method is being conducted [10-12]. Various analysis and
measurement studies using bio-signals or eye tracking technology are also
in progress, but research on user-centered factors using data obtained from
actual subjects is still insufficient [13-16].

This study analyzes VR Sickness triggering factors using bio-signals
and questionnaire data of VR users collected under clinical process. Bio-
signal data analyzes factors that affect VR Sickness through major component
analysis and performs independence test between bio-signal data and ques-
tionnaire data. Based on this, the correlation between the major component
factors extracted and motion sickness will be presented.
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2 Related Works
2.1 VR Sickness

VR Sickness is a common symptom among users who enjoy VR content.
It accompanies physical fatigue, headache, and nausea-like general motion
sickness. Previous studies have shown that motion sickness comes from the
separation of vestibular sensory organs, which maintain a balance between
vision and body [17]. In the vestibular sensory organs, there are three semi-
circular canals that sense the rotation, and the liquid in three semicircular
canals rapidly flows through the three semicircular tubes when a stimulus
above the threshold is caused by external movement. Each conflicting nerve
signal data is transmitted to the brain, which causes confusion in the brain
and causes motion sickness [18].

Unlike normal motion sickness, however, VR Sickness is caused by a
mismatch between motion and visual stimulus. There are many theories that
explain VR Sickness, but there are two representative theories of ’Sensory
Conflict’ and ’'Posture Instability’ [19].

Sensory conflict theory assumes that the main senses associated with
motion sickness are visual and vestibular sensations. In the case of con-
ventional motion sickness, the two pieces of information are separated and
caused by the collision between the two senses. However, in the case of
VR, the positional information continuously changes through vision, but
the sense of equilibrium of the vestibular organs has not clear information
due to physical movements, so the conflict is maximized, causing motion
sickness [19].

The postural instability theory assumes that the basis of the movement
is to stabilize the posture according to the environment. This is because
spontaneous tilting or giving strength to the body in accordance with the
changing environment of the image in the virtual environment attempts to
stabilize the posture. However, in an atmosphere of high volatility in virtual
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Figure 1 Sensory conflict.
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space, the existing attitude control ability is not sufficiently exhibited as in the
real space. Therefore, posture instability is sustained due to an environment
deviation, and fatigue increases, and motion sickness occurs. In addition, the
viewing angle of the content, graphics options, latency on the hardware, etc.
are reported to cause VR Sickness [20].

2.2 Biomedical Signal

The biological signal is a signal generated from a living body and refers
to signals used to extract information from the biological system. It mainly
represents a bioelectrical signal but may apply to both electrical and non-
electrical signals. The bioelectrical signal represents a change in the electric
current generated by a potential difference made in the nervous system or a
cell and includes brain waves and blood flow [21-24].

Electroencephalogram (EEG) is a record of electrical signals produced
by the cooperative actions of brain cells. When measuring and analyzing
these brain waves, power spectrum analysis is mainly used to classify data
by frequency. EEG can be classified according to frequency and amplitude
into alpha (frequency 8—13 Hz), beta (13-30 Hz), gamma (30 Hz and above),
theta (4-8 Hz), and delta (0.5-4 Hz), as Table 1 [25-27].

Table 1 Types of brain waves according to frequency and voltage difference

Variables Description
Delta Frequency band: 0.5-4 Hz
It has a feature that it is mainly measured by deep sleep and produces a
strong reaction in the scalp.
Theta Frequency band: 4-8 Hz
It is not well seen in adults and has a sawtooth amplitude.It is mainly
measured in emotional or some cognitive states.When theta waves are
measured, it may be pathologically linked to the slowing of the alpha waves.
Alpha Frequency band: 8-13 Hz
It is significantly measured in the awake state and produces a strong reaction
in the larynx.It is most effectively measured with eyes closed or
relaxed.Activity is blocked or attenuated when making mental efforts such
as visual attention
Beta Frequency band: 13-30 Hz
Indicates a condition that increases alertness and intensive attention
Gamma  Frequency band: 30 Hz or more
Gamma activity is linked to information processing (e.g., perception of
sensory stimuli) (Voluntary movement, related to the speed of information
processing in the brain.
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Methods of measuring blood flow include HRV (Heart rate variability),

PPG (Photoplethysmography), and ECG (Electrocardiogram) [28].

PPG irradiates the light on the finger from the light source to absorb the
light in blood, bone, etc. and transmits some light to reach the photoreceptor.
The degree of light absorption varies depending on the skin, bones, and blood
flow located in the path through which the light passes. Since the factors
affecting the light quantity change do not change except the blood flow rate,

so it is possible to detect heart rate and blood flow changes [29-31].
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3 Research Methodology

In this study, subjects experience VR contents and collect EEG and PPG
biosignals and questionnaire data. Collected data are analyzed using two
statistical techniques, PCA and Test of Independence.

3.1 VR Sickness

It is called dimension reduction to remove features that are not necessary
for the features of the data and to extract only the features that describe the
data. The major component analysis is one of the representative dimensional
reduction techniques. It is a new variable that is not corelated or independent
each other by paying attention to the correlations between variables and
aggregates them into a small number of principal components without losing
information as much as possible. It is mainly used to summarize data or to
facilitate the interpretation of complex data [32—-34].

The basic principle of the major component analysis is to obtain linear
coefficients using covariance matrices of circular variables and to extract new
variables called major components through a linear combination of circular
variables. Major component variables are independent each other and are
set to maximize variance. Therefore, it is possible to reduce the loss of
correlation information between variables because it removes meaningless
components with small variance in data interpretation. By extracting fewer
variables than the number of prototype variables, they can easily understand
the structure of complex data.

For example, the circular data and the covariance matrix ¥ of X =
[z1 x2 ... xp| has an eigenvalue of A\; > Ag > --- > X, > 0 and an
eigenvector of [q,l2,...,l, corresponding to the eigenvalue. When this is
linearly combined, the linear combination equation of each component Y is
as follows.

Y, =U1X =lnx +laze + -+ iz
Y, = ZIQX = 1921 + logxg + -+ + lpgl’p

Y, = ng = lyxr +lgixa + -+ lpixy

Yp = Z;X = llpxl + l2p$2 + 4 lpp$p
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Where, I/ = (1, 12i, . . ., lpi), and the variance of the linear combination

equation is as follows:
Var(Y;) =U3lL; =X, i=1,...,p
Cov(Y;,Yy) =13l =0, i#k

The first major component, Y; will be obtained by the linear combination
equation [} X in which Var(ljX) is the maximum for the vector of p x 1
that meets /11; = 1. The second major component, Y3 is independent from
Y1 and induces to have the maximum variance. Major components will be
obtained in turn through these processes. The explanation power explained
by the major component Y is as follows:

A
21 M (i )

Zi:l Ai
It is reasonable to reduce the dimension to the dimension that accounts
for about 90% of the total data. If the value of the above equation is 0.9 or
more, most of the data can be explained by the m-th major components. This
allows replacement of the m-th major components less than the original data
order. As shown in Figure 4, the number of major components can be checked
through the section in which the slope changes abruptly by sequencing the

eigenvalues in the order of magnitude.

3.2 Chi-Squared Test (z2-test)

The chi-square test, also called the Pearson Chi-Squared Test, is a method of
testing for any significant differences between categorical data. Categorical
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data are data whose categories are classified according to their qualitative
attributes. There are three types of tests for chi-square tests that cover
categorical data: goodness-of-fit tests, homogeneity tests, and independence
tests [35, 36].

The goodness-of-fit test is a method to test which theory or theoreti-
cal distribution the observations follow and is used primarily to determine
whether the actual sample is the same as the distribution you think it is. The
test of homogeneity is a method to test whether two groups have the same
distribution. It is used to verify whether a sample of a population effectively
represents a population. The test of independence is a hypothesis test for
the independence between variables and is used to test for any significant
differences and how they affect multiple variables. The independence test is
calculated as follows.

First, calculate the estimated value of two nominal variables with below

equation:
C T
g — 2k=10i 251 Ok
1) N

E;; is the expected value, > ;. , O;; is the aggregation of the i-th row and
> k_1 Or;j is the aggregation of K-th column, and N means the total number.
After calculating the expected value, calculate the value of independence test
applying following chi-square test formula.

r c (OZ_E1)2
$2:ZZ JEU J

i=1 j=1

22 represents the chi-square test value for independence, O;; refers to the
observation value between two nominal variables and E;; represents the esti-
mated value of two nominal variables. Similarly, calculate the test statistics
and compare it to the threshold value (xi). The threshold value is determined
depending on the significance level and degree of freedom while the degree
of freedom of chi-square test can be obtained by following formula:

DF =(r—1)(c—1)

R is the number of rows, and c is the number of columns. If the observed
test statistic is larger than the threshold, as shown in the following equation,
the null hypothesis can be rejected.

z2 > xi(r —1)(ec—1)
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In this paper, we examine the correlation between the presence of motion
sickness and the results of the questionnaire according to the distribution of
major components identified by PCA.

3.3 Materials and Methods

In this study, EEG and PPG data were extracted using Blaubit’s brain wave
device. Each EEG data is extracted as absolute power value for each fre-
quency through power spectrum analysis. The experimental stimulus was
selected and executed based on daily life content produced by Hancom GMD
in Figure 5. The content was selected because it has less strenuous movement
and is easier to find user-oriented motion sickness factors than other VR
contents by constructing environment requirements similar to everyday life.
HMD used in the experiment was VIVE PRO of HTC.

The overall experimental process is shown in Figure 6. First, the subject
was fully explained about the function and experience before experiencing
the contents. Since then, we have carried out the content experience. The
total time was about 15 minutes. At the time of the experience, if the
subject complained of excessive motion sickness, the content experience was
supposed to be stopped immediately to allow rest. After the experience, the
questionnaire was drawn up. In order to minimize the impact of the previous
experimental environment and conditions on the next experiment, the process
was repeated three times with a time difference of one day.

The questionnaire used for the experiment utilized SSQ (Simulator Sick-
ness Questionnaire), which was researched and published by Robert S.
Kennedy and Norman E. Lane in 1993. This is a questionnaire for mea-
suring Simulator Motion Sickness and commonly used when measuring VR
Sickness [37].

Figure 5 VR Contents selected as the experimental stimulus.
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Figure 6 Overall experimental process.

Figure 7 Example of an actual VR Sickness experiment.

SSQ is a questionnaire consisting of 16 symptoms by factor analysis
of survey data collected through 10 simulator experiments. By calculating
the weights according to the degree of the 16 symptoms collected, three
significant symptom scores of nausea, oculomotor and disorientation and a
comprehensive SSQ score can be calculated. Table 2 shows the SSQ score
calculation method and items. If the total score falls within the range of
19-55, which is the general symptom range, the subject is considered to have
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Table 2 Computation of SSQ scores
Weight
SSQ Symptom Nausea-related ~ Oculomotor-related  Disorientation-related

General discomfort 1 1
Fatigue

Headache
Eyestrain

— =

Difficulty focusing
Increased salivation
Sweating

Nausea

—_ = =
—

Difficulty concentrating
Fullness of head
Blurred vision 1
Dizzy (eyes open)

Dizzy (eyes closed)

—

Vertigo

Stomach awareness 1
Burping 1
Total [1] [2] [3]
Scoring N =1[1] x 9.54 0 =1[2] x 7.58 D =[3] x 13.92
Total Score TS = {[1]1 4+ [2] + [3]} x 3.74

a motion sickness [38]. In this paper, the researcher used the questionnaire as
a basis for whether VR sickness occurred with the subject.

4 Empirical Analysis
4.1 Description of the Data

This study was conducted with 25 adult participants (13 males and 12
females), and the ages were evenly distributed from the 20s to 50s. The
subject’s biometric data (EEG, PPG) were averaged first by each clinician’s
cycle data and then re-averaged the mean value of each cycle. The average
standard deviation values of all patients were shown in Table 3.

Survey data was based on SSQ Total Score. The average value of the
data was calculated in the same way as the biometric data. If the total score
falls within the range of 19 to 55, the general symptoms of motion sickness,
the subject was considered to have motion sickness. The questionnaire was
divided into two groups according to the presence of motion sickness. Groupl
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Table 3 Descriptive statistics

Variables Mean  Std. Deviation Skewness  Kurtosis

Delta —2.96 2.64 0.26 —0.94
Theta 6.20 2.46 0.21 —1.10
Alpha 5.92 2.06 0.15 —1.41
Beta 491 1.59 0.41 —1.02
Gamma 4.23 1.24 0.64 —0.46
PPG 85.24 6.30 —-0.27 1.92

Table 4 Difference of Means for group 1 and group 2

Variables  Group 1 (No Sick)  Group 2 (Feel Sick)  Diff. t-stat (Diff.)
Delta —3.13 —2.53 0.60 2.26
Theta 6.09 6.50 0.41 2.27
Alpha 5.86 6.06 0.20 2.23
Beta 4.99 4.68 —0.31 2.11
Gamma 4.31 4.02 —0.30 2.07
PPG 84.97 85.92 0.95 2.13

Note: Group 1 did not experience VR sickness. Group 2 experienced VR sickness.

is a group that didn’t have motion sickness, and Group2 is a motion sickness
group. Table 4 shows the difference in the mean of the bio-signal data for
each group.

In the case of Group 1 who did not feel motion sickness, the average
values of Beta and Gamma were relatively higher than those of Group 2.
Group 2 responded that they felt motion sickness had relatively high average
values of Alpha, Theta, Delta, and PPG comparing to those of Group 1.
According to previous studies, Beta and Gamma are measured significantly
in the state of high arousal, i.e. concentration. Based on this, the difference
between Group 1 and Group 2 was assumed to be whether the general
subject’s condition was psychologically highly concentrated.

4.2 Description of the Data

The results of the major component analysis for the biometric data of each
subject are shown in Table 5. The cumulative explanatory power of the
extracted main components PC1 and PC2 was 96%, and it was judged that
the two major components could explain the most variance. Analysis of each
major component shows that Delta, Theta, Alpha, Beta, and Gamma values of
PC1 are negative and related to each other. Therefore, PC1 can be interpreted
as a component that distinguishes EEG from PPG.
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Table S Results based on principal component analysis

Variables PC1 PC2 PC3 PC4 PC5 PC6
Delta —-045 —-0.13 —-044 045 —-0.05 0.62
Theta -045 -0.13 -035 014 -032 -0.73
Alpha —-046 —-0.05 -0.18 —-0.53 0.69 —0.03
Beta —-0.45  0.10 0.34 -051 —-059  0.26
Gamma —-043 020 0.67 0.49 0.28 —0.13
PPG 0.01 —-096 0.29 0.00 0.01 0.01
Std. Deviation 2.17 1.04 0.46 0.10 0.06 0.04
% Variance 0.78 0.18 0.04 0.00 0.00 0.00

Cum. % of Variance  0.78 0.96 1.00 1.00 1.00 1.00

PCA - Biplot

- © “
€ o s
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(@)
(@)
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0
Diml (78.3%)
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Figure 8 Biplot for individual observed value.

PC2 is related to Delta, Theta, Alpha, Beta, and Gamma. Since Beta
and Gamma can be interpreted as being related to concentration, PC2 is
interpreted as a component that distinguishes the presence or absence of
concentration.

When looking at the Biplot for the individual observations of PC1 and
PC2, the values in red circles mean Group 2 that caused the motion sickness
identified by the questionnaire, and other values refer to Group 1 that had no
motion sickness. The distribution of each group shows that the majority of
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Table 6 Cross tabulated summary and independence test
Sickness No Sick Feel Sick Total
No Sick 12 (48.0%) 6 (24.0%) 18 (72.0%)
Feel Sick 1 (4.0%) 6 (24.0%) 7 (28.0%)
Total 13 (52.0%) 12 (48.0%) 25 (100.0%)
Independence Test: x* = 5.54; p-value = 0.02.

Group 2 is related to Delta, Theta, and Alpha below the major component,
PC2 that the VR Sickness and relaxation state are correlated. Therefore, the
three quadrants to which the brainwave of PC1 and the relaxed state of PC2
are directed as a result of PCA can be interpreted as a cluster causing VR
Sickness.

The chi-square independence test was performed as shown in Table 6 to
identify the difference between the distribution of motion sickness observa-
tions of PCA in the distribution of groups 1 and 2, which showed motion
sickness in the SSQ questionnaire. As a result, there was a significant differ-
ence between the distribution of motion sickness group and the distribution
of PCA motion sickness observed in the SSQ questionnaire with 2> = 5.54,
p-value = 0.02.

Twelve of 18 patients with no symptoms of motion sickness in PCA
showed no motion sickness. Six of seven subjects with motion sickness in
the PCA actually had motion sickness. Therefore, it was confirmed that there
is a correlation between relaxation state and VR Sickness analyzed by the
major component analysis.

5 Conclusion

In this paper, it was confirmed that there is a correlation between VR user’s
normal state and VR Sickness through PCA and chi-square independence
test based on biometric data and questionnaire data obtained through the
VR sickness experiment. PC1 and PC2 extracted by the Major Component
Analysis indicated the presence or absence of brainwave and concentration
state, and the users with high concentration, who showed high values of Beta
and Gamma had a relatively less VR sickness than those who had relatively
high values of Alpha, Delta, and Theta. Independence test was cross-analyzed
with the existing questionnaire results, and it was confirmed that a significant
result could be obtained as a bio-signal in the presence or absence of actual
motion sickness.
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VR sickness measurement method using the existing questionnaire only
has a problem that it is difficult to determine the exact number, and various
errors may occur. The results presented in this study show that VR Sickness
can be effectively measured when used with the existing questionnaire for
measuring VR Sickness with bio-signals.

In future studies, it is necessary to conduct clinical research on more
diverse contents and a large number of subjects to enhance the reliability
of this study, and the correlation between each brain wave and VR Sickness
shall be established.
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