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Abstract

Background: The virtual reality (VR) content market is rapidly growing due to an increased supply of VR devices such as
head-mounted displays (HMDs), whereas VR sickness (reported to occur while experiencing VR) remains an unsolved problem.
The most widely used method of reducing VR sicknessis the use of arest frame that stabilizes the user's viewpoint by providing
fixed visua stimuli in VR content (including video). However, the earth-fixed grid and natural independent visual background
that are widely used as rest frames cannot maintain VR fidelity, as they reduce the immersion and the presence of the user. A
visual guideisavisual element (eg, a crosshair of first-person shooter [FPS]) that induces a user's gaze movement within the VR
content while maintaining VR fidelity, whereas there are no studies on the correlation of visual guide with VR sickness.
Objective: This study aimed to analyze the correlation between VR sickness and crosshair, which is widely used as a visual
guide in FPS games.

Methods: Eight experimental scenarios were designed and evaluated, including having the visual guide on/off, the game
controller on/off, and varying the size and position of the visual guide to determine the effect of visual guide on VR sickness.
Results. Theresults showed that VR sickness significantly decreased when visual guidewas applied in an FPS game. In addition,
VR sicknesswas|ower when the visual guide was adjusted to 30% of the aspect ratio and positioned in the head-tracking direction.

Conclusions: The experimenta results of this study indicate that the visual guide can achieve VR sickness reduction while
maintaining user presence and immersion in the virtual environment. In other words, the use of avisual guideis expected to solve
the existing limitation of distributing various types of content dueto VR sickness.

(IMIR Serious Games 2021;9(3):€18020) doi: 10.2196/18020
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[1]. To investigate the causes of VR sickness, various theories
are being studied in a cognitive science approach. The popular

Introduction

Recently, virtual reality (VR) content based on head-mounted
display (HMD) has been expanded to various industrial fields
such as sports, medical care, education, and social network.
Moreover, such content has been used in video games. However,
most users have experienced “VR sickness’ while using
HMD-based VR content. VR sickness has symptoms similar to
motion sickness, including nausea, oculomotor discomfort, and

https://games.jmir.org/2021/3/€18020

sensory conflict theory [1] proposesthat VR sicknessisinduced
by an inconsistency between the visual and the vestibular or
proprioceptive senses. In particular, the vection that occurs
during the VR experienceisthe biggest cause of sensory conflict
[2-4]. Additionally, the postural instability theory posits that
VR sickness is caused by changes in human baance [5].
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Furthermore, VR sickness may also be induced by various
individual characteristics, such as age, gender, prior user
experience, concentration, medical history, mental rotation,
perceptual style, and dominant eye [6].

Until now, various studies have only been partially successful
in attempting to reduce HM D-induced VR sickness by focusing
on the device and the content. A typical method focusing on
the device is the optimization of the delay time caused by head
movement tracking response, rendering, image transmission,
and display response speed [7]. Studies have also been
conducted to reduce VR sickness in device elements such as
resolution, frame rate, viewing angle, binocular parallax, and
flicker fusion frequency [8-13]. Recent studies have evaluated
methods focusing on content. These methods investigated the
use of dynamic blurring with retinal tracking [14], optical flow
reduction of peripheral vision [15], field of view control [16],
and viewpoint snapping [17].

However, there is a disadvantage that these dynamic blurring
methodslimit the user's experience. Therefore, in other studies,
VR sickness has been reduced by adding fixed or dynamic visual
stimuli regardless of the motion of objectsin the content [18-20].
This visual stimulus includes a rest frame that serves as a
reference frame designed to induce a user's effective spatial
perception. In particular, VR sickness was reduced by applying
a virtual human nose as a rest frame to the content [21].
However, this artificial rest frame could not maintain VR
fidelity, asit reduced user presence and immersion and provided
a strong sense of heterogeneity to the user. VR sickness has
further been reduced using the earth-fixed grid or the natural
independent visual background (1VB) with rest frames, whereas
it did not increase the presence and immersion of the user
[22,23]. Particularly, VR sicknessin first-person shooter (FPS)
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gameswas reduced when cockpitswere added to the 1V B, while
the VR fidelity of the users was disturbed [24].

To overcome the problem of 1VB, we discuss another visua
element applied to VR FPS games called the visual guide, which
refersto avisua element that induces a user's gaze movement
within VR content. To our knowledge, there is no study
investigating the effect of visual guide on the reduction of VR
sickness while maintaining VR fidelity in VR FPS games.
Therefore, in this study, we investigated how VR sickness
reduction is affected by visual guide in FPS games. To do this,
we performed experiments on a VR FPS game consisting of
eight scenarios, including visual guide on/off, game controller
on/off, and varying the size and position of the visual guide.

Methods

Visual Guide Design in VR FPS Games

In this section, we describe the visual guide used in this study.
In VR FPS games, crosshairs, character path indicators, and
maps are used asvisual guidesto provide situational awareness
for the user to spatially determine their position in a virtua
environment. In this study, we used crosshair as avisual guide
toinduce auser's gaze movement while maintaining VR fidelity
in a space-environment FPS game. Crosshair is a 2D image
composed of color, shape, line thickness, depth, size, and
position elements. Figure 1 shows an exampl e of crosshair used
in the VR FPS game. The brilliant color, complex shape, bold
line, and depth of a visual guide can reduce the presence and
immersion of the user by increasing the visual stimulation [18].
Therefore, these elements are fixed, and they are designed asa
white, circle, 1.0 px, and 0, respectively by referring to
commercia VR FPS games. Table 1 shows various crosshair
in commercia VR FPS games.

Figurel. Exampleof crosshair used in thevirtual reality first-person shooter game. HM D: head-mounted display; SSQ: Simulator Sickness Questionnaire.
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Table 1. Various crosshair in commercial virtual reality (VR) first-person shooter (FPS) games.

No. Name Crosshair image
1 Super Stardust UltraVR
2 End Space VR

3 Elite: Dangerous

4 Gunjack

5 Sublevel Zero

6 VR Galaxy Wars

7 Fusion Wars

8 EVE: Vakyrie

9 Rez Infinite

10 EVERSPACE

The sizeand position of thevisual guideisconsidered avariable
for VR sickness measurements. Therefore, we designed it asa
variable. First, the size was designed to be 0%, 10%, 30%, and
50% of the size of the aspect ratio (with 0% implying that there
is no visual guide). Second, the position was synchronized to
“none,” “head-tracking direction with HMD (H),” “movement
direction with game controller (G),” and *“head-tracking
direction with HMD and movement direction with game
controller (H& G).” Thatis, if thepositionis“none,” thenthere
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is no visual guide. If the position is “H,” then the position of
thevisual guideissynchronized with the head-tracking direction
by the HMD operation. If the position is“G,” then the position
of thevisual guideissynchronized in thedirection of forwarding
movement, pitch, yaw, and roll rotation by the game controller
operation. Finaly, if the positionis“H & G,” then the position
of the visua guide is synchronized with the head-tracking
direction by the HMD operation and the direction of forwarding
movement, pitch, yaw, and roll by the game controller operation.
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Experiments

In this section, we describe the experimental environment and
methods used to examine the effect of visua guide on VR
sickness. The experimental environment consisted of the
participant, experiment device, and experimental content.

We used a paired t test method to analyze the results. This
requires the experimental results to approximate the normal
distribution. Therefore, the minimum sample size was set to 30
to satisfy acentral limit theorem [25]. Eventually, 32 individuals
(male: 23, female: 9) participated in the experiment.

All the participants were in their twenties without any HMD
VR experience, and none had a medical history of hearing or
balancing disorder. We received an institutional review board
approval for testing of VR sickness by KOREATECH.

Before performing the experiment, each participant was
administered a preliminary questionnaire (M1) comprising the
Simulator sickness Questionnaire (SSQ) items, such as
measurement, reliability, validity, score interpretation, etc
[26,27], to evaluate their current motion sickness state. After
the SSQ (M1) was completed, the participant wore the HMD,
and the experiment was initiated.

The experimental equipment used was a head-tracking interface
deviceHTC VIVE HMD and an Xbox One Wireless Controller.
With these devices, the participants played the VR FPS game
and answered the SSQ. The game controller has several
functionalities including forward movement; rotation based on
pitch, yaw and roll axes; missile launch targeting; and selection

Seok et al

of answersin the SSQ. Experimental contentisaVR FPS game
in space environment because it easily causes VR sickness due
to multiaxis movement. The user uses the HMD and the game
controller operationsto trace the enemy target and scoreit with
the missile.

The experimental protocol consisted of preliminary experiment
(M2), eight experimental scenarios (S1-S8), SSQ, and rest
videos. Figure 2 shows the experimental protocol for VR
sickness measurement. In the preliminary experiment (M2), the
participants were taught how to operate the HMD and the game
controller. The eight experimental scenarios were designed to
measure VR sickness. If a participant is exposed to VR content
for along time, the VR sicknesslevel will potentially increase.
[28] Therefore, each scenario was composed of content of 60
s for the safety of the participants. These eight experimental
scenarios were designed to have the visual guide on/off, the
game controller on/off, and to vary sizes and positions of the
visual guide to determine its effect on VR sickness. Table 2
shows the features of these eight scenarios.

In addition, the experimental scenarios were randomly placed
and used to ensurereliability. For 240 s after each experimental
scenario (including M2) ended, participants entered SSQ and
watched the rest video to relax VR sickness. All participants
were equally exposed to this rest video. When the experiment
was completed, the SSQ data for the eight scenarios were
automatically saved. From the VR sickness measurement
experiment, preexperimental SSQ data (M1) and
postexperimental SSQ data (S1-S8) were collected for each
participant.

Figure 2. Experimental protocol for virtual reality sickness measurement. HMD: head-mounted display; SSQ: Simulator Sickness Questionnaire.

M2, S1~S8

SSQ & Rest
; ........................ # ........................ ; ........................ # ........................ ; ........................ # ........................ ; ........................ # ........................ ‘
120s | 240s | 60s | 240s | 60s | 240s | 60s | 240s | 60s | 240s | 60s | 240s | 60s | 240s | 60s | 240s | 60s | 240s
M2 S1 S2 S3 S4 S5 S6 s7 S8
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Table 2. Features of eight scenarios used in the experiment.

Seok et al

Feature S1 S2 S3 %] S5 S6 S7 S8
Game controller Off On On On On On On On
Visua guide size (%) 0 0 0 10 30 50 30 30
Visual guide position None None None Ha H H cb H& G©

8H: head-tracking direction with head-mounted display.
bG: movement direction with game controller.

®H & G: head-tracking direction with head-mounted display and movement direction with game controller.

Using these experimental protocols, we conducted two
experiments to examine the effect of the visual guide on VR
sickness. Experiment | investigated the effect of visual guide
on/off on VR sickness. In the first step of experiment I, we
investigated the effect of VR sickness when the visual guideis
on/off with the game controller off. Thus, the SSQ data of S1
and S2 were used for the comparison of VR sickness. Figure 3
shows the S1 and S2 used in the first step of experiment 1.

In the second step of experiment |, we investigated the effect
of visual guide on/off with the game controller on. Thus, the
SSQ data of S3 and S5 were used for the comparison of VR
sickness. Figure 4 shows the S3 and S5 used in the second step
of experiment I.

Experiment 11 investigated the effects of the visual guide’'s size
and position on VR sickness. In the first step of experiment |1,
we investigated the effect of the visual guide’s size with the
game controller on. Thus, the SSQ data of $4, S5, and S6 and
the SSQ data of S3 were used for the comparison of VR
sickness. Figure 5 showsthe S3, $4, S5, and S6 used in thefirst
step of experiment 11.

In the second step of experiment |1, we investigated the effect
of the visual guide's position with the game controller on. Thus,
the SSQ data of S5, S7, and S8 using a visual guide with
different positions at 30% of the size of the aspect ratio and the
SSQ data of S3 were used for comparison of VR sickness.
Figure 6 showsthe shows S3, S5, S7, and S8 used in the second
step of experiment 11.

Figure 3. Sl and S2 used in thefirst step of experiment I. VG: visual guide.
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Figure4. S3 and S5 used in the second step of experiment I. VG: visua guide.

Figure5. S3, $4, S5, and S6 used in thefirst step of experiment I1. VG: visua guide.
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Figure6. S3, S5, S7, and S8 used in the second step of Experiment I1. VG: visua guide.

Results

Overview

First, we compared the SSQ preexperiment (M1) and
postexperiment (S1-S8) data to verify that the experimental
protocol for VR sickness measurement waswell designed. From
the paired t test results, a significant difference was observed
in VR sickness between M1 and S1-S8. Significantly higher
nausea and disorientation symptoms were noted in S1-S8 than
in M1. Hence, we confirmed that the participants had
experienced nauseaand disorientation. In addition, oculomotor
discomfort in S1-S8 did not significantly increase because many
participants had eye fatigue from M1. From the different SSQ
values before and after VR exposure, the increase in the values
of nausea and disorientation symptoms of the participants was
confirmed. It was concluded that the scenarios for the VR
sickness experiment were appropriately produced.

Experiment |: Effects of Visual Guide On/Off

In the first step of experiment |, the results of the paired t test
showed no significant difference in VR sickness with respect

to visual guide on/off when game controller was off; there was
a negligible difference in nausea, oculomotor discomfort,
disorientation, and total score values. In other words, therewas
no effect of visual guide with game controller off (watching
video) on VR sickness. Table 3 shows the results of the paired
t test of visual guide on/off with game controller off. Figure 7
shows the results of the first step of experiment | (ie, difference
in VR sickness with respect to visual guide on/off with game
controller off).

In the second step of Experiment |, the paired t test showed a
significant difference in VR sickness with visual guide on/off
and game controller on: nausea and total score values were
significantly decreased, whereas oculomotor discomfort and
disorientation values had no significant differences. Table 4
shows the results of the paired t test of visual guide on/off with
the game controller on. Figure 8 showsthe results of the second
step of Experiment | (differencein VR sickness of visual guide
on/off with game controller on).

Table 3. Resultsof the paired t test of the visual guide on/off with game controller off.

Scenario (state) Simulator Sickness Questionnaire

Nausea Oculomotor discomfort Disorientation Total score

Score  t (df) Pvalue Score t(df) Pvalue Score t(df) Pvalue Score t(df) Pvalue
S1 (visua guideoff) 8.65 N/AZ N/A 12.08 N/A N/A 17.84 N/A N/A 1414 N/A N/A
S2 (visual guideon) 865 0(31)  >.99 1350 -649(31) .52 16.97 .360(31) .72 1461 -235(31) .82

3N/A: not applicable.
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Figure 7. Results of the first step of experiment | (difference in virtual reality sickness with respect to visual guide on/off with game controller off).
SSQ: Simulator Sickness Questionnaire; VG: visual guide.
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Table 4. Results of the paired t test of the visual guide on/off with game controller on.

Scenario (state) Simulator Sickness Questionnaire

Nausea Oculomotor discomfort Disorientation Total score

Score  t (df) Pvaue Score t(df) Pvalue Score t(df) Pvalue Score t(df) Pvalue
S3 (visual guideoff) 924 a2 N/A 1587 N/A N/A 2045 N/A N/A 1695 N/A N/A
S5 (visual guideon) 566 2547 (31) pb 1308 1.359(31) .18 1479 1815(31) .08 1262 2.183(31) .04

8N/A: not applicable.
Btalicized values indicate statistical significance.

Figure8. Resultsof the second step of experiment | (differencein virtua reality sickness of visual guide on/off with game controller on). SSQ: Simulator
Sickness Questionnaire; VG: visual guide.
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. ) . . . " of visual guide used in Sb: nausea and total score values were
Experl.ment I Effect_of Visual Gu@IeSzeand Position significantly decreased, whereas oculomotor discomfort and
In the first step of Experiment I1, the paired t test showed that  disorientation values had no significant differences. However,
there was a significant difference in VR sickness with the size  there was no significant differencein VR sicknesswith the size
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of visual guide used in $4 and S6. Table 5 shows the results of
the paired t test of the visual guide size with the game controller
on. As shown in Figure 9, VR sickness was lower than that
observed with other sizes when the visual guide was 30% of
the size of the aspect ratio. Figure 9 shows the results of the
first step of Experiment 11 (ie, difference in VR sickness with
respect to the visual guide size when the game controller was
on).

In the second step of Experiment 11, the paired t test showed
that there was a significant difference in VR sickness with the
position of visual guide used in Sb: nauseaand total score values

Seok et al

were significantly decreased, whereas oculomotor discomfort
and disorientation values had no significant differences.
However, there was no significant difference in VR sickness
with the position of the visual guide used in S7 and S8. Table
6 shows the results of the paired t test of the visual guide
position with the game controller on. As shown in Figure 10,
VR sickness was |ower than that observed with other positions
when visual guide was in the head-tracking direction. Figure
10 shows the results of the second step of Experiment 11 (ie,
differencein VR sickness with respect to visual guide position
when the game controller is on).

Table 5. Results of the paired t test of visual guide size with game controller on.

Scenario (size) Simulator Sickness Questionnaire

Nausea Oculomotor discomfort Disorientation Total score

Score  t (df) Pvalue Score t(df) Pvalue Score t(df) Pvalue Score t(df) P value
S3 (0%) 924 /a2 N/A 1587 N/A N/A 2045 N/A N/A 1695 N/A N/A
S4 (10%) 745 1.063(31) .296 1255 1.422(31) .17 1653 1.359(31) .18 1356 1.674(31) .10
S5 (30%) 566 2547(31) pb 1303 1.359(31) .18 1479 1815(31) .08 1262 2.183(31) .04
S6 (50%) 716 0.980(31) .34 1279 1.200(31) .24 1523 1615(31) .12 1321 1.447(31) .16

3N/A: not applicable.
bitalicized values indicate statistical significance.

Figure 9. Results of the first step of experiment Il (difference in virtual reality sickness with respect to visual guide size when game controller was

on). SSQ: Simulator Sickness Questionnaire; VG: visual guide.
30

204

SSQ score
n
1

—
=
|

= S e
.\*\_/,/-

—#— Nausea(N)

—&— Oculomotor discomfort(0)
—a&— Disorientation(D)

—w— Total score(T)

T
0% 10%

T T
30% 50%

VG size with game controller on

https://games.jmir.org/2021/3/€18020

RenderX

JMIR Serious Games 2021 | vol. 9 | iss. 3| €18020 | p. 9
(page number not for citation purposes)


http://www.w3.org/Style/XSL
http://www.renderx.com/

JMIR SERIOUS GAMES

Seok et al

Table 6. Results of the paired t test of the visual guide position with game controller on.

Scenario (position) Simulator Sickness Questionnaire

Nausea Oculomotor discomfort Disorientation Total score

Score  t (df) Pvalue Score t(df) Pvalue Score t(df) Pvalue Score t(df) Pvalue
S3 (none) 924 /a2 N/A 1587 N/A N/A 2045 N/A N/A 1695 N/A N/A
S5 (H) 566 2547(31) pb 1308 1.359(31) 18 1479 1.815(31) .08 1262 2.183(31) .04
S7(G) 924 0(31) >99 1871 -1.099(31) .28 1871 0.436(31) .67 1788 -0.323(31) .75
S8 (H & G) 7.75 0.645(31) .52 1469 0.456(31) .65 1914 0317(31) .75 1543 0517(31) .61

3N/A: not applicable.
bitalicized values indicate statistical significance.

Figure 10. Results of the second step of Experiment 11 (differencein virtual reality sickness with respect to visual guide position when game controller

ison). SSQ: Simulator Sickness Questionnaire; VG: visua guide.
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Discussion

Principal Findings

In this study, we analyzed the correlation between VR sickness
and crosshair, which iswidely used asavisual guidein an FPS
game. To do this, eight scenarios were designed: visua guide
on/off, game controller on/off, and various sizes and positions
of visual guide. Experiments were performed using a protocol
that consisted of the abovementioned eight scenarios, SSQ, and
rest video. Results of Experiment | showed no reduction of VR
sickness of the visual guide when the game controller was not
operated, whereas there was a reduction when the game
controller was operated. While the user operated the HMD and
the game controller in the game, the user's gaze movement was
synchronized with the motion of the visual guide, thereby
reducing VR sickness. Theresults suggest that visual guide can
reduce VR sickness caused by sensory conflicts between content
and users when manipulating content. It can be interpreted that
visual guide should be used effectively to reduce VR sickness
because most VR content requires a game controller. Results
of experiment 1l confirmed a difference in VR sickness with
respect to the size and position of the visual guide with game
controller operation. VR sickness according to sizes 10% and

https://games.jmir.org/2021/3/€18020
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50% and positions G and H & G of the visua guide was not
significant, whereas VR sickness according to size 30% and
position H of the visual guide was significant. Moreover, VR
sickness was lower when the visual guide was 30% of the size
of the aspect ratio and positioned in the head-tracking direction
compared with other sizes and positions. The various sizes of
the visua guide reduced nausea, oculomotor discomfort,
disorientation symptom, and total score when compared to
scenarios when a visual guide was not used. In particular, the
visual guide at 30% the size of the aspect ratio further reduced
these symptoms to a larger extent than other sizes. The visua
guide at 50% of the size of the aspect ratio reduced the
disorientation symptom, showing that disorientation was
minimized due to the high synergy with the gaze movement
when the visual guide size increased. However, if the size of
thevisual guideincreases, the VR fidelity cannot be maintained
because it lowers the immersion and presence of the user. The
visua guide positioned in the head-tracking direction reduced
the symptoms of nausea, oculomotor discomfort, disorientation,
and total score more than other positions. As mentioned above,
crosshair was the visual guide function to reduce VR sickness,
aswell as maintain VR fidelity in FPS games.
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When recruiting participants, we tried to keep the number of
men and women the same. As a result, the number of male
(n=23) participants exceeded the number of female (n=9)
participants recruited. This may have affected the results of the
experiments, asit isreported that men are stronger than women
with regard to motion sickness [29]. Therefore, the effects of
the proposed method in a same-gender ratio environment should
be included in further study.

Conclusions

In this study, we used an experimental protocol consisting of
scenarios such as visual guide on/off, game controller on/off,
and various sizes and positions of the visual guide to analyze
the correlation between VR sickness and crosshair that iswidely
used as a visua guide in FPS games. VR sickness was found

Seok et al

to be significantly correlated with visual guide on/off, and the
use of avisual guidewas very effectivein reducing VR sickness
when using a game controller. VR sickness was reduced by
synchronizing the user's gaze movement to the motion of the
visual guide while operating the HMD and game controller
within the game. In addition, VR sickness reduced when the
visual guide was 30% of the size of the aspect ratio and
positioned in the head-tracking direction. From these findings,
it is confirmed that using a visual guide can be an effective
method to reduce VR sickness. The experimental results of this
study indicate that the visual guide can achieve VR sickness
reduction while maintaining user presence and immersion in
the virtual environment. In other words, the use of visual guide
is expected to solve the existing difficulty in disseminating
various VR content due to VR sickness.
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