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Effect of Simulator Sickness Caused by Head-mounted Display
on the Stability of the Pupillary Rhythm
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Abstract

The aim of this study is to determine the effect of motion sickness on pupil rhythm. Sixteen volunteers of both
genders (8 male, 8 female, mean age 25.67 + 2.43 years) experienced VR contents in both 2D and HMD versions
for 15 minutes, and their pupillary rhythms were compared. The irregular pattern of the pupillary rhythms, as
demonstrated by increasing mean pupil diameter (mPD) and standard deviation of the pupil diameter (sPD), revealed
motion sickness after experiencing HMD condition. The pupillary response is strongly related to the cognitive load,
and the motion sickness can be interpreted as a change in the cognitive load caused by the increasing volume of
visual information that must be processed and the conflict or inconsistency between different sensory modalities.
The method proposed in this study could be a non-contact measurement method for the monitoring of motion

sickness using a web-camera rather than previous sensor-based methods.

Key words: Motion Sickness, Pupillary Response, Non-contact Measurement, Cognitive Load, Head
Mounted Display (HMD)

o] =i 2017TdES 20189 AR (A7 BEAIN) Y] AYeR SdaAdTATe] s wol 3 A7
(No. 2017R1C1B2010488, NRF-2018R1A2B6008901).
T WAAR D G (E S PSS e FHA SRS
E-mail : whang@smu.ac.kr
TEL : 02-2287-5426
FAX 1 02-2287-5425



44 a0l -0l - MY - 4B - 20IE
2 <
2 dTE grsAel 3 e mAE s #Rlde As I BHCE st & A4+ 2D9 HMDE
Sl FUe pEEA =S AFATEANA 158 St AP g o] Feol TS HWEY B Addde
169 (A 8%, o172k 8%, Wt thol: 25.67 + 2.434) 2] A @A7E Fojsiinh. A7 A3, GFEVE BET o] 5ol
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o] Hgo] FAkEHA 7HdE A (Virtual reality, VR) (MSSQ)(Golding, 1998), (2) 3} &l ¥kg: #2] 4
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(galvanic skin response, GSR)(Kim et al., 2005), &5
(respiration, RR)(Kim et al., 2005; Kiryu et al., 2008),
&3t (blood pressure, BP)(Kiryu et al., 2008), (4) 5541
747 ¥Hg- ¥ E4d Z(brain activity)(Chuang et al., 2016),
71%4 A7] &% 9H(functional magnetic resonance

imaging, fMRI)(Toschi et al., 2017) 5°] Stk A1)

AFES T AT Do) Fgl e GBS wY
S 289 b PHOE ABAe) Bol, 17}
At Be, AN gt e R A7 Ao
$9) Sl EAGTE ABH B/PPES Fa H)
24 ARFE 292 7R AAE F O A
Belw ey ABHoz W 4L FUs @
= Ba s



Mz2|2tg ClaSolof Qs REE ol

Py BAEE 4UE W, 2z 94 4w
SRE AgHE $990 B3 A4Rst 19 o
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o G5 WAl F4E AU Ak B AFgAE

EA 2 A AFsHE of7] AlE AR A7t H
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g o] HEetE He S &
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Ao 2 4 A thJust & Carpenter, 1993; Just
et al., 1996; Klingner et al., 2008). w&}x] & A9
Mo HuSAde] 3 gEe vAE JEs gl

= AL 1 BFHO7 3

Junior et al., 2015; Joshi et al., 2016; Park & Whang,
2018). 4143 A17d Z(afferent pathway, CN II) ¥ o]
A, o g o®w FE Fyol A5 ke, i
Yh(retina)< *=-A| E(bipolar cells)<}F 917 (synapse)=
o] F1 11 A7A FRE A7JA Al E(ganglion cells)
of degith AAA Alxe] SAE7]= X417 (optic
=3 Z(mid-brain)®] B 7Y 23 (pretectal
nucleus)oll 41732 JHE dgsith 44 AAE=
(efferent pathway, CN III) ol A, Q7l kel &
=YX (Bdinger Westphal nucleus)s %
sphincter muscle) Atole] AZAAS 7|We = 254
Al iz B FAAANRZA S mE T3
53 o] gkS - shk(Siegle et al., 2004; Kozicz et
al., 2011; Janior et al., 2015; Park & Whang, 2018).
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attention network, DNN), A R¥--FAI$2 5 2 = (locus
coeruleus - norepinephrine system, LC-NE), A4
(cingulate cortex)¥} 7Z3h o] FHAAE b,
ol 9= %, A ZsH DT Aol U=
Aoz A AckHong et al., 2014; Ebitz & Platt,
2015; Joshi et al., 2016; Park & Whang, 2018). S12]%-
a7 @43t == A9, THe MiSFA7EY, Hek
FATdsEE g 993 dH5FH(pre-frontal
cortex) ¥ Z1 5 (frontal cortex) AFo]2] sFka 24
(top-down control) Wi A Fo] 43t ¥ o= FF
7] wsholl d3-E P ZITthVan Steenbergen et al.,
2013; Geva et al, 2013; Buckner, 2013; Park &
Whang, 2018). o]2]oll %= thro] A A-Eoll A ¢1A]
o7t FEEdE W, 53 A7 SUtEE @]
3ol = th(Just & Carpenter, 1993; Just et al., 1996;
Krause et al., 2007; Klingner et al., 2008; Wang, 2013;
Hong et al., 2014; Tanaka et al., 2014; Chen & Epps,
2014; van den Brink et al., 2016).
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Experience(GexagonVR, 2016)’E 10& &<t A1 3f

A= il [e 3¢ RS = ==1
FUe 439 49 olF wrl 4L A9 A
2AGT S9E AY IAES B 4P FoIg A
Satsich

A

AP AE Ao w2 AdelE 168 (AR 8
o, ozl 89, Hit vol: 25.67+2.434))2] thet 2 of
sty o] Fojaldh B AFE Uere) Y e W

gA1Ee] 0.8 ol el FFAGA, A=A A, A2



A B g k5] gle A7 A7AE iR
stk T A& 9 FFAAAC IS nF &
UE T 2 FFE Ay 49 I3 A=E
FHasleh] Sl A g TR FHE FASES
k. Aol Folapr)del AF Ayl A A+
TS AT A gl tis T2 AHS 5kl
FAF Fedo] tisk Fo] Wtk & Ao BE A
ORI dE ety A& 93] AoE W
o} X3 3} tHIRB Number: BE2017-21)

3.2. Ae C|Afel

2 dte E%?;IX} v A ﬁ](within subject design)=

g
g r
i
)
of,

sl w5 AU 1) HE BE WE
2 WE BAeke Aoz TANAY. A9 WA
Aol oo e AR AL FAE NoLimits
2 Roller Coaster Simulation(Ole Lange, Mad Data
GmbH & Co. KG, 2014)‘E 7tZ} 2D % HMD tﬁ?ﬁg
2158 FF A =S stk 7 &
A5 77t 57 Fot A4 Y] FF vkee
=48] Sl & FH5skArh w3 A7 A

X

©
= =
2F A5l A Frhate] En) Sl e A A
[e)

of r—tm

A
%

18l ‘simulator sickness questionnaire
3 7+ A 5ol thal 0 oM 3 =AY
ket AASE A9 AAk= Fig 13 22

A
w2
[@5]

Q
il
o

oo

il
X,
M
o
e

Pre-Subjective Rating
(0 to 3 points scale)

)

Pre-Reference for 5 minutes
(Measuring the pupil image)

I
v v

Viewing the VR contents of Viewing the VR contents of
2D version for 15 minutes HMD version for 15 minutes

| [
¥

Post-Reference for 5 minutes
(Measuring the pupil image)

!

Post-Subjective Rating
(0 to 3 points scale)

Fig. 1. Experimental procedure

SSQ At 16709 A3 3709 QI =
=3 o] A= tHKennedy et al., 1993).
- 272 (nausea) £.91: YAl B3 7 (general
discomfort), B} 4] Z=7Hincreased salivation), &
ZH(sweating), M| 2272(nausea), 5 LeH(difficulty

concentrating), 715 7}(stomach awareness), E &

(burping).

- A1217 (oculo-motor) 2.91: AWFA Q1 53 7 (general
discomfort), 3| Z(fatigue), 75 (headache), 7+ 5
(eyestrain), 274 95-7] o & 2(difficulty focusmg)
A% LH(difficulty concentrating), A1k
(blurred vision).

- WeEZ 2] (disorientation) .91 274 7] o]
$(difficulty focusing), ™| 2~7-2-(nausea), 2] <] 3
T H(fullness of head), A1°F & ¥ (blurred vision), ¥
HEA 9] o] X 2] 2(dizzy: eyes open), YHFZ <l 01%]
#2(dizzy: eyes close), 3]AA o] R & -2(vertigo).

7t A% FEo] sl 4 PSR P 5%
A5E 747te) 3714 2200l sl 7HEAE Fofatel
o A (D)€ elgst] B Wr S ARSSQ
score)Z Al 4F} A th(Kennedy et al.,, 1993).

SSQscore = (9.54 X N) + (7.58 X 0) +(13.92 x D) x 3.74 (1)

N: Nausea; O: Oculo—motor; D: Disorientation

2D % HMD Wz zHz} 27912 LED K UYFE
(27MP68HM, LG Inc., Korea)$} HTC VIVE HMD
(HTC Inc., Taiwan & Valve Inc., USA)E E3l 2
ZA7FEAA AAE QA AA S T 2EF o] AbFE T
= 2
- 27914 LED R YH: tj2Zd o] EFJ-LED, 31
=-1920x1080, Al©FZ-170%, 3HH FAME-75 Hz.
- HTC VIVE HMD: t]~Zdo] E}J-OLED, &4+
-2160x1200 (Z+ =l 1080x1200), A oFZF-110%
o], s FARE-90 Hz
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178 tHex. 2D: 6¥ 5Y(€) 24 10A]; HMD: 62
129(%) 24 10A).

33. 4= X2 & X[E Ho
T3 9 1 ZMEHHD Pro Webcam C920r,

Logithech Inc., Switzerland)E ©]-8-3l 900 x 400 3| A
T 2 %9 30 fps(frame per sencond)?] HEZ HE
stATh AelAH G A5S F8] YA A A
ZE(IR cut-filter)E #| A3t 224 ZE|(IR passing-
filter, Kodac Inc., USA)E AFste] Aol 7iv etz
Mzste] ARSIt T3 999 dEe 9 A
- APAFES Fxste] A3 st tHDaugman, 2004;
Lee et al., 2009; Park et al., 2018). &4 7l 2=
sl H5E T G ©1XSKbinarization) #1235}
THPark et al., 2018). (2) °]ZIste F2 AF A=
&7 2] E(circular edge detection, CDE)S 2-£3}o] &
& 998 HESYI CDE 23252 2 )9 2t

(Daugman, 2004; Lee et al., 2009).
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Fig. 2. Signal processing & indicator definition. (A) Procedure of pupil detection; (a) A raw image (grey scale) from IR camera,
(b) Binarization image, (c) Detecting the pupil area using CED algorithm. (B) Pupil diameter signals at 30 fps. (C) Re-sampled
pupil diameter to 1 fps from 30 fps. (D) Definition of pupil indicators such as mPD and sPD.
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2 o7 9 ) A4 2D 2 HMD A1g A
SO wWE FPue BAo g H1A 74 (normality

test)S 7|HFO 2 S HE t7 A (Paired ttest) o]
&3l 72t 279 AFAE AR STk 3 o

st H 27129
A E A H ] 2871 wiEol] <FHEAF -4 (analysis of
covariance, ANCOVA)' = ©]-83l] 2D 2 HMD A3 %
o] el & FH 3, covariant) O F A5} ZH7Fe] Al
o] T3S ApolE F7F TAIAS 3 tHKeselman
et al., 1998; Park et al., 2014; Mun et al., 2014). 1]
32 Aol HA R oAx; 7z g e A Aokt

b gl Folstel JEeclo

v b5l 98 F
FUFOR HRHAL APE HE JFS T sh]
TEAEAS AASAT B RN oF 7H

| 214 % (bonferroni correction)

1955). olol W}, £7 W] e FoFEL p <

0.0252 AAHJTHmPD & sPD, a = 0.05/2). %3},

A Feldwt okyet A3 f24 (practical
significance)'= &138}7] #l8ll &3} 7] (effect size)=
Abstanh th&EE

A7)+ Z+ZF Cohen's d (0.20: small, 0.50: medium,

A9 % FEA B9 53

0.80: large)<} partial eta-squared (small: 0.01, medium:
0.06, large: 0.14)5 7|52 2 331 th(Huck et al.,
1974).

SSQ Aol gk TAEA A= Fig. 3o YeR
Ak HSEE 4% AFlA, HMD A% £719

SSQ M AR Aol vs) AY Fol BAMOR &

osHAl F7tste A37E EQ1 H AI([30]= -15.053,
p < 0.001, Cohen's d = 5.497) 2D A1 ZZlH&
ou|gt zpolE YERNA w}ﬂ(t[ = -1.155, p =
0.266, Cohen's d = 0.422). - l‘;r*—i A 7ol A, HMD
o} 2D A% F Atolol] SSQ HFE FAASE fojn)
g Zpol7t 9lE SRISIATHAL, 30] = 99.882, p <
0.001, partial eta-squared = 0.781).
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Fig. 3. Result of the total SSQ scores for motion sickness
between the 2D and HMD conditions using a paired t-test
and ANCOVA (***, p < 0.001).
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Fig. 4. Changes in pupillary rhythms (mPD and sPD) from pre- to post-viewing;
2D (top) and HMD (bottom) for participant 6.
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Fig. 5. Result of mPD and sPD between the 2D and
HMD conditions using a paired t-test and ANCOVA
(***, p < 0.001).

(mPD: #[30] = 0.083, p = 0.935, Cohen's d = 0.030,
sPD: #[30] = -1.741, p = 0.102, Cohen's d = 0.636). &
HAHEA Aol A, HMD 9 2D A% $ Ape]o]
mPD9} sPD= 5 FAA SR fofu]gh xpol 7k 3l
22 218+ tHmPD: F[1, 30] = 139.978, p < 0.001,
partial eta-squared = 0.833, sPD: F[1, 30] = 84.572, p
< 0.001, partial eta-squared = 0.751).
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[*]

7+ (Partala & Surakka, 2003), Q1 A](Just et al., 1996;
Klingner et al., 2008), 71¥(Just et al., 1996), ¥ %
(Beatty, 1988) 0] BRA 2 #gL& WEstL dch
53], B2 AYATES T4 olgd He) guz
A A3 FAA A/ FH DHE FRAel 3
A2 FeiA Qovl, BF 2717k Z7kske el
o] Anzzda FHel R  AxRa}
AFZ B3 Urklust &
Carpenter, 1993; Just et al., 1996; Krause et al., 2007,
Klingner et al., 2008; Wang, 2013; Hong et al., 2014;
2014; Chen & Epps, 2014; van den
Brink et al., 2016). T3k, QA F-35}7F S718 wf, T

rlr
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(cognitive load)<]

Tanaka et al.,

o] WiEFRAAY, HAN-FATFASEE, s
FAH AAFH B AFH Alel9] spFa =4 v A
UFo] Ast =L o]Ae] 7 A7) Wstel J3Fe
A= ACE BIEL o] 2o AqtAzet o
Aet= ASZ F2lFATVan Steenbergen et al.,

2013; Geva et al., 2013; Buckner, 2013; Park &
Whang, 2018). 4, €] S7d°] f2d Fol 53
259 EHEAE Y, 5 T3 7] ¥k HA
7t S7Vshe @/del FRlHAT T A7) WS
AA 9 A4 217 Z(efferent and afferent pathway)
SAA FR L B’ g AA)l
F thAndreassi, 2013; Junior et al.,
Al Ewste] Axrt Sokske A
dol lom, A AFE B3l olds Ay
o] QIAHFzste] A= HIEW UkPark et al.,
2014; Park et al., 2015).
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