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ABSTRACT

A driver’s adverse emotion aroused during driving increases the risk of traffic
accidents by reinforcing risky driving behaviors such as aggressive driving, speeding, and
traffic violation. Previous studies have developed a model to discriminate a driver’s adverse
emotions using only physiological information such as ECG (electrocardiography), SC (skin
conductance), EMG (electromyography), and RSP (respiration rate); however, there is
insufficient research to recognize emotions based on physiological information and driving
performance together. In addition, most of previous studies did not reflect differences in
individual physiological characteristics in response to adverse emotions and developed a
subject-independent emotion detection model rather than a personalized model.

This study aims to develop a personalized model that can detect a driver’s adverse



emotional symptoms based on individual optimal ECG and driving performance measures
for emotion detection. This study consists of three steps: (1) establishment of a driver
emotion evaluation experimental protocol, (2) selection of optimal ECG and driving
performance measures for adverse emotional symptom detection, (3) development and
validation of the detection model of a driver’s adverse emotional symptoms.

First, an emotion induction method was designed to induce a driver’s adverse
emotion effectively during a driving test, and an experiment that can evaluate a driver’s
emotion was conducted. Sixteen healthy participants (male:8, female:8) were recruited and
three different types of emotion (1. neutral, 2. anger, 3. anxiety) were evaluated during a
driving test. The adverse emotion was induced by continuously presenting keywords from
individual different situations that aroused anger or anxiety in the past on the driving
simulator display during driving. Next, the trends of changes in ECG (IBI and LF/HF) and
driving performance measures (driving speed, steering wheel rate, and centripetal
acceleration) by the three types of emotion were analyzed relatively.

Second, individual optimal measures were selected for the detection of adverse
emotional symptoms during driving considering the individual heart rate characteristics and
driving performance. Each ECG and driving performance measure was normalized by
corresponding baseline data in order to lower variability by individual differences and
different units of variables. The individual’s optimal measures were Selected based on the

following three criteria: (1) whether the tendency of the data change by emotion is consistent



with the trend of previous studies, (2) the statistical significance of the difference in the
change of each measure by three different types of emotion (p < .10), and (3) repeatability
(coefficient of variation < 30%).

Third, a driver-specific emotional symptom detection model was developed based
on driver’s individual optimal measures and the model performance of the model was
validated. Two types of detection model (1. neutral vs. anger, 2. neutral vs. anxiety) were
developed with non-linear support vector machine (SVM), and the performance of the model
was evaluated by k-fold cross validation (k=3). The accuracy of the SVM model was 87.5%
for anger and 79.2% for anxiety.

The driver specific detection model for adverse emotional symptoms developed in
this study can be used in a system that detects and warns of adverse emotional symptoms
while driving to reduce the risk of traffic accidents. However, this study has a limitation that
itis based on a simulated driving experiment. In an actual driving situation, ECG and driving
performance measures used in this study may be influenced by factors such as surrounding
vehicles, traffic conditions, and speed limits; thus, it is necessary to conduct a driver’s
emotion evaluation experiment in the real driving environment in future research. In addition,
this study aimed to develop a model that can discriminate between driving only situations

and the situation where emotions are aroused while driving.
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2.1.2. Emotion Classification System

A wEw AAd= A AAEe S =29 2ol sy4de=m

M

Fote vlA%4  H I (discrete emotion theory)¥ TAHS FAHI HAo
= (valence), 743 4 =(arousal), 2213l A ¥ #X=(dominance)?} S SHOZ

o] Aekslsls vhakY A 2% (dimensional emotion theory)©] 21 THAgrafioti et

r LJ
flo
i

al., 2012; Figure 2.3). A, v]AEH2H HH

skof Q1%

(o]

I
o
o,
)
il
juiry
2

177 B A o w 7px= AA 74 (core emotion)o] A3 RS 7FA S AL

1 dimension (1D) model 2 dimension (2D) model 3 dimension (3D) model
?U Emotion: the PAD-Space
High Arousal g
; E wa.‘/[ﬂ( ) alence (p)
agitation dah arousal (a)
== @& - 5
excited anticipation

Happines Negative distresse Positive

Valence Valence
relaxed
Cm s °
Saaness ur
= = == D 4 ° °
Al disgust
bliss.

o -
— C - 0

& s & BY mountul {&p

isqust iness ear :

Low Arousal

(@ (b) (©

B
Valence
Pleasure

Figure 2.3. 7+ <=5 A7 (1D vs. 2D vs. 3D models)
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2.2.Emotion Evaluation Measures
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Physiological Evaluation

2.2.1.

(skin

T -
i i

S

al

=]
T

171 ¢18ll A A = (electrocardiography, ECG), I

q7}6

o -
= %

s

conductance, SC), -7 %= (electromyography, EMG), 12]3 3% -5 <=(respiration rate,

]

A

o

e

1
1

71 &-8¥ti(Table 2.2). ECG

PR

2

RSP)<}

A (inter-beat

<

interval, IBl)o.=

ol

el

o
il
=y

o

0
el
il

Al EA

o

7} Al b Z# % (facial EMG) 7 F& -85 o]

X
22

o

w2}

!

_EH

I 2 Bt

= E 3
= o °

(edl: HR, RMSSD, LF/HF)

H

1
s

&5, 71E Aol A4 ad

o

b
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Table 2.2. 7ol o3t Aejets A= W3} 4P

Measure

Trend Reference

Jonassaint et al.,

Inter-beat interval
} (2009);

(1B1) Hamer et al., (2007)
Heart rate (HR) 1 Verkuil et al., (2014)
Standard deviation
of normal-to- | Lane et al., (2014)
normal intervals
Electrocardiography | (SDNN)
(ECG) Root mean square
differences of the
.. Verkuil l., (2014
standard deviation ! erkuil etal., (2014)
(RMSSD)
High frequency Lane et al., (2009);
(HF) ! Miu et al., (2009)
Low frequency /
high frequency 1 Riener et al., (2009)
(LF/HF)
Skin conductance Skin conductance Najstrom & Jansson
(SC) response (SCR) f (2007)
Electromyography (EMG) 1 Sloan (2004)

Respiration rate (RSP)

1 Gorman et al., (2004)

Verkuil et al. (2014)> speech taskS &3l I AA oAl &<t M E 2% 5 ECG

2

58 249
Hsta A

ol\

23}

|

323k Al oid] A7 vlE(heart rate; HR)S 12 bpm

&9 H3 AXF(root mean square of successive differences,

RMSSD)+= 13 msec 7FA3h= ZS HHs]WiTh Riener et al. (2009)-> ECG 2135 &
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=
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=
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tl(Najafpour et al., 2017) A =}=F
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E
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4% tH(Table 2.3).

Driving Performance

2.2.2.

I
i

N

aj]
=

[e)

T

5 Z} 5= (steering
A ALle]

U

hisd

]

o
v

9=

7}# T}, Techer et al. (2017)

=

=

[e]

=

gl
2

ol

1

9]

=

[}

=

=

3l SDLP (SD of lane position)

e

A
pul

Al

=

sl 7)== 9] X (reference position) thH] & =)

S

(Stephens & Groeger, 2009). x}4 %] F2-&
A}

-

1

o v

wheel angle; SWA)7} A}

Ak 0.8

s

2 A& motorcycles uwe} F3

o

ks

1

7

o
=

ol
~ul
N

o
oy

Al&3kal A& motorcycle®] A

o 219] SDLP #ko]

Nd

o2 HudIrHF(L,32) =

23

4.41,p < .05).



Table 2.3. ZHA ol o3 A2 53 A= st FFA

Measure Trend Reference
Roidl et al., (2014);
Mean driving speed 1 Mesken et al., (2007);
Zhang et al., (2016)
. Stephens & Groeger
SD of driving speed 1 (2009)
Speeding T Roidl et al., (2014);
Velocity (speed violation) Mesken et al., (2007)
Longitudinal Stephens & Groeger
lerati 1 (2009);
acceleration Roidl et al., (2013)
Roidl et al., (2014);
. Stephens & Groeger
Lateral acceleration 1 (2009):
Roidl et al., (2013)
Steering wheel SD of steering Stephens & Groeger
control wheel angle 1 (2009)
Lateral position SD of lane position Stephens & Groeger
trol SDLP f (2009);
contro ( ) Techer et al., (2017)

Adfets 43S EFste] ExE FEd A3 BxE At
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AA F3 AZE o] Al S 9uk AZE HlEo] 25 [kl S7Hp < .05)
sk Zlo 2 W18kt Stephens & Groeger (2009)+ R.o T3] AFS 7|vte =
T34 4 H7H5-point Likert scale; 1 = “not at all” and 5 = “very much”) 2 3}<}
A F3 A= Alolo] AHAAE A A Y A =
Fo]l FoldaE V&R Bl 7k | E(throttle)oll el A= shEo] ol s
F7kshe A& v Wlti(r=.20,p<.01;r=.18,p<.01). &4, d=5 = T A

s &4 A% =2 A9 #AS 7Y Stephens & Groeger (2009)+=

A8 2o A& FH 5) Fxo AwVF vhah W wE AE(d: 5HT
el flel °F 50 ~ 80kmh £ Fd F)olA o] XA FY HEE HA

N3 Ast e £EY RwE s 0E 43 g 2o £EY B8

R

A

FEstE aE 43O Al steering wheel angle (SWA) ] A7 f-2]slA] & Ro=
HAuskIth(t(23) = 4.97, p < .01). =3, Fd A LAV FHs=

Y
N
=
c
«
=
<)
2
lo
o
N
)
ki
[}
©
=
>
lo
=)
N
&Y
N
)
E
lo
O
ol
=
N
N
)
O
ol
I

3] M $(steering wheel rate)} x}eEe] 3)d SEA] W] 2 &3l TSRS

H7bel7] 98 1A 744X (centripetal acceleration) 7} -8 % 1T
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2.2.3. Subject Evaluation

N
.|
2
N
N
2,

o,

N

N

rlr

=

]2l W (non-verbal) @ 1o % (verbal) W<

rr

olg3ste] FAETE AA, vHAdAd WHS AAHS FHSE omA] X
|3l AL Hrsth ol E9], self-assessment manikin
(SAM)<- Figure 249} Fo] AJZb2 AAEE F8 4] 37k+ 2.4 (arousal,

valence, dominance)E X &3}l ©]E 9-point Likert scale® ¥ 7}%tt}(Bradley &

Lang, 1994). Lee et al. (2005)> SAMS F3 =] 74 AHE HAH

o
hl

!

Bbstelon 44 £F olsel AF4E wel F@A HelHi: 44 I

e

Valence

1 k4 b4 b4 FH4 FA4 FA FH EAF

7 %) o7 % o o e

Dominance

o [[n ] o 2] o e TG o

Figure 2.4. Self-assessment manikin (Bradley & Lang, 1994)
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=), Adojd WHe A4S FdsE dol B FAS FI Ao @A
7 AEE Hrlete Wyolth o2 £9], positive and negative affect schedule

(PANAS) Hx &= F44 HAAE wmdsh= 10719 F-8AKAl: active, interested,

FA35F Tl =3k, State-Trait Anxiety Inventory (STADE =9 AAME F5F8
A= Table 2.49F 22 STAI A2 @59 H7IE Fall A &2t 4 =(state) <}

HAe] EQF A EK(trait)S I}e}slt(Spielberger, 1983). Barnard & Chapman (2016)-

%
>
il
o
o
Ho
[-N

2ol ok A 3K(trait anxiety)S H7lstal T3 F 9E Ao

dE ukg sEae Auas BAst B ATdAe F3 F 2ude

O>"
&
)
QD
&
ﬂ! m
o
=,
of,
N
N
et
¥
%0,
o
H
ni
¥
lo,
1l
Sl
o
Bji
o
o
:c}l‘_',
N
oy
o
lo,
2
v

AE THHor HrFE 4 Qi State-Trait Anxiety Inventory (STAI)S} State-

Trait Anger Expression Inventory-2 (STAXI-2)7} -8 % 31t

27



Table 2.4. State-Trait Anxiety Inventory (STAI) 7} &5 o] A](Spielberger, 1983)

] 2=
=R
AT It B35 1. 284 &gt} 20 ofF 28
3 1T 4w 1o

s 23S =70t} (Ifeelcalm). oo 1 2 3 4
U obddHS =71t} (I feel secure). ........oeevvenen.... 1 2 3 4
U= 3ET (lamtense). coooeveeeeeieeeiieeeeeeee 1 2 3 4
U erhs =71t} (I feel strained). .......oo.eeeeee. 1 2 3 4
e Aol ¢SS =71t (Ifeel atease). ............... 1 2 3 4
U= Ak AT (I feel upset). ..o 1 2 3 4

2.3.Emotion Evaluation Experiment

2.3.1. Driving Task

5, AdA ¥, gAY gL uF dS Adss A AHES
F=37] st A FP(@FEREE T A, =2 U 99 3 A2A,
aga FE T A BEE o vE E23)Y T8 ATt T3 HTbedlA
Agdch AA, T8 F A2 E5S FEI] Y8 dx2e Ty FAHS

43Tk Du et al. (015)& A4 Y27k LA T Hmd mAE JFS

o
ut
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-
L
flo
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=
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=
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waa, A 7ol
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49 ] 9 th(Jansen et al., 2013; Roidl et al., 2014; Stephens & Groeger, 2009).
Emotion Induction Task

2.3.2.

o

freshe

(incidental

7+ (integral  affect) S

R

-

29
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A el Al

3o = H

3|

& FA2 A

77 (integral affect)=-

o ™ (Otahal et al., 2016)

gl

1=
[¢)

w7

738

b7 olginh mebd, 2 el A

A=

v}
=

Bl

9

o

744 (incidental affect)

4

519247}

Pg

1
s

affect

Incidental

A& active WH I} passive WS

Agrafioti et al. (2012)°] w}

W 2& task7} &8-F T} Jonassaint et al.

o

H 6/

o
T

(2009)

HkH | passive HFE -

b AIA

2

Ko
T

t}. Zhu et al. (2016)
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b

ot

o8

47}A] 7+4 (anger, joy, sadness, pleasure)=-
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T3 Kim & Andre (2008)
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Table 2.59} o] t}
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A H(Zhu et al.,, 2016)° 4= passive
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EE 9Y
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Table 25. 74 %= WY 7€ A
Author (year) Type Description Driving
y yp P consideration
Zhu et al. (2016) Passive | Video watching 0]
Kim & Andre (2008) Passive | Music listening X

Passive / | Passive: visual image stimuli

Agrafioti et al. (2011 . . . ; X
grafiot etal. (2011) Active | Active: playing a video game
Cai et al. (2009) Passive | Video watching X
Wagner et al. (2005) Passive | Music listening X
. Passive: video watching
Passive . . . .
Lane et al. (2009) . Active: autobiographical script & X
/Active
memory recall
Jonassaint et al Think about a moment which made
' Active | them angry, and talk about the X
(2007) o
incident
Hamer et al. (2007) Active | Speech task X

2.3.3. Statistical Classification Model

W mEe wE BEAs) A4E 2E Pxe 4§y g
2424 W (parametric method)¥} W] X422 ¥ (non-parametric  method) 0.2

THET AA, B e 1y s Ry s 38 ASHE e
5 X FHE JMEsta d"9d &E ZEx9] Ea(parameter) [
FA dE 5o, A8 #H EA(linear discriminant analysis; LDA)S 7t

s e EE delyrh 2 1 "Hud $Ee Site JRbe

ul
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4 e 7 &

7HA S AA
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T}(James et al., 2013).
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=
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ANOVA, sequential

N
N

7IH o] g% o] gk} Wagner et al. (2005)2} Cai et al. (2009)

ol
ol

N

=
!

)
&

forward selection (SFS), Fisher<}

1)

AHE X (linear discriminant analysis; LDA) ¥}

[¢]

A

F=d,

SEE

[e)
TS

3

s

KeR
T

o] ¢ 2%z 7} -3}l t}. Katis et al. (2008)

support vector machine (SVM)x} adaptive neuro-fuzzy inference system (ANFIS) &3

7+ (high stress, low stress,

WA SAR] 47HA
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Table 2.6. 7+4 ¥4 714

R AT 7= AT T

601:

o Subject . i Driving
i N=c] J i =z ] H
Authors dE A dep. vs. indep. Measures &E 71 s consideration
High/low EMG Support vector machine (SVM) 79.3 %
Katisetal. | stress, biect ind q ’
(2008) disappointment, Subject independent ECG, SC, | Adaptive neuro-fuzzy inference 26.6 % 0
euphoria RSP system (ANFIS) :
None 79.55 %
Sequential
Joy, anger EMG Linear forward selection 92.05 %
Wagner et ) ’ I ’ o (SFS)
al. (2005) pleasure, Subject independent ECG, SC, | discriminant X
' sadness RSP analysis (LDA) | Fisher 79.55 %
SFS/Fisher 90.91 %
ANOVA 87.50 %
- i k-nearest None 75.9 %
Caiet al. Joy, sadness .SUbJeCt ECG neighbor X
(2009) independent (KNN) Fisher 85.8 %
Lee etal. Sad, calm, Subject independent ECG Neural network 80.2 % X
(2005) interesting, fear J P '
Kim & Joy, anger, Subject independent ECG, Emotion-specific multilevel Sl 70%
Andre sadness, (SN RSP, SC, dichotomous classification (EMDC) | SD: 95% X
(2008) pleasure Subject dependent (SD) | EMG '
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Chapter 3. Driver’s Emotion Evaluation Experiment

3.1. Participants

=4 2 "7 Ade e 2dAME Ages &4

bt o0

o

AMA7F 74743 20 ~ 400 (mean: 28.1 years, SD: 6.2 years, range: 23 ~ 47 years) 23

zrol 2k 167 (male: 8, female: 8)°] =3 HATH EXE Ad FoARE9 Ht

A2 9d3]e]  Institutional Review Board (IRB) %9 e &

n
o
i)
32
=
o>
r o
(L

<.: PIRB-2016-E047).

AR A HrF AF A= driving simulator, ECG =74 #H], 181

N

T84 A H3rr AEAZE E8FHo XA Yol FTFA o=
B 7}= S ch(Figure 3.1). H3F, A A xFy FAs FEo2 A A ZHE driving

simulator (Z}<&: EQ 900, Hyundai Motor Company Inc., Republic of Korea)2} UC-

win/Road ver.11 (Forum 8 Inc., Japan)S &-83}o] &2 3 H717F 3= ok
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- 1.Driving speed
'.F g 2.SWR (Steering wheel rate)
3.Centripetal acceleration

—=

el ™., iy
HRV (Heart rate variability)

of,
A
o
i
juieil
ot
o

ECG Al &= Noraxon Telemyo DTS (Noraxon Inc., USA)ES &-835lo] 715 At

ut

270, &5 5 119 AAHES FZ(Figure 3.2)3 F FA FAIV|E E3lo]

Aot Ha AYg 2o 53tE HE Hrh Wyl (1) State-Trait Anxiety
Inventory (STAI) 2 (2) State-Trait Anger Expression Inventory-2 (STAXI-2)7}

-8-= Yl th(Table 3.1).
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Wireless receiver

Heart rate sensor

Figure 3.2. ECG =74 H] & H= 9%

Table 3.1. =34

7]

=7 o =

~

LA Left rib (£15 52

37} 9 (STAI STAXI-2; Appendix C %)

E Rl T& K Descriptions
State-Anxiety i . i
_ 20 AA Btk Ao A 54
State-Trait Anxiety (S-Anxiety)
Inventory (STAI) ) )
Trait-Anxiety .
20 B A3 Ak 573
(T-Anxiety)
) State-Anger 3 . i
State-Trait Anger 15 A s Ao A =A
(S-Anger)
Expression Inventory-
2 (STAXI-2) Trait-Anger s 24 Adsts W
10 .
(T-Anger) o A 53
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3.3. Experimental Tasks
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H7t AfdAe= T3 T &A1Y Ei=(anger)9t  EQHanxiety) 7ol
HA7FE Aok A8 A (Russell et al., 1983; Scherer, 2005)o4 Aol zHAd
A% (arousal) & FAIEF-A A 3F(valence) =WHolAl 177FA 9] 74 S (ambitious,
anger, anxiety, astonished, bored, calm, courageous, fearful, happy, hateful, jealous,

melancholic, peaceful, pleasure, sadness, solemn, worried)= #-F3%+ A 3} (Figure 3.3)&

oy

Zka1E}o] negative valence”} ol(negative valence score = -5%) 3 <oFE Ao

BuA
o
pass
o
t
i
sV
i)
rr
M
kr
fo
e
r o
B
ol
o
oX,
N
=
o3

Az A AEedet. 38 B7F T 3ol &olstes H 671E o<

)

dox A4s & Ae A FAARelA aAseld ded 74 A9

oAz}l scriptoll Al key sentenceE AH3te] olE F& HUL 6w T U F =

-

7kl F3  Fub 3R koA X% AH O R driving simulator  display©ll

AAgGozA Aol Fid 4= L= A=383 vh(Figure 3.4).
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3.4.Experimental Procedure

R el et - e g o e B 12 [ M e e | I M R I S A

#}e) 571, S3. ECG baseline =74, 84, 3 7}, 85, 73 & 794 74 4

H7h Axpe] wel W3 EAH(Figure 35). A, A 8] GA(EZ 26E

c)lMe & A 54, dah 99 s 29 FHolAdA 29T ¥
29 e FoME weEnGE £8). A9 HAx AW A F3 F7k= 60 ~ 90

km/hel £x2 F8sty Frd Ax LH A Az

ECG 2z SAS 98] ECG 54 AAE g FogxF Ao H-2GER A9Q)

¥ de HoAtE s e " =33

‘ e Hof S20M 5 min) l Al ==H| (25 min)
v 1%t driving test
‘ ECG =3 | 54} (Gmin) | ‘ Driving ‘ Driving + neutral
— (3 min) (3 min}
FoE Z4d gt )
FE% 4 2 B tomin (2 i)
’ Break time (15 min) |
A ¢l (5 min) ‘ H
‘ ! ECG baseline 573 2" driving test
(3 min)
Driving Driving + anger }_ % HEE AISI7}
B i 2 mi =3 2ac .
‘ (L, Enh) 2] randomize
zg g7t l
(48 min) | Break time (15 min) |
3 driving test l
Ectn| . bl s e | =1
FUH B B (7 9 Driving Driving + anxlety
(2 min) (3 min) (3 min}




st A9 Feldel Ha

Sha
fr
s
o
L
N
2,
o
o
B
o
2
ofr

=<t A4 4 }71 <18 STAI &

STAXI2 A% W77 4850 £8). opxwo®, 3 simulator

Sl A FHAATE ASskrl fa of A5 FF ARbe] AFHATGE

.

ag). BA, F4 A4 28 Foldd @A 44 JHE serss] s Fu

#Y AL HPE FREATERE 22). AA, T3 B7F A AR el A

M,

S 2te] ECG AlZE FAHITGEBE A292). 9YA, =3 simulatorsS Al-8-3}o]
T8 H7PE FAHJATHE 487 £28). E AT+ T T Aol FHAL
e el Aol FHEIdE W et ol F8 Ao Wzt A

Aoz Hrrelr] 98 37H4] -39 7 (neutral, anger, anxiety)ol el &

o
o

3s1e] 3 AP FAHAG. T GYF 6w T AN 3T EE
FENA sl T3 vt s Tk 3982 37HA A FPel wet
(1) =3 24 (neutral), 2) & 2 + L= FF 3 (anger), 3) A A +

7}

Bot A3 34 (anxiety) o2 AoldtAl AFEHJTE E AT

rr

i
kil

FAAr e 24§80 x=&FFE P Wl A Al(within-subject design) 7}
&

At A FAC wE dFS A2 5] As 2 FEel wE

= <}(Piano Concerto No. 19 in F Major, K. 459: Allegro; Piano Sonata No. 16 in C Major,

K. 545; Serenade No. 13 in G Major, K. 525, “Eine kleine Nachtmusik”: I. Allegro)©]
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71 <d7-(Combatalade, 2010)°ll 7]®Fste] Z+2} 0.04 ~ 0.15 Hz9F 0.15 ~ 0.4 Hz=
A= th ECG BEst A= F% Aol A+ Kubios HRVE] artefact correction
(medium level) 715 &-83to] IBIZF X9 ¥ (local average) + 0.25 secE Hl o] ut
B9 olE A d9Ad FAUeRE QI outlier®  IFFsie] A
thAlell A A 2] 5} tHJokinen et al., 2017; Krypotos et al., 2011; Tarvainen et al., 2017).

o2, T3 AEdoly S/WSQ UC-winfroad (ver.l11l)e] X2 3 AR
logging 715 %3] Al7te] w2 F3) ZI=(driving speed), #E 3] 7 & (steering
wheel rate), 12]aL T4 7}&: % (centripetal acceleration) =S F=3F3 U 53
LEE At w2 T8 F AR ALY, dE A& Ak o2
s 7o WstsEs on|gt wpx oz 4 7= Figure 3.63 o]

Aol 9 v WA 1o ALES S 9 © wake] wse] Agshe

A4, 72t g Hrh A= #5A F IJdA Ul ¥ (intra-subject
variability) SHelA A WHAE Hold A9 outlier® HFsle] Ao A
AL el dlolEE AESAUT. ECGS A F3 AL T 7 A9y
oA 33 wkEAge] FHighollA £3SD BE Hojd F$U dEAES
AEZ A3 ECGot +dA Fd AL BT ol Agrt FAE RoR

shete] gl e,
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Centripetal acceleration v

v = velocity of the car

a. :
r = radius of curve
Center of
rotation a. (centripetal acceleration)= v?/r
r

TS

Figure 3.6. T-4 7}<: = (centripetal acceleration)

km/hel ™, 30 ~ 60% -7H81.2 + 8.9 km/)Z} 603 ~ 90 T-7H(80.9 + 7.1 km/h)ol]

maehaA Ak bl =3 "] el Ao detHduh veow,

—~

T A FER AN 3E) uiHl 2 4 5 AEE F 32)9

pe
o2,

ECGSl £AA T Aol Wiy Wal g S Asslel ol @ 7 14
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A 24l
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243t}
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anxiety) <t =tol], 7}
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9|
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-
R
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Matlab R2017b (MathWorks Inc., USA)<,
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(Minitab Inc., USA)o] &85 3]t}

47



3.6. Results

3.6.1. Physiological Evaluation (ECG)

IBI+= neutraloll A1 baseline thH] 3] Aukel] <F 1% AF 7FA4TH

2

T3 A9k v SRke] oF 206 F7bsloith. gH, anger®} anxietys= baseline TthH]
T Awre] oF 1% F7kgk WA, F3 [yl o] $Rkel] oF 1% FAshss

FrAFSE &S RS th(Figure 3.7). Baseline®} 3] koAl Ao 23k x}o]=
EAN o7 §oletA] gskth(baseline: F[2,30] = 0.75, p = 0.48; T3 w9k F[2,30] =
0.01, p=0.99). Neutralo] A1 3= 528} 1H0.865+0.021) 1] 3-1H(0.882 + 0.021)°] A]
IBI7} ©F 0.017 sec 5 7H(F[1,15] = 11.7, p < 0.01)3F WHH angere} anxiety:= 3
Z1¥k(anger = 0.865 + 0.021 sec, anxiety = 0.863 + 0.016) thH] =3 $-dk(anger = 0.854
+0.022 sec, anxiety = 0.856 + 0.016 sec) Z+Z} ©F 0.011 sec, 0.007 sec 7| "] 3}A] FFA 3t
Aoz mekx ¢l th(anger: F[1,15] = 10.64, p < 0.01; anxiety: F[1,15] = 2.79, p = 0.12).

T @7 AIZE AP Aol A= baseline?t F HRE A tol M= A

A

T AR AEgs ®Hloy F3 Fuk Fhol A& neutrald} W] 1lE)o

anger?} anxiety’} tha A cte ASS Bk 53], 34 S $ 18 30x%

1

28 FelA ARl o@ Aok EAAL

il
Ho
o
ot
pav)

o
it

kol 5] 91 tH(F(2.15) = 3.54, p = 0.04; Figure 3.8).

48



| se

*p=<.05
FFAAB =117
“F(1,15)=10.64 F(1,15)=279
092
F(i,15=22
0.9 | | F(1.15=083 F(1,15)=06
E 0.017 sec -
0.88 0.009 sec | i
1B b 2 ' w 0. “552 0.011sec 0.0055dc  0.007 sec
(second) %% J ) l AN
0.84 |
0.82 1
08 .
Baseline Fgt ZHt Baseline FHb Zdt Baseline FEF =t
Neutral Anger Anxiety
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Figure 3.8. 4 f3ol
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LF/HFE= neutral, anger, anxietyoll A1 baseline thH] 53] #wto] zbz} oF

Fa Al oju] koA

&

13%, 13%, 27% WHashe AFS wglch @,
neutral-> °F 6% 7+Asl= BHA angerel anxiety™ Ztzb oF 13%, 10% S 7}ak=

78S Bl t(Figure 3.9). Baseline?} =3 ZwRko| Al 7H7dof ol zfo]&= FHu] oF

0.19%= TAIH O = F2l8tA gkth(baseline: F[2,30] = 0.96, p = 0.39, 53] 1k

I+

F[2,30] = 0.45, p = 0.64). Neutralo] A= F=8) F%K3.02 + 0.56) thH] F4H2.85

0.53)°l A1 LF/HF7} 017 &% 7+4319 oy angere} anxiety:= =3 7 wWk(anger

2.99 + 0.76 sec, anxiety = 2.68 + 0.65) tH] $Hk(anger = 3.38 + 0.65 sec, anxiety = 2.95

>~

+ 0.66)1 4 Z+z} °F 0.39, 0.26 S7Ish T3 A7 7HE B oAM= F3

b neutralol A= LFHFZF 530 kst mlalsto] §A4 ¥ F S Helu

| se
F{1,15)=065 *
F(1,15)=0.97 F(1,15)=143 p < .05
FFQA,18)=2.14
53 F(1,15)= 047 F(1,15)= 004
45
41 T [ 1.02
a5 | 046 7045 0.39 \
[ 017 I
. J
LF/HF o Ea
25 |
2 E
15
1
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0 . .
Baseline T2t =gt Baseline FigF =t Baseline ZFdt =gt
Neutral Anger Anxiety

Figure 3.9. 7+ 3ol w2 LF/HFratio M3} (baselinevs. 3§ 1k

vs. 3 $4h



ZF8 F (baseline) Ut g 17y FHHEE - 4% 92 1
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*
9.000 - P
0,000 | B—————& Neutral
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Figure 3.10. 774 &< w2 LF/HF ratio W3} (A 7F F+7HH)

30x=

Sha

anger= 74 (360 sec) #F 30%, 1|3l anxietyv 2 i F 1

28 Afo] FrrlA tha FHelA Fleke S 1l rhFigure 3.10)

3.6.2. Driving Performance

T8 FHkA =8 &= 5 Yk b)) neutralZk  anxietyol A
FAEE AFgFS 2oy angerdl A oF 57% 7= AcH(Figure 3.11). 3
ARbel Al ZHgell gk Aol SAHORE FoshAl FUTHF[2,30] = 3.25, p =

0.053). Neutralol A= 3 ¥k dj¥] $Rke] F3) &£%7} ¢F 0.03 kmh 2%

51



Fi{1,15)= 20.4, *p < 0.01

| sE
88 3
841 F(1,15)<0.01,p=0.97
o a2 | -[ 0.7_km1'h
Driving speed 1 n E
(km/h) 80 | I | T 1
78 l
76
74
72
ek Fdk ek =z ek =z
Neutral Anger Anxiety

Figure 3.11. 74 3ol w2 driving speed W3} (53 AWk vs. F4b)

dhol Z}z} oF 4.6 km/h, 0.7 km/h S718F3ith 53], angeroll A= 53 719H(80.59

o

+ 1.23 km/h) tiH] FWk85.18 + 1.19 km/h)olA EAH R Hold WIS
HQITHF[1,15] = 204, p < 0.001). =3 AJF G308 A oA Fa Hubol=

TRElA A o FE S A7t SAHoR FofshA

)
e
M

—

oithFigure 3.12). ek, 44 % F FY T mE A A

gk 2pol7k EAA 2 #28kltH(p < .05; Appendix H 3+=0).

o
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Figure 3.12. 7+ 3o wE driving speed W3} (A|7F F-7HH)

Steering wheel rate (SWR)©= 58 7wt djn] F8) FRkell A neutral> <}

13% S7FE Qo angeret anxiety S7FH&o] tAa AR ZzE oF 45%, 37%

o

S7FE Ath(Figure 3.13). 3wk A oJgh Aol= FAASE foltA
& UTHF[2,30] = 1.39, p = 0.27). 3 Wk} 53 ko] X}o]= neutral, anger,
anxiety B FAIA SR o8kl tHp < 0.05). 1, neutraloll A F ZRE
thH] $RF steering wheel ratet= °F 0.3 °/sec 57} WHH angere} anxietyol A=

7 o]l YA AR T3 AuE giv] $uke] Zhz ok 1 °/sec, 0.8 °/sec T 7FEFE

e Btk 3 AIF E A A 1 2 5 neutral tHH] anger$}

off
e
)

R =1 O 35 = O~ [e]
A= BeFs S0 5 Aok #8 wd

anxiety2] steering wheel rate <7}

Dy
Y
~
»
ot

3029} 1% ~ 1% 3032 FelA Aol o@ Aol7t EAHew

Jo
lo
e
>}L

2 ot = 1 th(Figure 3.14; Appendix H %),
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F(1,15) =33.66, *p<0.01

[ st

F(1,15) =14.14, *p < 0.01

43
F(1,15) =5.78, *p=0.03
35
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3 S
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Figure 3.13. 744 3o £ steering wheel rate 3} (3] 9k vs. $1h)
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Centripetal acceleration> 53] A%k tfH] FQke] A neutral> F 2% A3
S7 A2, angeret anxietyr= S7HEOl oA AA A7 o 14%, 5%

S7vE AH(Figure 3.15). 3 ub o] 9@ ol FAHOR folEhHA|

i}

2 A THF[2,30] = 1.59, p = 0.22). Neutraloll 4] =3 Zdt ojn] St F7pgke o

_4

0.01 m/s? o}, angere} anxietyoll A= 710l oA AA 3 b giw
o e

o
=
N

ZH7} oF 008 m/s?, 0.03 mis? S7tet &S Btk @k, 3 A

|

& FWke]  centripetal acceleration®] S7F &2 neutral?}  anxietyoll A

N

SAAOZ frolehA kot angeroll A= fFod Ao E oty QITH(F[1,15] =
13.96, p < 0.01). 3 A7t F7HH B F3 dAdtel= 747 centripetal

accelerationo] FAFeH ATS wPgoy 7 1 F E3] angeroll A neutral

Appendix H =),
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F(1,15) =13.96, *p < 0.01 [ se

0p . (19 =161p=022 F(1,15)=1.85, p=0.18
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Figure 3.15. 7+ -39l centripetal acceleration ¥ 3} (3] Wk vs. 30k
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Figure 3.16. 7+ 3ol w2 centripetal acceleration W3} (A7} 7-7H)
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3.6.3. Subject Evaluation

T4 H7t & A3 FoARte] FH4 Fx H7F A neutraloll Al 53
H7b A giv] 37t & F34 F A5 e 9bA angerdl A= ¢F 61%
FroskA Frbete AES ®YUHF[1,15] = 24.3 p < 0.001; Figure 3.17). %3]
Bob #7l A4E neutralo] A oF 3% AE 7tAadlo] 1 xpolz) wig- wiw| gk
i anxietyol]l A= oF 59% -9 & Al 5718 vH(F[1,15] = 30.3, p < 0.001; Figure
3.18). F3 Hr} & M4 B2 A} angerol A <F 25% (6073 ®HA), anxietyol A

497805 wHho= 7zt A7t W el normative datas 7| Oo 2 EF 85%ilec]]

Ho
o
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i
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F(1,15) =243, *p < 0.01
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Figure 3.17. 7+ 3ol W& F4



F(1,15) =30.33, *p < 0.01
60 4

ry

59%

50 1 F(1,15) =1.47, p=0.24 I -
40

FEHE S22 " T I

(807 9HE) 301 t T T -
20 -
10 4

o]
RE TR T g =
Neutral Anxiety
. O = = =] o= = =
Figure 3.18. 7+ 3o W& F32 EoF x4 W3} A3k

Ao WA= G Hotsty] el FHE A A 3H(rait) HUHE VIVOR
AA A Fodas B e BoF AdFo] e 1 (anger-sensitive group,
anxiety-sensitive group)¥ Y& 1&(anger-insensitive group, anxiety-insensitive
group)®] F IFOE EFaSTh STAXI-29 T-Anger (= 43 )9t
S|

STAI2] T-Anxiety (&9} F A7) "4 2 @7 ¥ normative datad]

o,

60N %ileE =y}l 2

o
akd
9
L
il
M
kr
o
M
rO
||\
(g
=2,
>,
s}
&

anger-sensitive

“1E ¥} anxiety-sensitive L35 o= 3 A}, ZH7F 59 87 o] A oAt

anger-sensitive 1353} anxiety- sensitive 145 0.2 -7 %] 1 tH(Table 3.2).
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Table 3.2. =82 74 A 3(trait) 719k 23 Folx 5

*Shaded area: the subject classified into emotionally sensitive group

Subject Trait Anger score Trait Anxiety score

No. Gender (Percentile) (Percentile)
1 M 14 (20) 32 (43)

2 M 20 (60) 39 (69)

3 M 30 (95) 45 (83)

4 M 16 (55) 32 (43)

5 F 12 (10) 31 (38)

6 F 18 (50) 38 (70)

7 F 24 (80) 39 (25)

8 M 16 (45) 25 (15)

9 F 17 (35) 37 (54)
10 F 16 (35) 54 (94)
11 F 18 (50) 39 (66)
12 M 19 (55) 34 (52)
13 F 22 (80) 30 (29)
14 M 20 (60) 44 (81)
15 F 17 (40) 44 (81)
16 M 19 (50) 45 (83)

el e ojgk Apolrp FEE AIFS HQo 1 9o HUF HEES
zFol 7} wujgl Ao g ulelx| ¢l th(Figure 3.19). WA steering wheel ratei= anger-
insensitive ke 8] AWk oju] Fabol oF 071 °/sec7} S7FgE WFH anger-
sensitive FwHS Z7heko] tha AA oF 1.35%ec7t F7Fetd o F Jwzke

_Zrz‘sg ol

1= -

)

M) Fuke] F7h Aozt BAMOZ Folahairhtd) = 243, p =

0.03). LF/HF= anger-insensitive #2584k djv] Sbo] ¢F 0.18 &%
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AEzte] F8 H/Sdt F7F Apole FAIFSR {foskA] #e Ao=
u} o} 5] $1 Th(t(14) = 0.96, p < 0.18). 3+, anxiety =™ ol 4= centripetal acceleration}

LFHF7E 34 B9 A3 wE A a3 Ao|7p FH3 o=
u}o} x| ¢l th(Figure 3.20). Centripetal acceleration=- anxiety-insensitive & ttoll A 533
Ak thn] Fato] ZFrleFo] oF 0.003 m/s? & A EHE AES Holu anxiety-

sensitive FtHe Z7hEFo] oA AA ¢F 0.057 m/s? 7 =718k Ao w2 mpetE] gt
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At oiH] $-Rkel] ok 0.04 7HAsle] g WstE HolA| @& Wb anxiety-

sensitive J T °F 057 S7Feke AdS HIoy T Fogke]l Fd Aok

o=

N
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3.6.4. Relationship between ECG and Driving Performance

measure =

2714

3l

‘(_H

Al LF/HF$} steering wheel rate (r

w

il

s

il

u}o} =] ¢ th(Figure 3.21).
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3.22).
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Chapter 4. Emotional Symptom Detection Model of Driver

4.1. Development of Statistical Classification Model

4.1.1. Significant Feature Selection

2 WA E AR FoA

e
t
ol
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o
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rE
olo
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o
rir
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ki
N
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theket 2e a1elste] Chapter 394 A8 744 H7F Hxet tEo F7F

T
a-

ECG % &4 3

N
Ll

FZ3le] A9y, 1 A7 Table 417 7o)
ECG 7% (1) time domain 37§ (IBI, SDNN, RMSSD), (2) frequency domain 37§ (LF,

HF, LF/HF), 12]31 (3) non-linear domain 27l (SD1, SD2)¢] % 871¢] A=}

HAe7F BAEAY. AR =8 2= 749 driving speed, steering wheel rate (SWR),

=5
AN
i,
tlo

Z12] 3 centripetal acceleration®] H a3y U Eof Fogrs = s
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Table 4.1. ECG A3} A%

Domain HE of A] o) 2
Mean 1BI msec | A7 vHE b H Al7E 144
N :ﬂiikﬂﬁ’fm N e N
Time SDNN msec | IBI9] ¥ A}
RMSSD msec | 5291 IBIS] H AlE
e Tk 0] 9(0.04~0.15Hz) 9
LF oW ms?
) - power
! o F14 0)9(0.15~0.4Hz) 9]
H 3L T
Frequency HF ms? =i )
power
LF/HF ““m - | LF/HF9] &
7] AlRb Wl &
SD1 ‘ - mMsec | (SD of the instantaneous beat-to-beat
_ | variability)
Non-linear g
7] AlEF Wol &
SD2 Tee e msec | (SD of the continuous beat-to-beat

R, (ms)

variability)

Ae FoiEz Ao WAl wkees HEE AEsh]el oA

5w scale AF Fold, rela vk Amgre] AAT AolE meln
%3 HEse] TN B9S2 99

deolg e Atk Agle] "t 2 A elMs 4 AdFoiake] ECGet
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30%E How ol Aol AEI FAZE TheAA skow webd s
diolg o] Aol wa 7Fedol dvkal ®Baskglivh webA, & dqtellM =

s A 30%E 23T HolB = A tidel A Alelste] Hloly e AEAdE

o}
44 A Ad AR 94 Ad AAEE g gAd FEE B
Aol f93 AGTE g dolaheh Anger Al FET HrE YT

, 53] A+ T3 &%, centripetal acceleration, “1Z]3 IBI7} A AF
Frolzb = Z+2F 50% (8/16), 38% (6/16), 31% (5/16)2] Frolztell Al A E-A| 9
Fast AFFS HYrK(Table 4.2). Anxiety ©Alo] F&3t H7p HrE HA

Aol = steering wheel rate®] 13} FFAR7E KA H[Eo] 31%(5/16) =
UE B A= ogH] 2 FEoldlen 9o By 3 £=9 centripetal
acceleration®] E& A7} 25% (4/16)2 o 59 AA vHES WY tH(Table
43). w3k EA 238 Frojz}(anger: S04, S13, anxiety: SO1, S03, S09, S11)&= &
3t

R8s

wAolM &8¥ ECG ¥ dA Fd HL T A BACd

Y

=7}

fols

A Aoz sperEdnt. viAmtoew, HAl HE Fojzke] A dolHE
Z1Eow A X HAH HEE dotgt A anger BA9lE 1Bl T

4%, 18]al steering wheel rate?} centripetal acceleration®] ¥} EFHA7L

e

fFastom anxiety ©Aol= IBI, 3 <X, steering wheel rate®] it}

XA}, 18]al centripetal acceleration©] &3 7o =2 1lolE @]t}
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Table 4.2. 77 ¥4 HZA H% A4 A3} F-(Anger)

*All: 2A A8 ojx H d o] E, SWR: steering wheel rate, CA: centripetal acceleration

ECG measures Driving performance 8

Subject IBI | SDNN | RMSSD | LF | HF | LF/HF | SD1 | SD2 Speed SWR cA it

Mean | SD | Mean | SD | Mean | SD | 7)<
1 v v 2
2 v v v 3
3 v v v 3
4 -
5 v 1
6 v v 2
7 v v v v 4
8 v v v v v v v v 8
9 v 1
10 v v v v v 5
11 v v v 3
12 v 1
13 -
14 v 1
15 v v v v v v v v 8
16 v v 2

738 & (%) | 31 19 19 - 6 6 25 6 50 = 25 19 38 31

All v v v v v v 6
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Table 4.3. 774 ¥4 HZA Hx A A3} E2H(Anxiety)

*All: 2 A A3 Folzxl H4F do] ¥, SWR: steering wheel rate, CA: centripetal acceleration

ECG measures Driving performance a2

Subject Speed SWR CA EaR=

IBI | SDNN | RMSSD | LF | HF | LF/HF | SD1 | SD2 Mean | SD | Mean | SD | Mean | SD | 71
1 -
2 v v v v 4
3 -
4 v v 2
5 v 1
6 v v v v v v 6
7 v v 2
8 v v 2
9 -
10 v v v 3
11 -
12 v v v 3
13 v 1
14 v v 2
15 v v v v v 5
16 v v 2

AA8 & (%) | 19 13 13 = = 6 13 6 25 13 31 31 13 25

All v v v v v 5
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4.1.2. Data Modeling and Model Performance Evaluation

anger (£ anxiety)E =9 W2 s 274 -39 ©A E3(neutral vs. anger,
neutral vs. anxiety)S ZH7} A3 oizpd sQl EE 2y dA A Foizt

P vlolE] Jel B¢ RPOoR AWsgth B EE Beh ¥4

glolg] mal# A coste} gamma, 271X EFH9] hyper-parameterS 2433t}

Cost= #5218 &F A AedHs HES  ovsiH HolH 9

lo

74 & overfitting) S WA st {59 IuEHE A AT g2 So], cost
ol AW & F FeAE HF7l fs Fol F& mil(ZHWlA
AZA7HA ] A)E T8k T dHlolHA xR AE ERVE
A ghet. webA coste] s A s ZESte] HolHY AATYT ArE 28T
T Yo gl Z gammat  dlolHel w@d #ASF5H| 7 Edo| w| X =

FFHoz H¥A F gov 1 g %

It

EE A DEE A

)
a2
%
i)
rlr
iy,
A
Ll
fz

(o]

Aok, whebA dole o] A RS WAE] 913 gamma
e AHEI xHo] Hasitl HZ o hyper-parameters h5HE  to]E o
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wh2} Abo]sF LR heuristic methodE -3 t}FSE Zk(cost: 0.1, 1, 10, 100, 100; gamma:

05, 1, 2, 3, )& T3 5 71 =& sensitivity$} specificityS Hoj+= 3=

A hyper-parameter= 2 % 515t}

2ol Asol

o

do]E = train set¥ test seto. T HEE o] BFHE

of\
w
to,
T
di
>,
o

H7 E e AA Ay Foiapd g4 By F A% train setd}
test set®] 2:1 H|S&=E #E3tE o] 3-fold cross validationo] 3=t thLo =7
AA Ad Fhofzte] Hat dloly 7wke] g ©@x] EYE F 16 ¥
FHoAzL T FA 2 1295 train set O = 4S5 test seto. 2 FEFlo] G o
ASol FAEAT. g X 2y A5 sensitivity, specificity, 2]l

= o

accuracy A %E &3l H7F=E AT

L number of true positives
Sensitivity = — , (Eq.1)
number of true positives + number of false negatives
Specificity — number of true negatives (Eq2)
peciiicity = number of true negatives + number of false positives 4
Sensitivity + Specifici
Accuracy = y*op v (Eq.3)

2
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4.2 . Validation of Statistical Classification Model

A B2y o Ax dA AFE oA H doly 7|wke] g4
2388 angeroll Al 87.5%2 A3 =Z anxietyoll A 79.2%2] A 3wEZS A Q) tH(Table
4.4). NAE A 2P angeroll A WA Ad FrA} Ht sensitivity 83.5%,
specificity 73.4%, “12]3l accuracy 78.5%<2 ZAIE AU oM, anxietyoll Xl Hf
sensitivity 85.3%, specificity 81.5%, “12]al accuracy 83.4%2] AlsS Hth 54
A& oz} (anger: S02, S06, S10, S15, anxiety: S02, S06, S14)& 100%<2] ©X
s B @A BEY AP AT 2F A2 A AZEQ

R (ver.3.2) o] &&=}
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Table 4.4, &34 244 04 4% €4 29 45 J7 4%
Anger vs. Neutral Anxiety vs. Neutral
Subject
Sensitivity | Specificity | Accuracy | Sensitivity | Specificity | Accuracy

S01 67 33 50 - - -
S02 100 100 100 100 100 100
S03 67 67 67 - - -
S04 - - - 67 100 83.5
S06 100 100 100 100 100 100
S07 67 67 67 100 67 83.5
S08 67 33 50 - - -
S10 100 100 100 67 67 67
S11 67 67 67 - - -
S12 - - - 67 33 50
S14 - - - 100 100 100
S15 100 100 100 67 100 83.5
S16 100 67 83.5 100 67 83.5

Average 83.5 73.4 78.5 85.3 81.5 83.4
All 91.7 83.3 87. 83.3 75 79.2

o

5
*Average: A8 Folxpd B2 nd Ao Hot



Chapter 5. Discussion

5.1. Driver’s Emotion Recognition Experiment
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Chapter 6. Conclusion
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1 | Zhuetal 2016 | music: evidence from driver anger Automotive User Interfaces and
) ' Interactive Vehicular Applications,
173-178.
- Towards emotion recognition in car-racing drivers: a biosignal IEEE Transactions on systems, man,
2 | Katisetal. 2008 processing approach and cybernetics, 38, 502-512.
. . . . International journal of applied
3 | Agrafioti et al. 2011 | ECG pattern analysis for emotion detection ergonomics. 3(1), 102-115.
International conference on
4 | Caietal. 2009 | The research on emotion recognition from ECG signal information technology & CS, 497-
500.
. Emotion recognition based on physiological changes in music EEE T_ransactions_ on pattern
5 | Kimand Andre 2008 listenin analysis and machine intelligence,
9 30(12), 2067-2083.
From Physiological Signals to Emotions: implementing and
6 | Wagner etal. 2005 | comparing selected methods for feature extraction and classification 2015 ICME Conference.
7 Lee et al 2005 Using neural network to recognize human emotions from heart rate Engineering in medicine and biology
’ variability and skin resistance 27th annual conference, 5523-5525.
. Enhancing safety of transport by road by on-line monitoring of 2016 11th systems of systems
8 Nadai et al. 2016 driver emotions engineering conference.
9 Seok and Kim 2015 | Anin-vehicle application providing system based on driver's biodata | Journal of sensors, 20015.
10 | Riener et al. 2009 sl::;rt on the road: HRV analysis for monitoring a driver's affective AutomotiveUl 2009, 99-106.
. Cardiac reactivity to and recovery from acute stress: temporal International Journal of
1 Verkuil et al. 2014 associations with implicit anxiety Psychophysiology, 92(2), 85-91.
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No. Authors Year Title Source
12 | Laneetal. 2009 | Neural correlates of heart rate variability during emotion Neurolmage, 44, 213-222.
: The effects of neuroticism and extraversion on cardiovascular International journal of
13 | Jonassaint et al. 2009 reactivity during a mental and an emotional stress task psychophysiology, 74, 274-279.
The effects of depressive symptoms on cardiovascular and . .
14 | Harmer et al. 2007 catecholamine responses to the induction of depressive mood Biological Psychology, 74, 20-25.
15 Brosschot and 2003 Heart rate response is longer after negative emotions than after International Journal of
Thayer positive emotions Psychophysiology, 50, 181-187.
Are anxiety and fear separable emotions in driving? A laboratory . . -
16 (B:zri]rnard and 2016 | study of behavioral and physiological responses to different driving égcigc;nt Analysis & Prevention, 86,
apman environments '
17 | Jeon 2015 | Lessons from emotional driving research Triennial Congress of the IEA
A study on the development of a structural equation model between Journal of Korean Society of
18 | Kwonand Oh 2014 | the drl\_/ers negative emotion and driving behavior based on emotion Transportation, 32(3), 207-217.
regulation strategies
L . L . Journal of Korean Society of
19 | Kwonand Oh 2013 | Astudy on effects of the driver's emotion on the driving behavior Transportation, 31(6), 34-42.
- S - - -
20 | Huetal. 2013 Ne_:gfatlve of Positive? The effect of emotion and mood on risky Transportation Research Part F, 16,
driving 29-40.
Frequency, determinants, and consequences of different drivers' Transportation Research Part F, 10,
21 | Mesken et al. 2007 | emotions: An on-the-road study using self-reports, (observed) 458-475.
behaviour, and physiology
29 Bell and 2011 The effects of trait driving anger, anonymity, and aggressive stimuli Journal of Applied Social
Deffenbacher on aggressive driving behavior Psychology, 32(2), 432-433.
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Appendix C. Questionnaire for Subjective Emotion Evaluation

(a) State-Anger (Spielberger, 1988)

T&E 47d E7F (Angern) _ = =
oy S HEY HEE VIF FH2

0| 8-

(1) e (State Anger)
%

OS2 S0 IUsd sty 29%ss EZsdun. & Hd¥sE 131 Mg 0 =
QO =TE FIEE MR E EfHoe 492 $zo SI0F EASY FUMR
dgou =240 giey, He §E APHE 2HSH ORI #g guo 7IRE HY E
LEHYE E8E 4m6 AL,

{A number of statements whach people have used to describe themselves are given below. Read each statement
and then cirele the appropriate number to the right of the statement to mdicate how you feel right now, that 15,
at thiz moment. There are no right or wrong answers. Do not spend too much time on any one statement but give

the answer which seems to describe your present feelings best)

"Q}%\P :3'@\}

@Q @-9, &9 #-9
L i B89 90k Qam Bmrous) oo L 2 34
T g A 9ok ([ feelimitated) .. L+ 2 3 4
3 g 89 Bl feelanery) .. 1 23 4
4 e 5394 n@d Am Aok ([ feel ke yelling atsomebody)........ L 2 3 4
5 e ROISME 243 Aok ([ el like breaking hings).oooooosoeee. © 2 34
6 Ui B4 B 0k @ammad) oo+ 2 33
T g BaE WElFm Ak (1 feel like banging on the teble) . 1 2 3 4
8 = =3TAE delm 4ok feel like hitting someone) ... L 2 3 4
¥ = 83E B@m Ao (1 feel like swearing) oo, L 234
10 e 27t 9o @ feel amnoyed) oo L 23
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wi= 5778 Zojidlm 4ok (1 feel like kicking somebody) oo

iz 27 A & £BE BTD AT

(I feel like cursing out loud)

= mA4E AlE2m 4ok (1 feel like sereaming)
i =F70E B w@=lm 4ok (J feel like pounding somebody) ...

= A 48E AEn ok (1 feel ke shoutmgoutloud) ...

3 4
3 4
i 4
3 4
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(b) Trait-anger (Spielberger, 1988)

State-Trait Anger Expression Inventory-2 (STAXI-2)

ofzf S =0 FEE 7|88 =M
o] =Y

=

Ltol: ] g H4eg o [ o []

(1) 9% (Trait Anger)

Aag:

OS2 ARIE0] ARIS0 Ot d¥st= EYELLCL 2t 48ES X 240 YA
= =0 532018 &®AISH0 FHAL. FJEOIL
L0 gley, U2 e AlZke &HISHA] ORAD S 40| Ao =7l 712e 7+
F UHEWE BRs dH8) FdA

(A number of statements which people have used to describe themselves are given below. Read each statement
and then circle the appropriate number to the right of the statement to indicate how you feel right now, that is,

at this moment. There are no right or wrong answers. Do not spend too much time on any one statement but give

the answer which seems to describe your present feelings best) -)'Lo %{_}
b
< &
\Pﬁ.} d&\)’pﬂ 5,\)
v Ve Ve

I e 2389 52 BTk ([ am quick tempered) ..ooo.eveceeccveosssonscs o 12 3 4
2 ye Aae B 2T, (Thave a flery tEMPer) . 1 2 3 4
3 e A8 Ao)th (amahotheaded PErson) ... 12 3 4
4 ge REvhy 44 g8 Yo ALHR 3= 7 B . 1 2 34

(I get angry when slowed down by others’ mistakes)
5 0E 2 Qo) A% S 94 EHE B I e 1 2 34

(I feel annoyed when not given recognition for doing good work)
6 Ux 8= $B W (1 fly offthe handle) . 3 2 34

T GE BA 87 g 9 ey ¢ 8T (1 say nasty things when mad)... 12 3 4

§ Ue g AgE goM ZEE ¢ 8% Uid o Ex@ =g, 1 2 3 4
(It makes me furious when [ am criticized in front of others)

0 Ve FuDE =AE U FEAE G2 Y, 3 2 34
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(I feel like hitting someone when frustrated)

0 v ZP0D 479 Qo) 42 F7te B F Fx Foho
(I feel infuriated when I do a good job and get a poor evaluation)
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(c) State-Anxiety (Spielberger, 1983)

T 48 87 (Anxiety) TE =
o BT Y20 H2E 718 FHR.

O/ &:

A

CHE2 MEE0 AUE0 Csly 2%sis BRSYUUCE 2 €S8 31 "o o =T
SHO =M CIBEE 1R T mvcks HES Bz SO0/ EASHY FHA2 FTou
250 gely, HE B A7HE 2HEHE O3 #Yg SHe 7|28 718 B UEY= =HE
HEG FUA=

(A number of statements which people have used to descrbe themselves are given below. Fead each statement
and then corele the appropniate oumber to the nght of the statement to mdicate how you feel right now, that 1s, ar
this moment. There are no nght or wrong answers. Do not spend too much time on any one statement but grve the
answer which seems to describe your prezent feelings best)

(1) HEl (State Anxiety) Q&_{}%\} }-@Q

% O %%,
1 vbie AEEE =7k @feelealm) oo, 1 2 3 4
2 e gbAEE =7k (Ifeelsecmre) o L2 3 4
3 v NAES Qamtense) ... 1 2 3 4
4 i s e (feelstramed) ... 1 2 3 4
5 e HA GlEE =7ch T feel 2 emse) oo 1 2 3 4
6 i Sadd 2ot Cfeelupset) oo, 123
T e gRd s e dAdtn Uk . 123 4

(I am presently wemrying over possible misforunes)

8 vl ghEHEE 7ot Ifeelsatisfied) ..o, 1234
9 = EEb9Ich (1 feel frightened) ... 1 2 3 4
10 b Heb@g =73 9ch (feel comfortable) ... ... 1 2 3 4
11 vpis AN TE =7t (1 feel selfconfident) ..o 1 2 3 4
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o i L o O
- 2FFA Ba AT Cam ey o

T oA Mook ([ feel indecisive) oo
= =R E A Aok Tamrelamed) .o
E AFDE 7ot ([ feel comtent) oo e
= FATT Uk (T am womied) oo
» EFUch ([ feelconfused) ..
¢ 2 Ele)Th T feel steady) .
¢ ST (Tfeel pleasant) ..o

<
\@
o
1,6

b ba b ba ba BN

<

—_ =

£,
& 0

()

5
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(d) Trait-anxiety (Spielberger, 1983)

State-Trait Anxiety Inventory (STAI)

otzf B O FRE 7B FMR.
0|8

Lbol: <) g =1 w[] o[]

(1) A (Trait Anxiety)

4%

CHER APE&Ol RHAUEO chotol 4%ste BEEYLCE & dF&F HL Mol A
FE e 71RE CHE B ENSHE J3o #HEO FI120|§ EASIH FUAL. FEoL
20 gleu, HE B2 AZHE &UBE DAl BWIf M| A =alEs 7IEE 7HE

E LIEtE B3E dY8) FHA =2,
(A number of statements which people have used to describe themselves are given below. Read each statement

and then circle the appropriate number to the right of the statement to indicate how you generally feel. There
are no right or wrong answers. Do not spend too much time on any one statement but give the answer which
seems to describe how you generally feel)

ra ‘}\3,
Yo % By &
Q&!‘f@\> #Q&Q
@.9 &9 &1} a{}
I ubs ST (T feel pleasant) .....ovoveerieiiriiee e e cncae s e e 1 2 3 4
2 e A9etm A/ g4 =AI ok (1 feel nervous and restless) ................. 1 2 3 4
3 uE o ARl di# E o) (1 am satisfied with myself) ..o, 102 30 4
4 v e AFEAE 988 Ao Ak i, 123 4
(I wish I could be as happy as others seem to be)
5 uE 2daaE =B A} (1feellikeafailuoee) ... 1 2 3 4
6 s 2% #2718 713 2AYE =8I Cfeelrested) ..o, 102 3 4
7 uUE @estn Az A Zeh (Tam “calm, cool, and collected™ ................ 1 2 3 4
8 Ur fEL eSS AU BE B T 1 2 3 4
(1 feel that difficulties are piling up so that I cannot overcome them)
9 ux 44 FasA && FAEY A o F gl FAYt ... 1 2 3 4
(I worry too much over something that really doesn’t matter)
10 s BEFT (TamBappy) oo 1234
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11
12
13
14
15

16

17

18

19
20

3 P
RN
""\;g, * %
-&0 Q&
VQ <
UE fFsle AztSo] ¢} (1 have distarbing thoughts) ... .. 1 2
= akalgte] 2=Z8lcl (1 lack self-confidence) ... 1 2
Ues ot#Es A =RAot (Ifeelsecore) ... 1 2
L= A&stA 2A e Helok (Imake decisions easily) oo, 10 2
U= 2EEAAE =710 (0 feel inadequate) ... 1 2
e A2 S 0o (Tamecontent) ... 123
s Fada] gL B2 J=2493 1 2 3
(Some unimportant thought runs through my n:lmd aﬂd bﬂthm me)
ek sle 249EES oA ARl Esta gt e 12003
(I take d:sappomtmenis so keenly l‘hatlcantpmthem out cfrm_,- rm.ﬂd)
L FE3 Algkelol (Tam a steady person) 1 2 3
U 22 ZF AN A 448 AT 225 =14 1 2 3

(I get in a state of tension or turmoil as [ think over my recent concerns and mtemsts)

W W L L ‘{)${F
%{'
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Appendix D. Selection of Individual Optimal Measures for Emotion Recognition

D.1. Neutral vs. Anger

*Trend: © (715 A7 A& AX)/© (71FE A7 4T BAX), *p-value: paired t-test, *Shaded area: 7] HA 714 o3 %

ECG measures Driving performance
Sub. | Criteria Speed SWR CA
IBI | SDNN | RMSSD | LF HF | LF/HF | SD1 | SD2 Mean | SD | Mean 1 SD | Mean | SD
Trend © ® ©) <) <) <) - - © - <) - ©) -
S01 | p-value | 0.36 0.38 0.02 0.73 0.56 0.80 0.02 | 038 0.21 0.77 0.84 0.84 0.12 0.44
CV (%) 7 25 12 45 35 23 12 27 2 66 31 18 7 22
Trend © © © © © © - - © - © - © -
S02 | p-value | 0.79 0.23 0.16 0.44 0.23 0.32 016 | 027 | <001 | 0.06 0.16 019 | <001 | 002
CV (%) 10 5 23 5 54 29 23 5 7 41 67 53 14 14
Trend © ) @ © ) ®© - - ) - © - © -
S03 | p-value | 044 0.85 0.66 0.32 0.71 0.27 0.66 | 0.86 0.04 0.35 0.14 0.19 0.09 0.02
CV (%) 10 22 33 7 39 8 33 19 4 30 119 63 14 8
Trend © © © ) © © - - © - e - © -
S04 | p-value | 0.23 0.24 0.09 0.74 0.12 0.20 009 | 030 0.29 0.41 0.69 0.69 0.38 0.75
CV (%) 13 13 49 19 69 23 49 13 3 14 133 75 25 20
Trend E) E) ® E) E) ® - - ®© - © - ) -
S05 | p-value | 0.95 0.96 0.92 0.80 0.91 0.89 092 | 094 | <001 | 017 0.37 0.49 0.60 0.73
CV (%) 1 5 2 2 2 26 2 6 1 16 121 60 15 18
Trend © ) ) © ) © - - © - © - © -
S06 | p-value | 0.38 0.89 0.83 0.15 0.90 0.32 0.83 | 0.90 0.03 0.14 0.11 012 | <001 | 0.09
CV (%) 1 2 10 18 24 22 10 5 2 18 91 34 5 16
Trend © © © <) © © - - © - © - © -
S07 | p-value | 0.09 0.03 0.09 0.95 0.15 0.44 009 | 027 0.14 0.06 0.02 | <001]| 015 0.17
CV (%) 2 8 1 14 4 26 1 13 8 66 39 31 8 4
Trend ® ©) ®© €] ©) ® - - © - © - © -
S08 | p-value | 062 0.05 0.01 0.96 0.03 0.53 002 | 005 | <001 0.28 0.12 0.69 0.05 0.07
CV (%) 2 7 3 12 2 325 3 8 7 17 22 19 6 2
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D.1. Neutral vs. Anger

*Trend: © (7]& <

T A% A2/ 0 (&

A7 7

3k

[¢]

3} E-U X)), * p-value: paired t-test, *Shaded area: 71¢18

w7

ECG measures

Driving performance

Sub. | Criteria Speed SWR CA
IBI | SDNN | RMSSD LF HF | LF/HF | SD1 | SD2 Mean | SD | Mean | SD | Mean | SD
Trend ® © © ® © ® - - ® - © - © -
S09 p-value 0.73 0.17 0.15 0.96 0.17 0.70 0.15 0.17 0.61 0.60 0.09 0.40 0.76 0.29
CV (%) 1 14 2 127 5 26 2 20 6 42 3 2 7 10
Trend @) © © @] © © - - © - © - © -
S10 p-value 0.69 0.06 0.25 0.92 0.10 0.01 0.25 0.03 0.07 0.02 0.07 0.06 0.14 0.05
CV (%) 3 6 8 133 17 57 8 51 3 56 22 20 16 8
Trend © ® © ® © © - - © - © - © -
S11 p-value 0.06 0.67 0.18 0.71 0.28 0.56 0.17 0.71 <0.01 0.46 0.07 0.01 0.09 0.40
CcVv (%) 6 8 15 8 13 12 15 9 3 16 43 37 8 18
Trend © © ©) ® © ® - - © - ® - © -
S12 p-value 0.08 0.26 0.14 0.78 0.12 0.51 0.14 0.28 0.12 0.53 0.63 0.88 0.75 0.56
CV (%) 7 36 57 72 91 23 57 29 4 63 14 10 15 10
Trend © ® ® © ® ® - - ® - ® - ® -
S13 p-value 0.35 0.80 0.80 0.31 0.78 0.31 0.80 0.79 0.89 0.13 0.82 0.83 0.27 0.24
CV (%) 18 39 78 40 333 62 79 32 5 28 14 12 13 11
Trend © © © ® © ® - - © - © - © -
S14 p-value 0.05 0.17 0.20 0.76 0.27 0.57 0.20 0.17 0.11 0.31 0.02 0.02 0.12 0.12
CV (%) 11 13 20 42 179 58 21 15 8 56 15 12 7 11
Trend © © ©) © © © - - ©) - © - © -
S15 p-value 0.02 0.32 <0.01 0.02 0.05 <0.01 <0.01 0.98 0.02 0.15 0.08 0.07 <0.01 0.01
CV (%) 1 53 31 184 53 11 30 59 3 13 14 18 10 10
Trend © ® © © ® © - - © - © - © -
S16 p-value 0.45 0.79 0.57 0.05 0.745 0.09 0.56 0.86 0.18 0.02 0.02 <0.01 0.11 0.12
CV (%) 4 76 47 272 75 34 47 78 2 39 7 10 6 7
Al Trend © © © ® © © - - © - © - © -
p-value 0.02 0.29 0.31 0.90 0.32 0.30 0.31 0.35 0.02 0.26 0.05 0.03 <0.01 0.02

109




D.2. Neutral vs. Anxiety

*Trend: © (7]& <

T AFR Ay /e lE AT 4

3k

[¢]

3} E-UX]), * p-value: paired t-test, *Shaded area: 7] <13

ECG measures Driving performance

Sub. | Criteria Speed SWR CA
IBI | SDNN | RMSSD | LF HF | LF/HF | SD1 | SD2 Mean | SD | Mean | SD | Mean | SD

Trend © © ) E) E) ) - - ) - © - © -
S01 | p-value | 0.40 0.14 0.43 0.86 0.56 0.80 043 | 0.15 0.93 0.84 0.43 0.34 0.87 0.19
CV (%) 7 8 9 25 5 62 9 10 3 249 34 23 3 3

Trend ) © © © © © - - © - © - © -
S02 | p-value | 0.86 0.32 0.27 0.45 0.31 0.12 027 | 035 0.01 0.05 0.13 0.15 0.07 0.09
CV (%) 3 4 2 30 37 41 2 5 9 16 250 129 24 23

Trend E) ) ) ) ) E) - - © - © - © -
S03 | p-value | 079 0.95 0.86 0.57 0.83 0.99 0.86 | 0.96 0.23 0.52 0.29 0.31 0.34 0.47
CV (%) 13 20 35 20 89 12 36 15 3 88 16 23 11 11

Trend © © © © © © - - © - © - © -
S04 | p-value | 0.3 0.43 0.29 0.44 0.22 0.03 029 | 0.46 0.18 0.06 0.23 0.29 0.82 0.45
CV (%) 6 2 33 17 58 26 33 4 1 2 37 22 2 6

Trend © ) ) © ) © - - © - © - @) -
S05 | p-value | 0.25 0.99 0.55 0.47 0.73 0.23 055 | 0.98 0.07 0.57 0.25 0.29 0.63 0.51
CV (%) 4 9 22 7 22 31 22 7 1 82 51 33 7 11

Trend ©) E) ® © E) ® - - ®© - ©) - © -
S06 | p-value | 0.02 0.79 0.85 0.15 0.83 0.76 081 | 024 0.02 041 | <0.01 | <001 | <001 | <0.01
CV (%) 5 6 16 14 12 39 16 8 10 91 20 15 9 5

Trend &) © ) © ) ©) - - © - © - © -
S07 | p-value | 0.69 0.97 0.65 0.17 0.62 0.77 065 | 0.98 0.11 022 | <001 | 001 0.17 0.25
CV (%) 6 10 4 4 4 9 4 11 5 41 18 14 4 9
Trend E ®© ®© E) © E) - - © - ) - © -
S08 | p-value | 0.93 0.07 0.30 0.91 0.35 0.94 030 | 007 0.15 0.59 0.75 0.90 0.16 0.25
CV (%) 12 26 20 110 19 7 20 31 7 118 1 3 13 7
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D.2. Neutral vs. Anxiety

*Trend: © (718 A7 A& Ax))/0 71+ AT A3y EUXA), *p-value: paired t-test, *Shaded area: 71918 & 74 €3 2=
ECG measures Driving performance
Sub. | Criteria Speed SWR CA
IBI | SDNN | RMSSD LF HF LF/HF | SD1 | SD2 Mean SD | Mean | SD | Mean | SD
Trend ® © © ® © ® e - © - © -
S09 p-value 0.87 0.30 0.42 0.77 0.44 0.52 0.42 0.30 0.82 0.47 0.13 0.32 0.67 0.75
CcVv (%) 5 15 4 52 9 101 4 22 11 134 19 8 10 8
Trend © © © @] © © © - © - © -
S10 p-value 0.39 0.05 0.12 0.93 0.12 0.44 0.11 0.03 0.09 0.12 0.23 0.32 0.18 0.06
CV (%) 14 23 50 33 116 36 51 38 2 2 5 5 4 1
Trend © ® © © © © - - © - © - © -
S11 p-value 0.11 0.58 0.17 0.37 0.24 0.29 0.16 0.63 0.31 0.09 0.18 0.25 0.54 0.97
CcVv (%) 5 65 63 155 86 220 63 67 7 89 50 45 16 22
Trend © © (@) ® ® ® - - © - © - © -
S12 p-value 0.03 0.17 0.04 0.86 0.06 0.62 0.04 0.18 0.23 0.70 0.32 0.54 0.79 0.90
CV (%) 3 20 25 29 38 36 25 17 11 21 7 10 8 14
Trend © © © ® © ® ® - ® - ® -
S13 p-value 0.31 0.49 0.34 0.61 0.44 0.52 0.34 0.53 0.68 0.16 0.98 0.99 0.26 0.08
Ccv (%) 2 11 6 19 22 19 6 14 6 74 27 18 10 16
Trend © © © ® © © - - ® - © - ® -
S14 p-value 0.16 0.27 0.25 0.70 0.16 0.14 0.25 0.28 0.75 0.79 <0.01 0.04 0.70 0.57
CV (%) 2 13 6 28 24 14 6 16 7 46 4 6 10 9
Trend © ©) ©) © © © - - © - © - © -
S15 p-value 0.02 0.70 0.09 0.11 0.34 0.03 0.09 0.92 0.46 0.83 0.06 0.05 0.39 0.94
CV (%) 2 49 24 237 34 33 24 53 4 33 21 13 6 1
Trend © © © © © © - - ® - © - @) -
S16 p-value 0.27 0.06 0.12 0.23 0.11 0.09 0.12 0.14 0.95 0.15 <0.01 | <0.01 0.34 0.76
CV (%) 4 41 26 970 198 137 26 42 9 7 20 9 13 14
All Trend © © © ® © © - - © - © - ©) -
p-value 0.02 0.20 0.11 0.88 0.26 0.31 0.15 0.25 0.07 0.82 <0.01 0.01 0.04 0.20
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Appendix E. R Code for SVM (Support Vector Machine) Modeling

## Import dataset and create subset of each subject (repetition 1,2,3)

library(e1071)

library(caret)

DE=read.csv("DE.csv",header=TRUE)

## Subgrouping (S1_Anger, S1_Anxiety, S2_Anger, S3_Anger, ....., S16_Anxiety)
for (i in 1:16) {
name_subject=paste("'S",i,sep="")
Sub_anger=DE[which(DE$Subject==name_subject & DE$Emotion!="Anxiety"),]
Sub_anxiety=DE[which(DE$Subject==name_subject & DE$Emotion!="Anger"),]

name_anger=paste("S",i,"_Anger",sep="")

name_anxiety=paste("S",i,"_Anxiety",sep="")
assign(name_anger,Sub_anger)
assign(name_anxiety,Sub_anxiety)

}

## 3-fold cross validation with a personalilzed SVM model

k=3

for (i in 1:3){
test=S8_Anger[S8_Anger$Rep.==i,] # test set 4§ 4
train=S8_Anger[S8_Anger$Rep.!=i,] # train set 4§
testSEmotion=factor(testSEmotion)
train$Emotion=factor(train$Emotion)
test_x=subset(test,select=-c(1,2,3)) # %= & W 9] WL A9
test_x=subset(test_x,select=c(3,5,7,8,9,13,14)) # 7|1 = 74 ©@A = AA

test_y=testSEmotion

N

train_x=subset(train,select=-c(1,2,3)) # 2= ## W 9] WH= A9
train_x=subset(train_x,select=c(3,5,7,8,9,13,14)) # 7N¢1'd A 74 ©A Hx 44
train_y=train$Emotion

tune.out=tune(svm, train_x, train_y, kernel="radial" ranges=list(cost=c(0.1,1,10,100,1000),gamma=c(0.5,1,2,3,4,1/ncol(test_x))),

tunecontrol=tune.control(sampling="cross" cross=4)) # SVM Modeling with hyper-paramter tuning
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pred=predict(tune.out$best.model,test_x) # Hyper-paramter tuning 2 ¥} 24 2] model & 7]FC. & testset & O = prediction 5~3)
predicted_values=pred
actual_values=test_y

conf_matrix=table(predicted_values,actual_values) # confuse matrix *J*

SE=paste("SE",i,sep="")

SP=paste("SP",i,sep=""

assign(SE,sensitivity(conf_matrix)) # Fold '8 Sensitivity 7|4+

assign(SP,specificity(conf_matrix)) # Fold '2 Specificity #12F

SE_Mean=(SE1+SE2+SE3)/3 #3 Fold 2] 3 sensitivity 714t

SP_Mean=(SP1+SP2+SP3)/3 # 3 Fold 2| s+ specificity 714+
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Appendix F. Driving Map
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Appendix G. Randomized Latin Square Design

1 2 3
1%t experiment Anger Neutral Anxiety
2" experiment Anxiety Anger Neutral
3" experiment Neutral Anxiety Anger
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Appendix H. ANOVA Results

H.1. ECG

H.1.1. Baseline 7-7toll A 74

Measure Source SS df MS F p-value

1BI Emotion 0.00289 2 0.00145 0.75 0.4803
Subject 0.22869 15 0.01525 7.93 <0.0001
Error 0.05771 30 0.00192
Total 0.28229 47

LF/HF Emotion 9.372 2 4.686 0.96 0.3946
Subject 310.252 15 20.6835 4.23 0.0004
Error 146.526 30 4.8842
Total 466.15 47

H.1.2. =3 A8k -7k A 3+ 3k kel

Measure Source SS df MS F p-value

I1BI Emotion 0.00006 2 0.00003 0.01 0.986
Subject 0.19981 15 0.01332 6.22 <0.0001
Error 0.06421 30 0.00214
Total 0.26407 47

LF/HF Emotion 1.093 2 0.5546 0.45 0.6431
Subject 278.36 15 18.5573 15.21 <0.0001
Error 36.604 30 1.2201
Total 316.058 47
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H.1.3. Baseline vs 53 ZI4k (IBI)

Emotion type Source SS df MS F p-value
Neutral Emotion 0.00087 1 0.00087 2.2 0.1589
Subject 0.19866 15 0.01324 33.52 <0.0001
Error 0.00593 15 0.0004
Total 0.20546 31
Anger Emotion 0.00014 1 0.00014 0.83 0.3775
Subject 0.21289 15 0.01419 80.96 <0.0001
Error 0.00263 15 0.00018
Total 0.21567 31
Anxiety Emotion 0.00015 1 0.00015 0.6 0.4505
Subject 0.12655 15 0.00844 33.74 <0.0001
Error 0.00375 15 0.00025
Total 0.13045 31
H.1.4. Baselinevs 3] 1t (LF/HF)
Emotion type Source SS df MS F p-value
Neutral Emotion 4.9 1 4.8996 0.97 0.3396
Subject 247.634 15 16.509 3.28 0.0139
Error 75.528 15 5.0352
Total 328.062 31
Anger Emotion 0.099 1 0.09947 0.04 0.8362
Subject 141.322 15 9.42146 4.19 0.0043
Error 33.706 15 2.24707
Total 175.127 31 0.1639
Anxiety Emotion 3.275 1 3.2746 2.14 0.0003
Subject 160.392 15 10.6928 6.99 <0.0001
Error 22.93 15 1.5287
Total 186.597 31
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H.1.5. =3 ZIWk vs =3 0k (1BI)

Emotion type Source SS df MS F p-value

Neutral Emotion 0.00202 1 0.00202 11.7 0.0038
Subject 0.30663 15 0.01378 79.75 <0.0001
Error 0.00259 15 0.00017
Total 0.21124 31

Anger Emotion 0.00095 1 0.00095 10.64 0.0053
Subject 0.21066 15 0.01404 157.13 <0.0001
Error 0.00134 15 0.00009
Total 0.21295 31

Anxiety Emotion 0.00039 1 0.00039 2.79 0.1155
Subject 0.12246 15 0.00816 58.48 <0.0001
Error 0.00209 15 0.00014
Total 0.12494 31

H.1.6. =3 Awk vs 58 9k (LF/HF)

Emotion type Source SS df MS F p-value

Neutral Emotion 0.223 1 0.22311 0.47 0.5028
Subject 136.678 15 9.11183 19.25 <0.0001
Error 7.099 15 0.47329
Total 144 31

Anger Emotion 1.246 1 1.2456 143 0.2504
Subject 2283 15 15.22 17.47 <0.0001
Error 13.071 15 0.8714
Total 242.617 31

Anxiety Emotion 0.556 1 0.5556 0.65 0.4317
Subject 192.48 15 12.832 15.08 <0.0001
Error 12.767 15 0.8511
Total 205.803 31

118




H.17. AIZF 52308 3§33 2ke] (1BI)

Time Source SS df MS F p-value

60 Emotion 0.00268 2 0.00134 0.72 0.4964
Subject 0.22795 15 0.0152 8.14 <0.0001
Error 0.05598 30 0.00187
Total 0.2866 47

90 Emotion 0.00379 2 0.0019 1.07 0.3545
Subject 0.23806 15 0.01587 8.99 <0.0001
Error 0.05299 30 0.00177
Total 0.29484 47

120 Emotion 0.00416 2 0.00208 0.88 0.4244
Subject 0.24576 15 0.01638 6.95 <0.0001
Error 0.07068 30 0.00236
Total 0.3206 47

150 Emotion 0.00268 2 0.00134 0.48 0.6242
Subject 0.24227 15 0.01615 5.77 <0.0001
Error 0.08397 30 0.0028
Total 0.32893 47

180 Emotion 0.00289 2 0.00144 0.66 05241
Subject 0.20857 15 0.0139 6.36 <0.0001
Error 0.06557 30 0.00219
Total 0.27703 47

210 Emotion 0.00253 2 0.00126 058 05682
Subject 0.200001 15 0.01333 6.08 <0.0001
Error 0.06576 30 0.00219
Total 0.2683 47

240 Emotion 0.00007 2 0.00003 0.01 0.986
Subject 0.21384 15 0.01426 5.85 <0.0001
Error 0.07309 30 0.00244
Total 0.287 47

270 Emotion 0.00013 2 0.00007 0.03 0.9734
Subject 0.20799 15 0.01387 574 <0.0001
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Source SS df MS F p-value
Error 0.07243 30 0.00241
Total 0.28055 47

300 Emotion 0.00015 2 0.00008 0.03 0.9728
Subject 0.20852 15 0.0139 5.08 0.0001
Error 0.08208 30 0.00274
Total 0.29075 47

330 Emotion 0.00004 2 0.00002 0.01 0.9881
Subject 0.20192 15 0.01346 7.88 <0.0001
Error 0.05125 30 0.00171
Total 0.25322 47

360 Emotion 0.00046 2 0.00023 0.09 0.9126
Subject 0.19605 15 0.01307 5.21 0.0001
Error 0.07527 30 0.00251
Total 0.27178 47

390 Emotion 0.00548 2 0.00274 1.05 0.3636
Subject 0.19086 15 0.01272 4.86 0.0001
Error 0.07859 30 0.00262
Total 0.27494 47

420 Emotion 0.00375 2 0.00188 0.87 0.4306
Subject 0.20706 15 0.0138 6.38 <0.0001
Error 0.06491 30 0.00216
Total 0.27573 47

450 Emotion 0.01117 2 0.00558 2.05 0.1465
Subject 0.23092 15 0.01539 5.65 <0.0001
Error 0.08175 30 0.00272
Total 0.32384 47

480 Emotion 0.01596 2 0.00798 3.54 0.0417
Subject 0.25046 15 0.0167 7.4 <0.0001
Error 0.06767 30 0.00226
Total 0.33409 47

510 Emotion 0.00825 2 0.00412 2.02 0.1497

120




Source SS df MS F p-value
Subject 0.22977 15 0.01532 7.52 <0.0001
Error 0.0611 30 0.00204
Total 0.29911 47

540 Emotion 0.00414 2 0.00207 1.01 0.3779
Subject 0.25294 15 0.01686 8.19 <0.0001
Error 0.06179 30 0.00206
Total 0.31887 47

H.1.8. AIzb =3k 24 g1t 2ol (LF/HF)

Time Source SS df MS F p-value

60 Emotion 10.095 2 5.0475 0.4 0.674
Subject 437.016 15 29.1344 231 0.025
Error 378.805 30 12.6288
Total 825.915 47

90 Emotion 1.104 2 0.552 0.32 0.7291
Subject 122.526 15 8.1684 4.73 <0.0001
Error 51.855 30 1.72851
Total 175.485 47

120 Emotion 24.088 2 12.0442 0.96 0.3944
Subject 478.658 15 31.90-105 2.54 0.0144
Error 376.398 30 12.5466
Total 879.144 47

150 Emotion 6.995 2 3.49748 0.81 0.4535
Subject 124.498 15 8.29986 1.93 0.0616
Error 129.216 30 4.30718
Total 260.708 47

180 Emotion 133.05 2 66.525 1.22 0.308
Subject 1802.28 15 120.152 2.21 0.0313
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Source SS df MS F p-value
Error 1629.19 30 54.306
Total 3564.52 47

210 Emotion 7.13 2 3.5668 0.28 0.7607
Subject 880.61 15 58.7072 4.54 0.0002
Error 387.69 30 12.923
Total 1275.43 47

240 Emotion 0.474 2 0.2371 0.17 0.8474
Subject 224.442 15 14.9628 10.51 <0.0001
Error 42.175 30 1.4238
Total 267.631 47

270 Emotion 2.081 2 1.04034 0.63 0.5409
Subject 133.386 15 8.89237 5.36 <0.0001
Error 49.751 30 1.65838
Total 185.218 47

300 Emotion 2.266 2 1.1329 0.17 0.8407
Subject 492.804 15 32.8536 5.06 0.0001
Error 194.799 30 6.4933
Total 689.869 47

330 Emotion 1.626 2 0.8132 0.14 0.8706
Subject 234.243 15 15d.6162 2.67 0.0106
Error 175.16 30 5.8387
Total 411.028 47

360 Emotion 8.625 2 4.3127 1.49 0.2418
Subject 251.87 15 16.7913 5.8 <0.0001
Error 86.896 30 2.8965
Total 347.391 47

390 Emotion 81.01 2 40.5037 1.48 0.2448
Subject 688.36 15 45.8094 1.67 0.1126
Error 823.61 30 27.4536
Total 1592.97 47

420 Emotion 0.998 2 0.49886 0.28 0.7608
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Source SS df MS F p-value
Subject 86.27 15 5.745134 3.18 0.0034
Error 54.243 30 1.80778
Total 141.501 47

450 Emotion 0.43 2 0.2149 0.03 0.9667
Subject 318.372 15 21.2248 3.35 0.0023
Error 189.932 30 6.3311
Total 508.734 47

480 Emotion 30.548 2 15.2741 1.66 0.2064
Subject 328.977 15 21.9318 2.39 0.0206
Error 275.371 30 9.179
Total 634.896 47

510 Emotion 3.857 2 1.9284 0.52 0.6022
Subject 191.502 15 12.7668 3.42 0.002
Error 112.152 30 3.7384
Total 307.511 47

540 Emotion 11.83 2 5.9152 0.81 0.4535
Subject 287.57 15 19.1713 2.63 0.0117
Error 218.577 30 7.2859
Total 517.977 47

123




H2 42 =8 H&

H2.1. 53 ARk F3rellA 278 3 3b Z}o
Measure Source SS df MS F p-value
Driving Emotion 21.99 2 10.9951 3.25 0.0529
speed
Subject 936.18 15 62.4121 18.43 <0.0001
Error 101.6 30 3.3868
Total 1059.78 47
Steering Emotion <0.0001 2 1.82E-06 1.39 0.2652
wheel
rate Subject 0.0005 15 3.33E-05 25.41 <0.0001
Error 0.00004 30 1.31E-06
Total 0.00054 47
Centripetal Emotion 0.00461 2 0.0023 1.59 0.2212
Acceleration
Subject 0.24931 15 0.01662 11.45 <0.0001
Error 0.04357 30 0.00145
Total 0.29748 47
H.2.2. 538 2wk vs. 38 34 (driving speed)
Emotion type Source SS df MS F p-value
Neutral Emotion 0.006 1 0.006 <0.01 0.9687
Subject 750.885 15 50.059 13.36 <0.0001
Error 56.188 15 3.7458
Total 807.079 31
Anger Emotion 168.556 1 168.556 20.36 0.0004
Subject 577.863 15 38.524 4.65 0.0025
Error 124.21 15 8.281
Total 870.629 31
Anxiety Emotion 3.285 1 3.2851 0.31 0.5887
Subject 724.064 15 48.2709 4.49 0.0031
Error 161.405 15 10.7604
Total 888.754 31
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H.2.3. 73 ARk vs. 5238 <S4 (steering wheel rate)

Emotion type Source SS df MS F p-value

Neutral Emotion 0.00001 1 1.34E-05 5.78 0.0295
Subject 0.00042 15 2.83E-05 1221 <0.0001
Error 0.00003 15 2.31E-06
Total 0.00047 31

Anger Emotion 0.00013 1 0.00013 33.66 <0.0001
Subject 0.00043 15 0.00003 7.42 0.0002
Error 0.00006 15 <0.0001
Total 0.00062 31

Anxiety Emotion 0.00011 1 0.00011 14.14 0.0019
Subject 0.00052 15 0.00003 44 0.0034
Error 0.00012 15 0.00001
Total 0.00075 31

=5 =5 S H H
H.24. 53 A9k vs. 53] 51 (centripetal acceleration)

Emotion type Source SS df MS F p-value

Neutral Emotion 0.00144 1 0.00144 1.61 0.224
Subject 0.15202 15 0.01013 1131 <0.0001
Error 0.01344 15 0.0009
Total 0.1669 31

Anger Emotion 0.05433 1 0.05433 13.96 0.002
Subject 0.09538 15 0.00636 1.63 0.1762
Error 0.05839 15 0.00389
Total 0.2081 31

Anxiety Emotion 0.00711 1 0.00711 1.95 0.183
Subject 0.13327 15 0.00888 2.43 0.0476
Error 0.05474 15 0.00365
Total 0.19513 31




H.25. A7+ 714

o
2
do
o
N
N,

}o] (driving speed)

Time Source SS df MS F p-value

60 Emotion 76.12 2 38.0604 4.39 0.0213
Subject 936.78 15 62.4517 7.2 <0.0001
Error 260.39 30 8.6795
Total 1273.28 47

90 Emotion 10.34 2 5.1706 0.64 0.5324
Subject 886.44 15 59.0961 7.36 <0.0001
Error 240.92 30 8.0308
Total 1137.71 47

120 Emotion 48.96 2 24.479 4.44 0.0204
Subject 1208.03 15 80.5352 14.62 <0.0001
Error 165.3 30 5.5099
Total 1422.28 47

150 Emotion 29.76 2 14.8788 197 0.1571
Subject 1224.37 15 81.6244 10.81 <0.0001
Error 226.61 30 7.5535
Total 1480.73 47

180 Emotion 5.49 2 2.7464 0.47 0.6315
Subject 1400.75 15 93.3837 15.87 <0.0001
Error 176.52 30 5.8841
Total 1582.77 47

210 Emotion 89.53 2 44.765 4.25 0.0237
Subject 1142.31 15 76.1543 7.23 <0.0001
Error 315.89 30 10.5295
Total 1547.73 47

240 Emotion 475.67 2 237.834 11.81 0.0002
Subject 1078.4 15 71.893 3.57 0.0015
Error 604.1 30 20.137
Total 2158.16 47

270 Emotion 276.67 2 138.335 9.73 0.0006
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Source SS df MS F p-value
Subject 1065.45 15 71.03 5 0.0001
Error 426.43 30 14.214
Total 1768.54 47

300 Emotion 281.11 2 140.556 7.82 0.0018
Subject 759.26 15 50.618 2.82 0.0077
Error 539.13 30 17.971
Total 1579.5 47

330 Emotion 219.58 2 109.791 4.46 0.0202
Subject 985.93 15 65.729 2.67 0.0108
Error 739.07 30 24.636
Total 1944.59 47

360 Emotion 415.62 2 207.809 13.25 <0.0001
Subject 2000.93 15 133.395 8.5 <0.0001
Error 470.65 30 15.688
Total 2887.2 47

H.2.6. A1ZF 708 A }o] (steering wheel rate)

Time Source SS df MS F p-value

60 Emotion 0 2 2.46E-06 0.45 0.6407
Subject 0.00067 15 2.47E-05 82 <0.0001
Error 0.00016 30 5.44E-06
Total 0.00084 47

90 Emotion 0 2 1.74E-07 0.05 0.9524
Subject 0.00048 15 3.21E-05 9.02 <0.0001
Error 0.00011 30 3.55E-06
Total 0.00059 47

120 Emotion 0.00001 2 2.77E-06 0.7 0.47
Subject 0.00047 15 3.10E-05 8.68 <0.0001
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Source SS df MS F p-value
Error 0.00011 30 3.57E-06
Total 0.00058 47

150 Emotion 0 2 1.27E-06 0.43 0.6538
Subject 0.00071 15 4.72E-05 16 <0.0001
Error 0.00009 30 2.95E-06
Total 0.0008 47

180 Emotion 0.00005 2 2.26E-05 7.06 0.0031
Subject 0.00043 15 2.87E-05 8.95 <0.0001
Error 0.0001 30 3.21E-06
Total 0.00057 47

210 Emotion 0.00017 2 0.00008 10.12 0.0004
Subject 0.00157 15 0.0001 12.59 <0.0001
Error 0.00025 30 0.00001
Total 0.00199 47

240 Emotion 0.00003 2 1.39E-05 1.18 0.3212
Subject 0.00101 15 6.70E-05 5.67 0.0002
Error 0.00035 30 1.18E-05
Total 0.00139 47

270 Emotion 0.00007 2 3.65E-05 6.02 0.0063
Subject 0.0011 15 7.33E-05 12.08 <0.0001
Error 0.00018 30 6.07E-06
Total 0.00135 47

300 Emotion 0.00003 2 1.34E-05 1.99 0.1547
Subject 0.00068 15 4.52E-05 6.71 <0.0001
Error 0.0002 30 6.74E-06
Total 0.00091 47

330 Emotion 0.00004 2 2.24E-05 2.69 0.0841
Subject 0.0014 15 9.30E-05 11.16 <0.0001
Error 0.00025 30 8.33E-06
Total 0.00169 47

360 Emotion 0.00003 2 1.39E-05 14 0.2634
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Source SS df MS F p-value
Subject 0.00117 15 7.79E-05 7.77 <0.0001
Error 0.0003 30 1.00E-05
Total 0.0015 47

H.2.7. AIzF 7708 2+ 3 1F 2Fo] (centripetal acceleration)

Time Source SS df MS F p-value

60 Emotion 0.04153 2 0.02076 4.22 0.0244
Subject 0.15648 15 0.01043 212 0.0391
Error 0.14776 30 0.00493
Total 0.34576 47

90 Emotion 0.00106 2 0.00053 0.2 0.8201
Subject 0.21205 15 0.01414 533 <0.0001
Error 0.07951 30 0.00265
Total 0.29261 47

120 Emotion 0.00654 2 0.00327 215 0.1341
Subject 0.25005 15 0.01667 10.95 <0.0001
Error 0.04567 30 0.00152
Total 0.30226 47

150 Emotion 0.00292 2 0.00146 0.47 0.6279
Subject 0.38281 15 0.02552 8.27 <0.0001
Error 0.0926 30 0.00309
Total 0.47833 47

180 Emotion 0.02464 2 0.01232 1.93 0.1625
Subject 0.79296 15 0.05286 8.29 <0.0001
Error 0.19136 30 0.00638
Total 1.00897 47

210 Emotion 013171 2 0.06586 7.22 0.0028
Subject 059818 15 0.03988 437 0.0003
Error 0.27376 30 0.00913
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Source SS df MS F p-value
Total 1.00366 47

240 Emotion 0.03501 2 0.01751 3.02 0.064
Subject 0.72516 15 0.04834 8.33 <0.0001
Error 0.17408 30 0.0058
Total 0.93425 47

270 Emotion 0.05409 2 0.02704 7.89 0.0018
Subject 0.24164 15 0.01611 4.7 0.002
Error 0.10287 30 0.00343
Total 0.39859 47

300 Emotion 0.12339 2 0.0617 7.14 0.0029
Subject 0.65269 15 0.04351 5.03 0.0001
Error 0.25926 30 0.00864
Total 1.03534 47

330 Emotion 0.09898 2 0.04949 7.12 0.003
Subject 0.25848 15 0.0723 2.48 0.0167
Error 0.20863 30 0.00695
Total 0.56609 47

360 Emotion 0.03189 2 0.01595 2.95 0.0677
Subject 0.22928 15 0.01529 2.83 0.0075
Error 0.16219 30 0.00541
Total 0.42337 47
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H.3. 3%

of,

7}

H3.1. 73 ARk vs. 53 9 (F34 Fx A5 state-anger)

Emotion type Source SS df MS F p-value

Neutral Emotion <0.0001 1 <0.0001 <0.01 0.988
Subject 6.06808 15 0.40454 7.82 0.0001
Error 0.77558 15 0.05171
Total 6.84367 31

Anger Emotion 693.75 1 693.75 243 0.0002
Subject 449,91 15 29.994 1.05 0.4624
Error 428.16 15 28544
Total 1571.82 31

H.3.2. =3 Zat vs. 3§ 0k (5= E-oF A4 state-anxiety)

Emotion type Source SS df MS F p-value

Neutral Emotion 9.39 1 9.385 147 0.2448
Subject 1506.2 15 100.414 15.68 <0.0001
Error 96.08 15 6.406
Total 1611.67 31

Anxiety Emotion 2658.66 1 2658.66 30.33 0.0001
Subject 1411.83 15 94.12 1.07 0.446
Error 1314.72 15 87.65
Total 5285.22 31
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