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Abstract

7FAI71= fRle] #Hroh Q 7<] FokE ARl
F71sk7] 3l 4] A = (electrocardiography, ECG)
7} &84 4 9tk 18} ECG datas
& s qrw BARE A U ©
@il And e SAE ks bl
SHAIZE itk webd B oAt 8 ]

o A BRe wwsel A4 wa B

F7bshs ECG w4 WS AMwsty, A4S
ol AidE e 584s TS

ECG datax= %3t %= 47} (mean IBI,
SDNN, RMSSD, RMSE), #4 A]zb -3¢
(window span) 37}4] F<#(20%, 30%, 40%), 1
ﬂi T3+ 7841 4 % (update rate) 37HA (1

, 2%, 3x)o® FAET B, o] xFaA|
(secondary task)oll W& H3F Su< 27HA F
=(°): baseline & 0-back vs. 1-back & 2-back) ©. =
F-5F% a1, area under the receiver operating
characteristic curve (AUC) A e 8 A
A HA o Q1A Fap A Filo] WA
ATk e A B f&%* Hs A3
of 58% ,_XJZ}EJ HA A Fop A

u/\-] Hhﬂo 7H?_]Q q_ooks]_ PRSI EH%
de Ax wap Frel fgeiA #e=
o= 7y

Keywords: Electrocardiography (ECG), Cognitive
workload, Area under the receiver operating
characteristic curve (AUC), update rate, window
span

1. Introduction
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THJeon et al., 2002; Wallen et
d Tl A Foe o
e FEANTE AowE o
I o S e A ] OJXV%*
des AstA7IE Aoz
ij‘ﬂi Sl th(Pollard et al., 1990; U.S. Coast
Guard, 1998; Wang et al., 1996).

+AAe] Q1A Prﬂ 54 9 EAd=
21 A I (electrocardiography, ECG)7} &84 a1
ATk AALET o] vhggte] wel Aol
Al BAskE s ARE AxHA ST
A #E AFoltk(Lee, 2011). HAE F4
e gt ow QA Hate] oF T=
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al., 2003).

AAT =HZES o] &3k Qx| Est HU}
+ 4714 ECG g3} # X (mean IBI, SDNN,
RMSSD, RMSE)E AHg-8to] o] FolA oL Qltt.
A A, mean inter-beat interval(IB)= 47 8%
N7 v o wmA B A vbE WX (heart
rate) 9] 4= AlAtE th(Yao et al., 2008). = A,
standard deviation of N-N intervals(SDNN)< IBI
o] nFHAE AlLkEtH(Wood et al., 2002



Schubert et al., 2009). A A, root mean of sum of
squared dlfferences(RMSSD)_ A& SH ¥ Bl
7Fo] zpoleof st HxakZ AR THGould
et al, 2009). U}X] “Lii, root mean square
error(RMSE)+=  IBI°ll thst 3742 53l
vtetd A Bl gt 7o EFHExE
AAE tH(Lee et al., 2010). 7] 47}A] ECG &
F3 HAEES A Hebrl S oW A
st Zlo® oA U tH(Brookhuis and Waard,
2001; Brookhuis and Waard, 2010; Lee et al., 2010;
Yao et al., 2008)

ECG %3t HE52 AA Fatrt
S gashs Ao FeAun Yo
Avteh QA Rate] thek AAE
=7t 228 ECG HE o) %Olf& Ll
= Hol= Ao® Hiu¥i itk Wood et al.
(2002)& A7 8 B2 Auo] wgshe 2
= T3 o Fd32 SDNNo| FdFHtt
fFostA AA FaskeE 2w RHIEgith
Schubert et al. (2009)> 3 S F34 3 o
mean IBI7} 287 743l SDNN 23]
g S7Mete ZAo® RStk Lee et al
(2010):> &+ Fofe] wE ECG AL @
(ell: mean 1BI)o] Aottt} Aol shAl o
thde Bustdh mebd ECG AR of
gafol ¢4 QX waE Y 9o
st7] fslide A iR AdE WE)
WL spofetol £ FaE BATHE R

= %}ﬁo}‘ﬂ 7H°1tﬂ HA A Fap 24 =
AL AAT o]F A=k EHA4E F
2] ECG 4] %712 area under the receiver
operating characteristic (ROC) curve (AUC) %]
7IWME Agsto] o] Fol itk AUC 242 Al
A=y ]Oli(&gnal Detection Theory)ll A 7 1
TES WA 22 AEE BASe o=
H_ A

HyHow wAHL ol TH(Gu et al., 2006).

2. Methods

2.1 Participants

T AT Adeles AdaA A9 A9
o flar &1 o] 3d o]l 20t FwE

| Felstel. A9
A vhebgov,
ofe vig 247

~ 30t Fwkel @A
FoAAEe a9 —8—
A& Zho] 2ol A= A @l
HAfo] Fol STt

_1.\.40.)

2.2 Apparatus

2 AT AEak 1 AlEdel A
STISIM Drive™ (Systems Technology Inc., USA)
S &g3lo] o] Fo ) STISIM Drive™& 1
d 1] dERd A3 3ol AsA 73 shd
(BH’\“:.1024>< 768)= *‘64*012}01]711 A 55t
o AT A AdEles HE 2329

VEEZEIE Z: 457 mE AT SRk
100 km/h) = F33h= Z o2 A= it

(a) Driving silaor

(b) Driving scene
Figure 1. STISIM driving simulator

A8 Foizte]  ECG AlFE  MEDAC
System/3 (Biomation, USA)S AF&3to] 574
AT ECG 2% H4E AAM= 19 20 Y
Ebd A3 Zo] #5995 A= sk (2),
#=5 5= skaa), :r_ah Az =713,
HA, FA, FA) F-2HE Lot



Figure 2. ECG sensor attachment location

2.3 Experimental Design

B AFE dolmrt Aoldt ozt utA
(secondary task)E -oisto] Arolst 9] <l
A Fas Z9)dor fuatslith 2 AT
o)A FHAIE FAES AFHA A
AlgtehzE 9lole] AlFe N®A o] He] st
= 7]19)8ko] k= N-back task® -4 & 1tk
(Son et al.,, 2010). & A2 o|AHA Fol=
= N Ao wel 3 7FA](0-back (0B): S
-3}, 1-back (1B): =%t -3}, 2-back (2B): =
HFehE = AT

AT A oA e A A
25 FA I8t AAAl A 24T olat
A wE AANNZTE FF©8 +HT
Adyet= 2709 sessiono® FAAE AT A
Al AEE 2l AlEIE A 245 A
oA oA AE FAT W ECG HANZ
H3lE SHsAY &5 AEe & AE
dolHolA HEEEE FHSHA o] xFA
S £y wo ECG AT WHIE 54
skttt

AL 57 AaAE 2 2 FoA
AR AG A, 2R, ARS

[t

|

O

1 Oy W
A 2AhE JAFHAT AA, Ad oAt
A Adgel s drget 5 A ol oA

ol
Z Wt =4, ECG S S H8 AP
ke Al ECG AlME F-2etsith. AA, Alg
¥ 4 N-back taskell <&l = <l
AlE oF 301 AAEkT U
AL Mg AHe ECG AN
(baseline, BL)E oF 5%t St &, HAHA|

pus

N

= -1
At AAAl W HF AL ECG A
%= N-back task 37}#(0B, 1B, 2B)E 29l
TAE 7} 287 F¥se wok SA6%le
H, A 27 Afolell= 23 3HY] FAAIREe]
FolFth miA o2, HIS
A 9 Ao digk dE A

o).

2.4 Analysis Protocol

2.4.1 Workload quantification using ECG

2= A7 VIS AT 4714 ECG A=
(mean 1Bl, SDNN, RMSSD, RMSE)E %] -5}
A ot s AFESAtiE 1 Fx).
Z1 4], mean IBI (unit: ms)= S ¥ IBI 3t 3
oz AAEST =4, SDNN (unit: ms)<
=49 1Bl 3 mean IBlI 7+ x}o] o] A
HEoZ AAE S tH(Malik et al., 1996). A A,
RMSSD (unit: ms)+= IBI 33t 24 1Bl =
Ak 7ol Zols HFAlFFEte] AALE S
th(Malik et al., 1996). w}x]2F o 2 RMSE(unit:
ms)= IBI S zkell digk 3|AEA S Sl F
A w3 Bl S Y BaAEFORE
A4 2t (Lee et al.,, 2010). ¥ A5-2] mean
IBIE= IBI #9 H¥S dehdl= FH o),
U A 37}%] # % (SDNN, RMSSD, RMSE)&=
IBIS] AFEE YER= Z Eolt

Table 1. Quantification metrics of ECG data

Measures Equations*
Mean of 2t X
IBI data Mean IBI e
SDNN L (X — X2
n—1
Variation RMSSD Z?;ll(xjﬂ —X;)?
of IBI —1
data n
RMSE e — 82
n—2

*n 24 oA Bl #9 ,
X;: j A 1Bl %k,

X: 37219 1Bl +74 3k,

Xo A o 1BIS] gk



e ECG W &3 =
A ARE RE R A &

AEFst s,
)e tekst o w AAste] AT

=
ZBE %% e ~’Fﬁz—_°_ TR B4, &
2 AIZF 7H(window span)i
ﬂl*‘i"ﬂ/ﬂ A -5 AL
ERlm 3714 3(20%, 30%, 40%) 07 A A
Aok mpA o ®, 3F 784l £ (update
rate)i= =9 ¥ ECG *ﬂiﬂﬁiiﬁrﬂ A=A K-
st & Altske F7IEA 37 FEAE,
2%, 3%)0® MY 5 9, 30x9]
A AR i 1z 3 A SEE
"“1%‘ A4S 120%02%)7F =49 ECG A
+ 917} #4 dataset® = sampling¥ t}.

FiF
o
4o
il
o, T

Table 2. Four combinations of workload

N Workload classification*
0. Low workload High workload
1 BL, 0B 1B, 2B
2 0B 1B, 2B
3 BL, 0B, 1B 2B
4 0B, 1B 2B

* BL: baseline; 0B: 0-back; 1B: 1-back; 2B: 2-back

2.4.2 AUC analysis

2 A= 1447 ZZ(ECG HE 47HA
x A /\]ﬂ T3t 37MA i x 7gF A
E£5 A FFE x AT FETE 47HA)
of o F3&2 AuC Tﬁg S8l AE =
% 2] ECG Jj & defstglth. AUC
A e A A o] oA AY data7t Gt E
£ =7 & W ROC E’ﬁ.é Aol Al
TR TES AFgHoR A= WHolth
(Gu et al., 2006). AUC 24 W& 1 -
specificity (x Z; false alarm rate) 2} sensitivity (y
= hitrate)©] ¥#A1E EFHE= ROC curveel 4
% 3% #Zo] WAS AAtete] AEvbdE A
== W 7}st}(Deftereos et al.,, 2011; Hand and
Till, 2001; Swets, 1998). = <17+ 7]l 144
N Z7Ae gist AUC #4418 F3] AUC W&
o] A7t ¥ =S HA S ECG +4 =
Aoz AAskglnt

2

{ e

Sensitivity

o i i i i i i i j
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
1- Specificity

Figure 3. AUC plot (illustrated)

2 A= 71 A (Greiner et al., 2000;
Park and Moon, 2005; Swets, 1988)& 3+ il3}o]
AUC Ftol 0.8 o]/do] wojof -7 14 H-&f
F4°l ECG7} A& 7lsstrha ddergith
AUC %= 0 ~ 1 Abol9] g 7FAH 1 7}F
s Als wld Aol etk TS
A= AUC @o] Hflel wet FAE
(noninformative; AUC < 0.5), k3t 7 E(slightly
accurate; 0.5 < AUC < 0.7), “E(moderate
accurate; 0.7 < AUC < 0.9), "l-% 7 E(highly
accurate; 0.9 < AUC < 1), 121 -9 (perfect
inspection; AUC = 1)9] 57}# 3o = #d¥
dsE st AtH(Greiner et al., 2000;
Swets, 1988). $HH, 9|3} FofelA= AUC %k
©] 0.8 mRkolH HAA FAE A FeH
Tk FEete Ao® Hrbstal lvk(Park
and Moon, 2005).

AsE a&rorE Fystr] sl Matlab
program= 7| @&} A}%é}ﬂﬁ‘r. Mgy =2
IS B 1447) 27 sk AUC W
e Asom pdstol w4 23W AUC
s AArel Foh o B oqre] g g
& rpekst B4 x4 Fol4 AUC Fko] 7HE
2 21L& FZ ECG #4A zdo= AHAs
o] HojFTh

3. Results

3.1 Normality test

2 A7 FHE ECG datao] thel At



Table 3. Individual optimal analysis condition for cognitive workload evaluation and validation

thlmal Cognitive workload
quantification . AUC . "
Factors Window Update comparison condition
Measure span rate
(sec) (sec) Be-:f(A)re Dl.lrfng Difference Low cognitive High cognitive
. driving driving workload workload
Participant No.

1 RMSSD 40 2 0.989 0.947 -0.042 BL*, 0B*, 1B* 2B*
2 - <0.500
3 SDNN 30 2 0.658 0.751 0.093 0B, 1B 2B
4 RMSSD 30 1 0.862 0.253 -0.609 0B 1B, 2B
5 RMSSD 30 1 0.993 0.850 -0.143 BL, 0B, 1B 2B
6 SDNN 40 3 0.636 0.336 -0.300 BL, 0B, 1B 2B
7 SDNN 40 1 0.969 0.963 -0.006 0B, 1B 2B
8 SDNN 20 3 0.947 0.651 -0.296 0B, 1B 2B
9 SDNN 40 1 0.946 0.992 0.046 BL, 0B 1B, 2B
10 - <0.500
11 Mean IBI 40 2 0.986 0.894 -0.092 BL, 0B, 1B 2B
12 Mean IBI 40 3 0.844 0.693 -0.151 BL, 0B, 1B 2B
13 SDNN 40 3 0.885 0.830 -0.055 0B, IB 2B
14 - <0.500
15 RMSSD 30 1 0.970 0.795 -0.175 BL, 0B 1B, 2B

* BL: baseline; 0B: 0-back; 1B: 1-back; 2B: 2-back

d 7 (normality test)= 3J3lo] AUC 4
W ARGl st B S HFskloh At
3 A8E syt 47, AA) ECG data F ©F
7%9] datavto] A fAS Zte AoE A

ATk wWEAM 2 s ROC 4 tiAl
AUC &4 IS T =34 7H°1tﬂ 34

ECG &4 x3& w3l

3.2 Optimal ECG analysis condition during
non-driving

-

B oAdE gy edx 1 <l %
H7F WS g83te], 4 A &

oA A Al ®Z 2F](0-back, 1back
78]3 2-back) 3 A FH¥ ECG datas
vt E 413 ol 7t *e”” A= 9]

>« oft

o] 4174 72l
AL ECG x%akg].
4 AN &, T
Bl &= =49 01]/\1 cekdl 7
3 X)) A& =9, A%
A A7

TZH 2%9 7F A £ E B8 IBIR
W3y 3, RMSSD H - = A ekslx o] baseline,
0-back, 12|31 1-back &4 Al +=H¥ ECG
datas %83t A3 2-back # Al FAHE
ECG dataE W] 3}3S ul(baseline, 0-back,
1-back vs. 2-back), Q1% F3a} 3k W Fgo]
7H =8 ZA(AUC = 0.989)°0. = Tpolx|gltt.
3tH, A Fodzk 799 ECG data: 40% 9
B2 A7 g 129 7 A ERE
=3 IBIZ W3lE 1, SDNN ¥ E& 4 Zs)st
o] 0-back¥} 1-back 2] A =3 ¥ ECG data
= 53 213} 2-back & A FHE ECG
datas W] W 3F31S w(0B, 1B vs. 2B), 91#] F

aF b R 9ol 7HE %2 ZI(AUC = 0.969)
o % wotE it o]9} o] Ay Tz
AR Fab A U2 A A uE 5
Ao uwel kst oz Jehwn. Al
#H=A Q1A l?—} A 219 7 AR 84
(factor level) ¥ == z@f‘f} A3}, ECG A %3}

AT SDNN(6U§), SSD(4™), mean 1BI(273),
18] RMSE(0Y) o2 YEhsta, 4 A
TS 40%(71), 30%(4), 191l 20%

(1%) =o= veen, 73 AN HEE



1%(5%), 3%(4), 181 2%(3%) =27
Efskch wpxjeto 2 LA HE S ES B
& 0B & 1B vs. 2B (5'8), 0B & B1 vs. 2B (4%
BL & 0B vs. 1B & 2B (2%), 0B vs. 1B & 2B (1
) o R TAHAHE 3 ).

3.3 Validation of optimal ECG analysis
condition decided during non-driving

B sad olx] B Hyl Wy
o F8AL A=s] Y5t &4 "YgE
Fst7] Aol #AR e HA Qx| ¥
st A 2E Ve R AlEHEolHA &
A #]l Al AUCE Alitste] & 3% o] ¥
A Aol stor®l AUCS vkt vl V)
T2 2d A9 A Aucet =d A9 A
AUC?] #to]7} 0.1 o]kl g9k 0.1 =
stojete ¢4 29 Al AUC7F 0.8 o]itolgt
W FHA QA Fab FA xxdo] AHs] #A
H o Fa B4 dx, A &2
Aol A AEl AUC B4 #o] A& 7}
T 1290 A¥ FARE T 79(58%)°
A FolASw, 3w, 58, 73, 0w, 119, 1
23 13%)9] HA Q1A Hap #A xdo] &

A 2] Aol HAsA BHE Aoz yot
Aok 6 e A HoAE(1W, 3H, 79, 99,
119, 283 13¥)e] AUC #tol:= 0.1 ©o]&)
i, A3 ozt 539 AUC =Fol+= 0.143
ol o}, &4 &4 Al AUCZE 0.8 o]/tol =
2 AA3t RAoF |AHHAL mEkA ol
1ol olshd & 7Y A oIzt A ¢,
HA QA Hal A xzio] A3 AAHH
Zo g etk 3, 3We Ad Hojxs
(8%, 12%¥1, z1¥]ar 15¥1)2 AH$-ol= AUCY

|

o

o

zFo) 7} 015 st EHA] AUCTE 0.8 ©]
sfolm g, AAQE QX Fal B4 Fz7o] 4

2 vty iy, 18a 59
49, 6¥, 109, 181
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A5 ke 3
= (20

B8 A4 wa BA x

5

o
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149)¢] Aol =

AolA &4 29 Al AUC7}E 0.59] v]x]#] 5
9

slo] ¢lx R} Hsle] wel ECG7F W3t
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4. Discussion
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Q3% RAow Argwrh L3 ECG F#H3 A
T FHE F34 o 9(frequency domain)
2 FgAste] W Fak di9(low frequency
band; 0.04 ~ 0.15 Hz)°llA] 57J ¥ ECG data Ul
v =2 F3k5= o9 (high frequency band; 0.15
~ 0.40 Hz)oll] =7 % ECG data2] o2 ¥]
&2 AAFE = LF/HF(ratio of powers in low and
high frequencies) =5 & Ao 7fdts
Matlab programell %] -§-3to] F5 AFA] 4]
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