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High cognitive workload decreases a driver’s ability of judgement and response in traffic situation and could
result in a traffic accident. Electrocardiography (ECG) has been used for evaluation of drivers’ cognitive work-
load; however, individual differences in ECG response corresponding to cognitive workload have not been fully
considered. The present study developed an evaluation method of individual driver’s cognitive workload based
on ECG data, and evaluated its usefulness through an experiment in a driving simulator. The evaluation method
developed by the present study determined the optimal ECG evaluation condition for individual participant by
analysis of area under the receiver operating characteristic curve (AUC) for various conditions (total number of
conditions = 144) in terms of four aspects (ECG measure, window span, update rate, and workload level). AUC
analysis on the various conditions showed that the optimal ECG evaluation condition for each participant was
significantly different. In addition, the optimal ECG evaluation condition could accurately detect changes in
cognitive workload for 47% of the total participants (n = 15). The evaluation method proposed in the present
study can be utilized in the evaluation of individual driver’s cognitive workload for an intelligent vehicle.

Keywords: Cognitive Workload, Individual Difference, Area Under the Receiver Operating Characteristic Curve
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SRR A Ha} 24 F B o= A7 Z(electrocardio-
graphy, ECG)7} 453 gtk AAES Ao u53ko]
g]. Al:Loﬂ;ﬂ WG = S5 ARE A FTH A z;ﬂfﬂ. /\]:L
&5 AFoIth(Lee, 2011). AH = 2%
SEE W3l Yk Hl= Qo F
A Fot FEe A0 E BlstE F83 ARE AHEEL
A Th(Piechulla et al., 2003).

ARE ZAGE ol &3 A Fal W7h= 47H2 ECG A &3t
4EmmnmlﬂmNRM%DRM%fz4£&®1$ﬂx
ATh A A, mean inter-beat interval(IBI)= A4 5 AJZF 7H
Zﬂ,ii/ﬂ 3 A% 8 ¥ S (heart rate)®] H4E AAET
(Yao et al., 2008). =4, standard deviation of N-N intervals(SDNN)
2 IBI EEHAZ A4HE THSchubert ef al., 2009; Wood et
al., 2002). A1A, root mean of sum of squared differences(RMSSD)
T A% 349 BI 19| Aol i EFHAE A4 HGould
et al., 2009). PFA 2 ©. 2 root mean square error(RMSE)< IBI|
e 3 A4 T3l setd 3 Bl g 1He ®EH
22 A4HA T (Lee ef al., 2010). A7) ECG B %3} A= Fo A
mean IBI= IBI9] B+ & e & A=< 8HH, YA 37}
# % (SDNN, RMSSD, RMSE)+= IBIS] EFHAE UrEME}
FERAE U E 374 A=
ol th27] wf ol 1A Fahel| w2 uk
A0 2 &R 3 YTHLee et al., 2010).

ECG A %3 HES2 94 ¥3b} 27hH0 aast glo
& A 2 9l o vK(Brookhuis and Waard, 2001; Brookhuis and
Waard, 2010) +A7Avte} 1A Fabof B A A= whg- 713t
T7H 2 ECG A% gro] Aol W3 S BolE 108
B3 Ytk Wood ef al.(2002)2 A7 D A7k A o kg
e Ade IS | Ad3F9 SDNNe| B dF Rt 9t
Al GA Fadte 20 & Biskit). Schubert ef al.(2009)
75 EEE & 9 mean BV} FootA AstE 08 B
319 o1}, SDNNE B & Z718ts A0 2 Bttt Lee
et al(2010)2 7 H3}lel W2 ECG 2 2] gk( : mean IBI)©]
AP FAA T FolatAl Yebd e B sttt mekA ECG
SRS ol &ate] &4 1A H3tE A g eA BT
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gt

ted - 224 AL - §3R

2] o] E(signal detection theory)ol| 4] AL E w2 2] o2 Al
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(a) Driving simulator

(b) Driving scene
Figure 1. STISIM driving simulator
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Figure 2. ECG sensor attachment location
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Z(0B, 1B, 2B)E 7 224 3 st= A ECG AANTE =

A3kAth. 37hA 273 9] N-back task AFo]oll = oF 28-7¢] 4]

AlZto] Foj Aot mpAH O *affj% 4Ed T AP 2
Al A

A3o] g g Qe H(debrief) E A
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(1)ECG %3}

2 dAFE 71E A7 AL 4714 ECG A E(mean IBI,
SDNN, RMSSD, RMSE)E 2 &3}e] 1A ¥3} & %3}
5} TH<Table 1> #=). A, mean IBI(unit : ms)= =4 ¥ IBI
e F# o2 AXE T 4, SDNN(unit : ms)S =4 ¥ IBI
#7} mean IBI 7+9] 2] & W+t Al F &3t Al4E] L Th(Malik
et al., 1996). A A, RMSSD(unit : ms)= IBI A &3} 214 IBI
243k 1Y Aol & it Al Fske] AlLts ATh(Malik ef al.,
1996). WFA k0 2 RMSE(unit : ms)= IBI 24 gholl th 3k 37
AL 538 48 A BI 24 T Hd AFTZ A
AHE) A ThH(Lee ef al., 2010).
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Table 1. Quantification metrics of cognitive workload

Measures Equations*
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AT A A R Abste WS e 3717
FFEQ0Z, 302, 183 40%)02 AAH Ao g,
T3+ 784 4 5 (update rate)= S F ECG AL 2 HE
A Feh S AN F712A A FE(1%, 2%, T
13z)02 AAEH. & 59, 3029 4 A 7
129 T AN 52 A8 34 12022%)3 SHE ECG
AN 5= 917] 4 data set &2 samplingH T}

Table 2. Four combinations of workloads

Workload classification”

No. Low High
1 BL, 0B 1B, 2B
2 0B 1B, 2B
3 BL, 0B, 1B 2B
4 0B, 1B 2B

“BL: baseline; 0B : 0-back; 1B : I-back; 2B : 2-back.

A =
B ATE 44 ZH(ECG A= 47FAxEA A7 73F 37}
£ 7R3t T 13 47HA) el sl AUC
& of /W # 4 9 BCG B4 24¢ Fhotetat
SR o] 2o A I 4L [B(decision making criterion)S}
d'(sensitivity)S L Z= VERJ receiver operating character-
istic(ROC) curve #4553 o] Foj 7t} 28} As7F A+
EXE 2R ¥S o= ROC #49 7Hgo] AHehA &
oF AUC 4 & A &ato] 5] Al o5& BAFTHGu er
al., 2006). ¥ A7) A F(signal)= QA 552 913 Al A
312 AHoE %o, FS(noise)> A2 8HH 2914l 9|
2 A A = ¥ 8}(random variation) = % &] = i T},

AUC #4& <Figure 3>3} 20| 1-specificity(x 3, false alarm
rate) 2} sensitivity(yZ; hit rate)?] #AE YERY = ROC curve
ot o] HA& Ateto AaHE 4 5S B Th(Deftereos
et al., 2011; Hand and Till, 2001; Swets, 1998). ¥ <17-2] ROC
curvew AT Fge FESE BEINE(HS TS W
SN AZFHA AAEE false alarm rate?} hit rateS 0] &3t =
25 91Tt False alarm rate= & QA F3171 A 3 3hof 2ol A
AANH AN E B8t AAE7 WE7EE 2Fate] 2l
A537h 0o QA B &2 A4S AT Hit ratew E2

& 293t QAR Erha A e A G H 0 &R A
AT B ATE A 1447 270 O3 AUC BA S
AUC Aol 7} 5= 24= 29 ECG £4 =4

712 A 7-(Greiner et al., 2000; Park and Moon, 2005;
Swets, 1988)E #13}] AUC gkl 0.8 o] /o] Hofof &4 <l
A Fot 4 ECG7t A& 7hsstthal ket gtk AUC g
S 0-1 Aol 8l kg 7HAB] 16 7452 A E W 450l &

Ttk 712 A7 AUC # W9l wet 54 ZH(noninfor-
mative; AUC < 0.5), 27+ & B(slightly accurate; 0.5 < AUC <
0.7), 4 ZH(moderate accurate; 0.7 < AUC < 0.9), o1-% A H(highly
accurate; 0.9 < AUC < 1), 18] 1 &3 (perfect inspection; AUC =
)9 5744 TE o s HE B 5S E78ka UTh(Greiner et al.,
2000; Swets, 1988). 3HH, 8 F-okel| A= AUC kel 0.8 w5t
ol A4 FAE A AA FEskA Rk Aoz Bt
3}aL 9 th(Park and Moon, 2005).

e o °
N ® © =

0.6

Sensitivity
© o o o
N W A~ O

o
—

0 i i i i i i i i
0 01 0203 04 0506 070809 1

1-Specificity
Figure 3. Illustration of area under the receiver operating charac-
teristic curve(AUC)

2 A7 e g 2 gig AUC £4& 830 &
&3t7] ¢l Matlab program= 7&ate] Agstsitt. 7jdd
T2 B ) 1447 270 thE AUC 4 & A5 o
2 Fyste] B4 2208 AUC 3 AMte o = & ¢
TFo 22 a8 g B4 21 FolA AUC ol /M
Z271& HH ECG BA 2102 AAste RaFr
3.9 23

3.1 A ECG Y =A

B AT A4 7 349 ECG data® #4351 A Hq 7t
8 229 ECG £4 27 = oot gl th(<Table 3> #%). 23
Folze] A ECG A 212 B AL 7, 70 B &
=, ECG 393 A%, 181 Ba5a 430 Hol@ oz
UES T o & 9, A% 11 4029 B4 Az
7229 7 44 £5 RMSSD A EE AMEE A e B
8t F(BL, 0B, 18] 1L 1B)3} &2 F3} £F(2B)= 7 A%
SHA(AUC = 0.989) S 7 9o}, 3, A oA TH -2 40
29 BA AIZE 3H 129 73 B4l £ 5, SDNN H & & A
£ A4 e H3 208 1B)F 52 3 FE(2B)S



Development of an Evaluation Method for a Driver’s Cognitive Workload Using ECG Signal 329
Table 3. Individual optimal analysis condition for cognitive workload evaluation and validation
Factors ) AUC Cognitive workload”
Window span | Update rate -
. Measure (sec) (sec) Bt?f9re Dl‘ln‘ng Difference Low High
Participant No: driving driving

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, 1B 2B
14 < 0.500 -
15 RMSSD | 30 | 1 0970 | 0795 | 0175 | BL OB | 1B 2B

"BL: baseline; 0B : 0-back; 1B : I-back; 2B : 2-back.

744 &SI (AUC =0.969) HE S & Qe
A ECG 24 27 £FH ECG AF3 A= %_“4 AT
T, AN L5 J2 1 Bete g 7Y SN OYd
710 & o5 Y Th(<Table 3> 7+2). WA, ECG Xé T AE=
SDNN( ™), RMSSD(49), mean IBI(2%), 18] 3L RMSE(0H) &
Z HAECG BA 20 22 HEE X3 = 0= YE
”\:} BA AL 402(77), 302(4H), 1Y 202(19)

FOR 2 HEE RYOH P AN £EE 1£(59),3%
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T2 A

3.2 A3 ECG 4 279 €194
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& /e Q1A Fot Woh e 2842 WUtk & o
To] Q1A K3l Hrh W& AUC B4 S B3 &4 A
HAH Y ECCG 4 20 & AR = B AT H7F i
o7& A3 2 g% ECG A 3 Ax, B4 A7 21k
T AN £55 FFHoE ugsto] JQE HH o &4
Z2A& ARG B A7 MAE HH 9 ECC 2 21 2
A e ATE AeaE A3 AAE F49 83504 &
49 F & A

2 AT 48 AUC £4L Tgs B4 22 gigt &
A BAE B3l N HAH Y ECG £4 2UE& AAske
b F83 02 Yeth 7]E A7 EL A F3t 2
ECG W3} EA& dAFste=tl 94& FATHGould et al., 2009;
Schubert ef al., 2009; Wood et al., 2002). L2 Q&) 7]& AT E
& QAA Fafol whE AQIE Aol vk wsl B A4
A FahE A o] Tt WA, B AT AUC 4
WL ookt B4 2o Uik Auk WE S AFHOE
A5t /U 2EY B4 208 24T 490

B AT ECG datae -2 AP EEE W27 7] W&
o] AUC &4/°] ROC A BTt A¢g A E ottt &
¥ ECG data®ll o3l A 74 74 (normality test)= 43§ 3+ 2
3} AA datad] 93%7F ATFRZS WEX P= A0 T By
ATHa = 0.05). WHEhA ECG datad] £4] o= A FEE 717 o]

8 ¢lE AUC 40l ROC B4 HT} o] 24 0.2 A3tslt,

Lee ef al.(2010)2 1A F-ao] ©E ECG W3} P8 < 1L
23 RMSE H 52 Aokstgd ot B A9} o] e A7t
(ol : 202~40%)9] ECG data ¥4 o= A§3IA $& Ho=
A= At Lee et al.(2010)2 Q1A F3pol] whe} M s}st= ECG
data®] 7 3A S 12)3te] RMSES ECG A %3} & Aot
stgoH, Ao F 57%0 ts RMSEZ} T2 4 %3} A
SE( : mean IBI, SDNN, RMSE) 2.t} A %50] $58 o2
s deju & AT s H Ao B4 27 RMSE
7h A8 ARt fle Ao R getEY ol B o
Toll A Ak B4 AZE 3] AT 4022 Lee er al.(2010)9] 2
TR0 @A k7] Wi AA Fapol| we WIlH=
ECG Aol 3|7 A 53 RMSE £40 &3] Wy
A Z7] EOE AEHT

APFAR F 53%E AA F3H7t F7Hst = BCG A A Al
S7h¥ekA Fe 20 R Yeytth 4332 20%(3H)S
AUC7Z}0.5 HIRHO.2 YEhY Q1A #3171 Wstd el= ECG &
Agko] MatA & A0 BAHG =3, Aoy
33%(5%)= AUCZF 0.8 H]uto 2 Yeh ¢l Bale) st
ECG 24 F 22 AgatA #Hsly] g A2 2 3953l
ot whehA Q1A Bato) whE ECG WE g e ve LA
+ ECG &528 QA 7o) +F& AgstA #E317] of

£ AMNES A0 FH3He] A ¥ £2¢ B
B3k g0l Basih

AT | A HA SLHFEL o)A TA| Ho| =7t FopdF
T AR e oy, 3 FREEE oA HA
Aol A F o2 A2 710 2 oty )t o] A3
A LGEL o274 do| T} 0B, 1B, 2BE =7}t ulz}
0%(SD : 0), 0.7%(SD : 2.9), 6.3%(SD : 8.4)Z Z7}3t %t} 18
U F# FY&ES = o] A4 do| =7} 0B, 1B, 2BE F7}8}
2= 98.6km/h(SD : 2.5), 96.4km/h(SD : 4.9), 97.5km/h(SD :
41)Z FARE AT o] 2.2km/h) S FASE AR B
A=A o2 g AAA Y} o] A A YT A B A
T o] ZFHA T AR A FeHE A A FEFAS
< Ueh L 9l

A AR ECG H & 1t 3h2 <Table 4> UERH A
3} 2o o) A A| 9 Fo| BTt T E hde AFE Hol
= A0 2 Yeytth 95 S9, Mean IBI= o] A4 9] ol
%7} BL, 0B, 1B, 2B <02 Z7}8kel| whe} 0.786sec, 0.773sec,
0.752sec, 0.722sec £O.2 HAdtE A0 2 AU o)
3k o)zt o] o] To] wE ECG A AT 7E AT
(Brookhuis and Waard, 2010; Wood et al., 2002; Brookhuis and
Waard, 2001)9} Y23t 2 &2 3pots T},

Table 4. ECG measures for cognitive workloads

(unit : sec)
Measure Baseline 0B 1B 2B
Mean IBI 0.786 0.773 0.752 0.722
SDNN 0.046 0.038 0.038 0.036
RMSSD 0.037 0.032 0.031 0.028
RMSE 0.041 0.035 0.033 0.031
Safe Driver

Driving workload is too high.

1 10 beat/min

History

Figure 4. Driving workload measurement and warning system
based on ECG

1R Bk P A%y A5R
A 2= Nl 2449 % ATk<Figure

i
do ri
BN e
Ho -
2 e
fo =
o _O|L 8
= o N
=&
_O|L
rir
o~
Ho
Hr 2
10
2

o
(i
lo,
fo
jaki
ox
oot
ol
=
1o
o,
H>
[
2
|o
fil



ECG 7] 4ke] A z1d ol =] 23}

AsA7t EAAke AR E e A et YA FEE S
b HA o LAAANA AL BE AT A AAE AT
oto] g A E vl oll WAL ok & Ao 234 %
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