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ABSTRACT

A driver’s high cognitive workload can be a reason to increase car accident
incidence because high cognitive workload makes the driver confused while driving. So
evaluation methods for drivers’ cognitive workload using electrocardiography (ECG)
has been researched as a method to support the safe driving through alarms in advance.
However, there is a limitation that the measures to quantify ECG data have been applied
to all the drivers equally; consequently, the accuracy of cognitive workload evaluation
was low. But if heartbeat characteristics of all the drivers are analyzed and the optimal
analysis methods are determined individually, the accuracy of cognitive workload
evaluation would be higher.

The present study is intended to develop a judgment method of optimal
cognitive workload analysis conditions considering the individual heartbeat
characteristics and evaluate the effectiveness of the method developed. First, ECG
quantification measures and factors for real-time analysis were defined through
literature review to judge individual optimal cognitive workload analysis conditions

based on ECG. Mean interbeat interval (IBI), standard deviation of N-N intervals



(SDNN), root mean of sum of squared differences (RMSSD), and root mean square
error (RMSE) are determined as the ECG quantification measures in the study. And
window span and update rate were defined as the factors for real-time analysis and 20,
30, and 40 seconds of window span and 1, 2, and 3 seconds of update rate were defined
as the factor levels.

Second, the judgment method of individual optimal cognitive workload
analysis conditions was developed. The defined factor levels were combined to 36
cognitive workload analysis conditions (4 ECG quantification measures x 3 window
spans x 3 update rates). The individual optimal cognitive workload analysis conditions
among the 36 conditions were determined through area under the ROC curve (AUC)
analysis using collected ECG data from n-back task (secondary task).

Lastly, the effectiveness test for the judgment method developed of the
individual optimal cognitive workload analysis conditions was conducted using
collected ECG data from the simulator experiment. In the results of 7 (47%) of 15
participants, the judgment method of the individual optimal cognitive workload analysis
conditions was effective. On the other hand, there was the limitation that the results of 8
participants (53%) were not effective; therefore, the method will be completed by
adding cognitive workload analysis conditions to cover more various heartbeat
characteristics in further studies.

In summary, the developed judgment method of the individual optimal

cognitive workload analysis conditions provides about 47% of effectiveness. And the



method will be completed to apply it to all the drivers by understanding their individual

heartbeat characteristics.
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(a) Measuring scene (b) MEG image
Figure 2.3. Magnetoencephalography (MEG)
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Figure 2.4. Functional magnetic resonance imaging (fMRI)
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Figure 2.5. Single photon emission computed tomography (SPECT)
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(a) Measuring scene (b) brain PET image

Figure 2.6. Brain positron emission tomography (brain PET)
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Figure 2.10. The ECG sensor attachment locations (MEDAC, Biomation, USA)
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Figure 2.11. An equipment of ECG measurement (BioHarness BT, Zephyr™, USA)
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Figure 2.12. An ECG measurement located on a chair (Lim et al., 2006)

=AY ECG datax= 1A -3 H7lo A&3l7] ¢ste] A% vbs b
ZHA (interbeat interval, IBl)S.2 W3] o] ALE-H T} ECG datas Al<tollA] 54
H= AF7F 7159 o w2 RpeakE Fall IBIZ S| Wgko] 7hsditt. IBI=
R-peak?t 712](RR interval)Z 91|32 2 R-peak?t 712 A17F 7HZ(ol]: msec)

< omgth (¥ 213 #FHx). wabA IBIZF FHASE AL R-peakit A7t

N
2
I
ul
Y

% stz 4% uEo] WA 14 Rab wold: AL

ojm gt} whA, IBI7F E718tE A R-peakit A7t Holut

rlr
Py
fljo
o
=)
ol

B g ae] mel QA Halh welA: AL ojn @k,

14



[ RRinterval ———
R

T P
N\
Q J_/\J\ Q
S

800.21 800.89

Voltage (mV)

Time (s)

Figure 2.13. RR interval on ECG (illustrated)

ECG data=5-E M29 IBI= HRolU HRV 2% (o]: SDNN, RMSSD)Z
3l ARstE o] 1A Fol Hrie] &8&Hu HRE IBIE &8&3sto] (hush
T2(HR =60/ IBl)& &3l Q1A F-aF &40l 282 = Slth(Lee et al., 2010).
HRVE A1 vhso] sty = FAE &l QA FaF 40 A&5e A&
24 #d HE2E et 1Bl t)H] %53 X (standard deviation of normal to
normal intervals, SDNN), 214 IBI data ™¥H] 3<% X*}(root mean square of
successive differences, RMSSD), 1#] 1L IBI data®] A4S F3 24 ¥ 372
thH] ¥ 2} (root mean squared error, RMSE)7} A% tH(Wood et al., 2002;

Schubert et al., 2009; Gould et al., 2009; Lee et al., 2010). RMSE+ 1% 2.14%}

15



of A&H #¢ Fat2 s AA Fark S7bE W BI7E AR H R 3
23l & Y(transition effect) S 11213t] ECG 54 4 #3387 A8 A&+

A TH(Lee et al., 2010).

800

700

600

500

Transition

400 | effect

IBI (ms)

300 .

200 + 1

100 .

0 I I 1 1 I 1
10 20 30 40 50 60 70 80 90

Number of measurements

Figure 2.14. Transition effect on IBI data (illustrated)

ECGE 914 W&E B 1E ATAN F8F 57

hA

et

T=

H

£50] gt} o= 9], Dussault et al.(2005)= Al Ao th3l A4

]_

)
s}

o]

g2
[

ol
il

g F wAshs AA Rekg Bksh) S8l ECGE B-gstel Ay

ek
:

o] W &}(cardiovascular change)ell #3+ A& G35kt 1231 Boutcher and
Boutcher(2006) 2} Sosnowski et al.(2004)> 2] F-317F A xF ol mel HR
I o] FolAE AS AP S THTOEMN, ECGTF Ay Hate] W

sholl wet 1A FakE Frleks el AHRE 5 3l

o
>,
°
e
hus

Il A

o

53t

16



and Lee(2006)

flo
Mo
2
of
i
=2
2
Lot
>
ofo
o
t
r o
o
Mo
[‘N
>
02‘:4"
olf
NiL)
e
ol
oft
1

o2 Hrlslr] 93 ECGE &

ofo
o
o
38
S
Id
i)
o
=

o

o

=
>
c

»

Y

S

o
=
[

=

o
=
N
o
o
=
r

Hahs Hrbskolon, Lee et al.(2010)> ECGE 83t &3 Al 1A 3}

2.3. Receiver Operating Characteristic (ROC) Curve
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Figure 2.15. A concept of signal detection theory (Green and Swets, 1966)

18



1 \ I I I I i
Maximum ——— ROCcurve

09 Discriminability 7 —

0.8

o
\l

o
o

Sensitivity

o
&

0.4

0.3

0.2

0.1

0 ¥ | I | | I | l l l
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

1 - Specificity
Figure 2.16. A concept of ROC curve (illustrated)

ROC #42 signal?} noiseE 3= tfdst FokollA F83HA &
|53 3t ROC &4 W2 74 FAl(radio communication) <&-oFoll A 21
717V AV E el dgEs Alset WY Fes FEs TEHsk A

HeEAE gotelr] fld SDT=HH f %

)
of

Ho]tH(Green and Swets, 1996).

e A AL WA HelA B AWE Wust: o) ok, oshe

19



g4+ 2 HFARA (medical imaging and radiology) -oF, 441 2] k(psychiatry) ¥-°F
oF e o Fop wyk oy, H]3km I AK(non-destructive testing) ok}
Az AAF Al 2" (manufacturing inspection systems) &oFoll A %= f--83kA &-&
¥ a1 9l th(Faraggi and Reiser, 2002; Metz, 1989; Hsiao et al., 1989; Nockemann et al.,
1991; Somoza et al., 1990).
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Figure 2.17. An example of AUC plot
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lll. Method

3.1. Experiment Protocol

3.1.1. Participants
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(a) Simulator (b) Driving screen

Figure 3.1. Driving simulator (STISIM Drive™, Systems Technology Inc., USA)

i

Figure 3.2. ECG sensors (MEDAC, Biomation, USA)

22



3.1.3. Tasks
2 ATeE 4 F A FekE ksl A8 F R 2, n-
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nx A9 £1 A4 9o MR e Ax BRI $ES 2
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al
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e
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LI
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K

s 58k = 2-back)o] A& = At n-back 2P 29 kA=l A

¢

4

Ho=

2

1A 2w dee] Al-el] ndHA old AE 7Yl o] #
< o]t} (Jeon, 2010; Park et al., 2010; Reimer et al., 2009; Son et al., 2010). & &9,
0-back ZtP- AAE = RAES FA] Wdhis 2ol 1-back 2 AlA =
© =AY 194 ol AE 7ty weks Aol 2-back A2
AR = w2e] 2@ o]ld wAE 71gelvrr Bk Adolt(1dE 3.3

Fx). mebM nback 219 nol SbEE e 1A F-ekE skl d
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(a) 0-back

(b) 1-back

(c) 2-back
Figure 3.3. Examples of n-back task
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3.1.4. Experimental Design

<

A2 @Ale dAKsL 29 w82

m1>

A8 83 B Ad: sS4,
AP AR 2P E A E AT 3A, A FH] Aol A= AE ozl A

o i) Ayt & Ay 3o FoME LUTHGE). 183 ECC S =

11t

g3 4E FelAel % Adel 2, A5 5T shuel 1, 1w Evhe

i

Eoll 37§¢] MEDAC AAM 55 F-&THE ~ 108). =4, d5 23 G
M= AlEdolE 38 d5(108)3 nback 2 A55(10 ~ 208)S S H A
oA, B A" B E WA edg A e A% JE Rt =
Z(baseline)oll 1 ECG AN S E 5%3F 54T 5, Al 7FA 24 (0-back, 1-
back, 12| 2-back)S T2l AR 13]¥ Fastn] AANEE 7 28
A SASA 7t Fat £EY A el ozl vA Aol wid vzE

H23t37] 8] 28308 FAS ATHAT 749 nback A9 Fol = A

=

HellolEolA & A3t sl 37FA 9] n-back S 1314 Alesklth

3.2. Analysis Method

3.2.1. Window Span and Update Rate

B oTE Ao R 5 ECG danE ALgate] el A4 u
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Non-Driving Driving

A
[ f |
N- N- N- Pre N- N- N- Post
Baseline Back | Rest Back | Rest Back | Base- | Back | Rest Back | Rest Back | Base-
task task task line task task task line

Figure 3.4. The 13 tasks sequence by driving and n-back tasks

120 seconds
A4
Window span ||I
(30 seconds)
—>
Update rate
(1 second) [ 91 data are extracted ]

Figure 3.5. A concept of window span and update rate (window span = 30s and update

rate = 1s)
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Table 3.1. An example of quantified ECG data by four measures (mean IBI, SDNN, RMSSD, and RMSE)

Mean IBI SDNN RMSSD RMSE

No.
BL* | OB* | 1B* | 2B* | BL | OB 1B 2B | BL | OB 1B 2B | BL | OB 1B 2B
1 .606 | .625 | .636 | .612 | .007 | .008 | .006 | .008 | .006 | .007 | .006 | .007 | .006 | .006 | .006 | .007
2 .606 | .625 | .638 | .614 | .008 | .008 | .006 | .008 | .006 | .007 | .006 | .007 | .006 | .007 | .006 | .007
3 .606 | .626 | .638 | .617 | .008 | .008 | .006 | .008 | .006 | .007 | .006 | .007 | .006 | .007 | .006 | .007
4 .607 | .626 | .639 | .619 | .008 | .008 | .006 | .009 | .006 | .007 | .006 | .007 | .007 | .007 | .006 | .007
88 | .609 | .630 | .640 | .635| .009 | .012 | .007 | .009 | .006 | .008 | .007 | .007 | .008 | .008 | .006 | .008
89 | .609 | .630 | .640 | .636 | .009 | .012 | .007 | .010 | .006 | .008 | .007 | .007 | .008 | .008 | .006 | .008
90 | .610| .630 | .641| .637| .009 | .012 | .007 | .010 | .006 | .008 | .007 | .007 | .008 | .008 | .006 | .008
91 | .610| .630| .641| .639| .009 | .012 | .007 | .010| .006 | .008 | .007 | .007 | .008 | .009 | .006 | .008

* BL: baseline; 0B: 0-back; 1B: 1-back; 2B: 2-back
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3.2.2. Area Under the ROC Curve (AUC) Analysis
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Table 3.2. Four combinations of ECG data by four secondary tasks (baseline, 0-back,
1-back, and 2-back)

Workload classification
No.
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
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Figure 3.6. AUC analysis plot (illustrated)
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V. Result
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Table 4.1. Individual optimal analysis condition for cognitive workload evaluation

quantioﬁz:ii Window Update Cognitive workload comparison condition
Factors | Measure span rate AUC
(sec) (sec) Low cognitive workload High cognitive workload
Participant No.
1 RMSSD 40 2 0.989 BL*, O0B*, 1B* 2B*
2 - <0.500
3 SDNN 30 2 0.658 0B, 1B 2B
4 RMSSD 30 1 0.862 0B 1B, 2B
5 RMSSD 30 1 0.993 BL, 0B, 1B 2B
6 SDNN 40 3 0.636 BL, 0B, 1B 2B
7 SDNN 40 1 0.969 0B, 1B 2B
8 SDNN 20 3 0.947 0B, 1B 2B
9 SDNN 40 1 0.946 BL, 0B 1B, 2B
10 - <0.500
11 Mean IBI 40 2 0.986 BL, 0B, 1B 2B
12 Mean IBI 40 3 0.844 BL, 0B, 1B 2B
13 SDNN 40 3 0.885 0B, 1B 2B
14 - <0.500
15 RMSSD 30 1 0.970 BL, 0B 1B, 2B

* BL: baseline; 0B: 0-back; 1B: 1-back; 2B: 2-back
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Table 4.2. Validation of the developed evaluation method

Optimal Cognitive workload
uantification Window | Update AUC comparison condition
Factors Measure span rate
(sec) (sec) Before During Difference Low cognitive | High cognitive
Participant No. driving driving workload workload

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 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 0.970 0.795 -0.175 BL, 0B 1B, 2B

* BL: baseline; 0B: 0-back; 1B: 1-back; 2B: 2-back
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V. Discussion
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Appendix 1. Participant 1 (BL, 0B, 1B vs. 2B)
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Appendix 2. Participant 2 (0B, 1B vs. 2B)
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Appendix 3. Participant 3 (0B, 1B vs. 2B)
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Appendix 4. Participant 4 (0B vs. 1B, 2B)
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Appendix 5. Participant 5 (BL, 0B, 1B vs. 2B)
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Appendix 6. Participant 6 (BL, 0B, 1B vs. 2B)
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Appendix 7. Participant 7 (0B, 1B vs. 2B)
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Appendix 8. Participant 8 (0B, 1B vs. 2B)
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Appendix 9. Participant 9 (BL, OB vs. 1B, 2B)
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Appendix 10. Participant 10 (BL, 0B vs. 1B, 2B)
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Appendix 11. Participant 11 (BL, 0B, 1B vs. 2B)
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Appendix 12. Participant 12 (BL, 0B, 1B vs. 2B)
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Appendix 13. Participant 13 (0B, 1B vs. 2B)
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Appendix 14. Participant 14 (0B, 1B vs. 2B)
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Appendix 15. Participant 15 (BL, 0B vs. 1B, 2B)
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