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Abstract

Various assessment indexes have been developed and utilized to evaluate the driver
workload. However, existing workload assessment indexes do not fully reflect driving habits
and driving patterns of individual drivers. In addition, there exists significant differences in the
amount of workload experienced by a driver and the ability to overcome the driver’s workload.
To overcome these limitations associated with existing indexes, this study has developed a
novel workload assessment index to reflect an individual driver’s driving pattern. An average
of the absolute values of the steering velocity for each driver are set as a threshold value in
order to reflect the driving patterns of individual drivers. Further, the sum of the areas of the
steering velocities exceeding the threshold value, which is defined as erratic steering areca
(ESA) in this study, was quantified. The developed ESA index is applied in evaluating the
driver workload of manually driven vehicles in automated vehicle platooning environments.
Driving simulation experiments are conducted to collect drivers’ responsive behavior data
which are used for exploring the relationship between the NASA-TLX score and the ESA by
the correlation analysis. As a result, ESA is found to have the greatest correlation with the
NASA-TLX score among the various driver workload evaluation indexes in the lane change
scenario, confirming the usefulness of ESA.

Keywords: driver workload, driving patter, driving simulator, NASA-TLX, vehicle platooning

hr
Jh

3 8l Lo, 71E9] 7}
FA 72 79 70E 242te] 25Tt =P H-S F55] §EFokA] Fotal it
Zatet sk 2 AFolkdt A ARSHE S50k 582 /N2 ek mhebA,
7= Foll 7NE R 7‘474}—4 TS HHdR A= 2FdFot WA BE =S5k A
Azte] TP El-Z §EF5tr] flal =72t ' Steering Velocity AHi3te] B2 AAZLS

Aot AAGS 2T o= G99 Steering Velocity W2 2] &2 AlFslet ESA (Erratic
Steermg Velocity Area)E AAISHATE & A oA= 73 Algdold AdS 5o A&
A7} v g Akel Sl E o] FaYshs A58 S A5 oho] HIRbeAte] A S
A ofwRt Y-S T=AE ESAE &-8-5t0] H7lstoint 73 Aladold ddl& &l

Ho
rx
of,
D)
e
4z
_oIL
\)
N
N
O
el
i
:L
el
inf
(o]
-
e
ol
N
N
RS
F
N
N,
=
T
-
s
2
fo
t olx>
x i

dh o
ol
el
N

HUon o BHoz@
z: Ho re !
Mo
e,

TSt &332, A 353 A 63, 20174 122



Article Development of a Workload Assessment Index Based on Analyzing Driving Patterns
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Table 1. Existing driver workload assessment index

Assessment index Equation
Number of Zero—Crossing Noore
(ZERO) ZERO=—3 =
(nm,o = The nvmber of zero— crossings, d,, = distance driven,)

Steering Wheel Reversal Rate

_ Mgap
(SRR) SRR = »
(ngap = The nvmber of counted reverasals, t;, = driven time)

Mean Lateral Position (MLP)

4,

i=1
n
(dl.’ = Offset at time stepi,n = total mileage )

Standard Deviation Laterl
Position (SDLP) Z (wq
SDLP = _T

(di = Offset at time step i, d(wg = Average of all recorded Offset,n = total mileage)

MLP =

Knappe et al.(2007)& 58 Algelo]d dlolEE o]-8ste] T& 7Fadt AYHsl 72 #Y ZERO, SRR,
MLP, SDLP & AAot+=tl, ZERO 2] 79 Steering Wheel Angle 413 2] gro] gh 21 Zero—Crossings
T(n.,,,) 8 = AFEst] FPA () = U A& oJu|shH, ZERO Sl &= Z}o] 4hatelo & QIgt
AT FAATS UEhE o AR =2 9] Tlshtze] dE Bol Y= AoE® UEhHth SRR A
Steering Wheel©] ¥Hd 215 W3} Ao e Mot & 8150(n,, )& THAIH: ) 02 U 2S oJu|she 2|4 9]
4 715 WIS} 27]9) 7122 o} 4] 3 els)7) Itk SRRE ZEROSE f AT .2 7lal720] ek ol
2tAA o] Jlct(Forsman et al., 2006). E8F MLPO] 7%, F=lot= 2pFo] S 3}k 2F2 9] F 4 7k2] o] A2 (d,) 2]
= T3 E e A oulst, £57t SEigte] whet 2d%= k2 S4ls ot MLP7F RolA]= 73
= A0 g Ukttt ntxef e & SDLPO| 79 Fa¥ct= Ago] Sl 2h& o] FA7ER] 9] A 2|9} Bk

%l Fli"

=
T
o]
S

Fol

{1 Lane) <2 Lane »
. Center

[ of the
Lane
d; = The distance between the center of the vehicle
and the centerof the lanein time step i
(The absolute value of offset at Lane center)
Center
of the
Vehicle

Figure 1. Conceptual illustration of offset
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Vi AUSTe] FICIR e A SIlol, MLPS 92) SDLPe) S8 340l 2ol 24 80
2 % 9l o] Ik AN FIGIEk. SDLPS] gro] w9 & u) A 2318 2Hgo] olx|n), MLPS} SDLPE
2 BRT W3] Offser A128o] 34151 A2 547H19) 71212 Lehick, Offseee] AYEE Figure 1

Ostlund et al.(2005)2 SRR Steering Wheel @] 5t 2+ F7]of wet 274 ] 70 2 FLESto] v - B8}
.05, SRRE A7 2al9} £ 2 g 40] 2 Fakg W) wo] 7] Rale] walE 2skr] SA} ik A
A5 tHKountouriotis et al., 2016). =3+ Macdonald and Hoffmann(1980)-2 SRR st 7|& A+E A 2|6t
Fom, gutA o g 2k K57t Frkgtel| mel SRRo| S7Hd A 0= o= 2|9, A5 Aol oot 2HFalrt
=2 A4l A SRRo| @ASH| HAaE= -9k Ik AAI5H e o= SRRY}F 2F4F5HEe] A= 2327t
ZAARSHE S5 7 e T8} Belo] Sl Ao = Hlvkal 45T Vester et al.(2011)-2 55 4174 of
2 5] FSDLPE H4510] £ 528 AAGle] OB QI FAH4S 24ach SDLPE A7} ol 27
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NASA-TLX

The NASA Task Load Index (NASA-TLX) assesses subjective factors for 6 domains

D8O m B g

Physical 2
Demand Demys:r:d Demand  Performance Effort Frustration

—— S

; Workload assessment Index based on
Existing workload assessment index anabzing driving pattems
Steering * 8
Velosity i | Value
SRR MLP SDLP LT Time

Calculation of correlation coefficient through correlation analysis
between NASA-TLX scores and driver'sworkload assessment index

Figure 2. Research process
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2. ESA 7jgt

P& 29 AR A3, 718 0] LA A Rel WA B U8 Ak Offseto]u Steering 5 B7HH % 0] 374

S HISkE-E Fofl At A HolE L7leA] mets ot A B o R & 4 Qe o] 2fjt I E2
& 7|sktzo] G Bol AL, 19 1A S wetstr] of ¢ A #olE A ds] Brtst=t A7 2
T3, AT V7= A Rolga 2RSS S5k TE AT L, 71E9] A st ”37}11354
789 AR WA RS B /EEA ] vhdEA] ool A= Qle A A ot o ot

b B2 e sk, 2hdEstel G weAlel tisl Aghs] whefstr] AsiAe= 7 &
ZA7re] Fegee] E4 9 25T 55 Rt AHA W7ol B astt & Aol A AN S M= At
2k Ha B71A| 3 ESAE Steering Velocity HE4E o]-8oto] Eatict. 7 2x2te] FuelS vhgstr] 9
ot AR W=2] 4, Bt 85th percentile 5 o1& 7HA] A weto] Ql-& 4= JUA|FE E Ao A= Steering
Velocity Atigke] B AAG e & A st ZAARE 52t AAIG-E X3} Steering Velocity H910] #1249
TH()E 4FEst] T FRAHD) 2 UHro] ESAS EESHITh A7 9.8l oJet 217617t 8 415
o 2}k NS0 23S WA H T2 A 2A45}0] ESAZF =7 Lrehdth ESAE Steermg Velocity 45 B S
o83t 0.01x B2 HolHE FE5H, dAIGE Hlold A% Steering Velocity gollAl A%t oI5kl ¥ H&
Alelet HAS AFEsh, AgS Hloid # 1o WA 9] F8-& 4HEollth AFHE42 Equation 10 AJAI5HIH.

ESA= 4

’ y (1)
(If V(i) > critical value, E | Vi) — critical value| =A

i=1 L1~

V(n) : Steering velocity at time step n
A: Total area

T : Total driven time

ESA 4% 7N = Figure 37} 2tk Figure 304 AAREESA AHE 7HE & 2 A4 =3t 287 ALt
2@ HloJE ME-E Al7te] T Steering Velocity 1222 LER LA, AAIZS Zi}ol= H 9IS HES A&t
Aot BA7e] dojof wpat ESAS] A7|7 iAo g depd 4= glon g WA o] ke FPAIFO R R0
A ESAE &3ttt

Steering Velocity
0.08 Critical Value =
0.06 +0.003409

0.04

Areas that exceed
the critical value

0.2

Section A Sectioh B SectionC Section D
0.4

Figure 3. ESA calculation concept
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1. 28 AlZ0|M AF A
2 AL F9 Ageole] 2XEFo]9l UC-win/RoadE o]§3te] X}E"oﬂ U ZAFARA A B
AHi7 AN A, 79 A Eelol 8 4ol 2 g Aol AR oo 2 el ol sheel A
879 A% FUFYS FYNEE AAste] o] g TES 7 A]E?—ﬂ e 4ug B s
St

l teering, Steering Velocity, Offset 5= ©]-8oto] BA-& AA|5t e, oA 2=
7} @ AApolo], 2 PAOIA F9 Aol it hg Ul 2Helisl HEE HAel] flsto] ¢S e
%201651 11¥ 301—‘?—151 20169 12<€ 9471=] AAToF S U% iz = 3_ 0] _J L=

3 12 Aleeold E'E’r A = “4 0131 LW# T°“ AlEeolE é_‘ = —rﬁ% T2 T o] 34%%*401]
] Zﬂﬂ bi’, % 2879] go] 1% ol-g-5t —‘%*4% A,

2 ‘3—3 Tr—_”f:}—r 32+ MPR 0%, 50%, 100%% 125} —|7—]* 3§10] 7 % A ](—_)-]'M]:]— A —ri Al @9t X}itﬂﬁ
Alue] @ o] A9l 22 FYstH, 3t #9f 3km¢el 3%t= < A e 2ol A Aa A= At = 100km/hE
F3YoHA =W 9] A7]+= 4, 8, 12t = 43 5H3ITt 5_ ;1{:1141 &R HAL Am, - AL AldE
T 100km/h¥ of QA=A = Q1 100m= A st tH(Tsugawa et al., 2011).

Figure 48] AFg53F Alvrg] QoA ST AF= 22204 885 AlZSHA ", o] off 1212, 32tz ofli= MPR
of whet HiARe A T A2 A E o] 5 A= Aot WA AR TR 7HA] S wEtrtof jhrt
= AXE wtom, Ao ol 498 AFS whet F3okelth 3714 MPR = oAz}t 1909 3919 8 &
NASA-TLXE £ 2HejHs} 442 Arzstact

Figure 5¢] 227 Alube] @ of|A] 22f = oA 385 A|2tste] & 4910] Atz M35 oA ok, 2Ak=H7 87

Al 272 HFAA 5= A F A2 A6k, A2 7S 517] ofge AdelAe A=AES 7S 5
Utk o] o, AA= WA S 7|5 7-9= A= A2 7hEskelnh E Aol HFAA TS A A =
SYApFe] 7 WA st 1 s ARFYS SR AF(A, B, C 2 D)7 E AA=HABA IS 2
A2 7 Alvre] e TRt MPRof| whet 1919 37 2] 23 & NASA-TLXE 5ol 2455t H4-E AF=Estlrh

Analysis Range : 3km

Figure 4. Car-following scenario

Turn 5|gnal Analysis Range : 3km
lamp Ol

A 27d lane = 1%t lane B : 1% lane = 2"¢lane C:2" lane = 3" lane D :3" lane = 2" lane

Figure 5. Lane-changing scenario
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2. NASA-TLX A A&

NASA-TLXE il A] Q751 2t} B7hE Slolo] nlat Qg 953014 e 4B2A dos
HAA YRS FHH o2 Prishs E1E AR E) B Ao e ey U FRFFEA oA 282t
TostE Brlels] Slet B0 2o Aol A F AAasc,

NASA-TLXE= 414 @ (Mental Demand), €424 @+ (Physical Demand), A]7F @~(Temporal Demand),
£~ I (Performance), =2 (Effort), J}ﬁﬂ(Frustrauon)_J 6712 o tist A @45 WIS, ZF 249

[l

sl 7HE 215 A-goto] 2FdHel M8 AESHKim et al., 2010). £ Ao A= HE7HS] AEXALE T3l 7t
F A5 AEshe AlESt 24 ¥ (Analytical Hierarchical Process, AHP)-& AF8-5191.0 0, w5 ZHE7F 10 of| A &}
=7 @ FHFP A T2 AlEdold Alve] Lof whet A 2F, A= Al LAA 8 7= =
T 525 A E= Q45 AHHIWE Fofl 98 Ar = AR Tt 3H] 4y A5 Sl A=A
A= ARhe wrgstaat Ao BlE gho] 10% mIRto.g A MBI} o A HHgste] 715A] S AHESA
o 7V A] AtE A A 5F

- AU oA SA A @77} 0.4888 7 B Uehyta, 27t] 0.0310] 7
@A dergdeh AR Aute] Lol s AR Rl 0.2828 TP woH, 2E7te] 0.1028 AHEE o] A
2l QR 71EA] glo] e AAEE = Ao R vttt AQFs A= 1008 A2 AR, Hert wa<
2 g59 9 ZUFATA A AR £H2te] A Eetrt Aty B 4= gk, NASA-TLX AR ZAL =

3 7}52] A& 2= Table 201 A4Sk

E_ﬁ

Table 2. Questions for NASA-TLX survey

Classification Questions Weights

Mental demand ~ How mentally demanding was the task during changing the lane? Car—following 0.281
Lane changing 0.156
Physical demand  How physically demanding was the task during changing the lane? Car—following 0.488
Lane changing 0.169
How hurried or rushed was he pace of the task during changing Car—following 0.080

Temporal demand ) .
the lane? Lane changing 0.147
Performance How unsuccessful were you in accomplishing what you were asked Car—following 0.048
to do during changing the lane? Lane changing 0.282
Effort How hard did you have to work to accomplish your level of Car—following 0.073
performance during changing the lane? Lane changing 0.142
Frustration How insecure, discouraged, irritated, stressed, and annoyed were you  Car—following 0.031
during changing the lane? Lane changing 0.102

Equation 1-& &5 ﬁ%’é}?& 71E9] &
=eo] oM 3d Hlo]HE o]-&5t] ZERO, SRR, MLP 3! SDLP 2| E£59| g2 AF&5IA
ZERO®] 7%, Steering 1527} Zero—Crossing®| =¥ Steering®] F&.7} #Hafotn = A9 Steering®] &
o] 57t H= %‘F(Q)% 4HEste] EEoFATh AHE42 Equation 201 A|AISFSIT.

Z<0, C=1

ZERO=“—~— {Ifz,.zo,q:o )

D
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Z, - Steering, X Steering,
Steering, : Steering at time step n

dp : Total mileage

SRR ] 7., Steering ¥4=0] &1 fo] Wheh7h =W 7]-27] 0] B3/} #MshE 2, Steering A7l whE 718
719] Fol g47} e 344 R)E 4rE5to] m&sI9Irt. 4412 Equation 30 A1 A15H4m.

IfS, <0, R =1

IfS =0, R =0 ®3)

SRR=-"—— {

Steeringt" LT Steeringt" Steeringt” - Steem'ngt" .

X
t'rﬂrlil5 tnitnfl

n

S

]

Steering, :Steering at time step n

T : Total driving time

MLPe] 39, Fale 2jeFe] S0} A22) FA71719] A2 Offsere] Aeat(a) 2] T8 FAA2 (02 1
‘o] AFEsHieh 4FHE412 Equation 401 AJA| 5.

n

>4,

_ =1
MLP= @)

d; : the absolute value of of fset at time stepn

D : Total mileage

SDLP9| 7-¢, st Ae] T4 2hz o] TH7H19] 7129l Offset®] Arhgh(a,) 3 Offset Ariigte] Bt
(d,,) e BAE 11Est =&kl 4HE42 Equation 5 AT

sprp=‘“~="1 5)

d; :the absoulte value of of fset at time step n
d,., + the average of the absolute value of of fset
D : Total mileage

4. 7|zEAH=A

F ARl & X q
Table 301 AIAI8FATE 24 A, 55 ALk 2.0 4

552

Journal of Korean Society of Transportation Vol.35 No.6 December 2017



KIM, Yunjong - LEE, Seolyoung - CHOI, Saerona + OH, Cheol Article

9431, ZERO. MLP, SDLP 2 ESA®] A% #1280 1§14 0.5]2] ol @A ebgte. ol $1a 7 A] 2
Zagatel ofgt Aol shaol WAEe] 2] 348 fAHE AL tehie Aoz nelr

AW Al o THFFBHY 1) BE L4 ZARs BAA ] BFo] A ekt o) 2
WFAAFOZ QAo ARG e LA AR5 A TS B A0 B 4 Ik 53] ESAY] 7
9 29 B0 vy B3] Hls) oF 1871 Bdo] B Ueht AR 5 71 37)Bo] 2 0% vehet,

Table 3. Average of workload assessment index

Scenario ZERO SRR MLP SDLP ESA
Car—following Without platoons 0.0069 0.36 1.41 0.15 0.12
With platoons 0.0070 0.36 1.33 0.13 0.07
Lane—changing Without platoons 0.0086 0.63 1.78 0.27 0.14
With platoons 0.0101 0.74 1.89 0.30 0.25

5. 2tF £F ALl dEEA 2

T 7ol weba] @320 2R} 4ol Zpol7h S & Q17 wiZell T E vl ol w2
M) TFO = dloeE ERote] NASA-TLX A<, 47]9] 7|& 2342t 24 B5t H7EA 30 ZERO, SRR, MLP
% SDLPS} ESAE W& AXsto] AyAS HAAlsHrh +34-& 345

57 e BRI o] A At

NASA-TLX A4=2] 42 ZERO, SRR, SDLP, ESA2} oFo] A tA S 7FAthal vrebyt 11, o] & ESAZFAFA4
0.619% A7} 71 =Skoh. vlTtd 159 A4 Z3H= Table 49 AlAsFAT

Table 4. Correlation analysis results of car-following scenario (without platoons)

Variable NASA-TLX ZERO SRR MLP SDLP ESA

NASA-TLX 1.00

ZERO 0.389* 1.00

SRR 0.399* 0.988** 1.00

MLP = 0.580** 0.532** 1.00

SDLP 0.405* 0.424* 0.413* 0.729** 1.00

ESA 0.619** 0.516** 0.575** = 0.497** 1.00

Pearson value
(*) P-value less than 0.05 (**)P-value less than 0.01

TR DA BEEA 23, NASA-TLX H4=9] 79 ZERO, ESAS} o] JuEAE 7HIthal vt
WAL, ESAZH A 0.488 % AL 718 =9kt 4 259 A 2y Table 59 AlAIsHA.

Table 5. Correlation analysis results of car-following scenario (with platoons)

Variable NASA-TLX ZERO SRR MLP SDLP ESA
NASA-TLX 1.00
ZERO 0.277* 1.00
SRR - 0.991** 1.00
MLP - 0.539** 0.527** 1.00
SDLP - - - 0.514** 1.00
ESA 0.488** 0.614** 0.609** 0.666** 0.321* 1.00

Pearson value
(*) P-value less than 0.05 (**)P-value less than 0.01
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Table 6. Correlation analysis results of lane-changing scenario (without platoons)

Variable NASA-TLX ZERO SRR MLP SDLP ESA
NASA-TLX 1.00
ZERO - 1.00
SRR - 0.656** 1.00
MLP - - - 1.00
SDLP 0.416* - - 0.735%* 1.00
ESA - 0.642** 0.624** - - 1.00

Pearson value
(*) P-value less than 0.05 (**)P-value less than 0.01

Az Aueles] 2U%E B4 18 ATEA A Table 79 AXSIHL5, NASA-TLX B4-] A
ESATF S-oat AMUAZS 1A= A EE L2}

Table 7. Correlation analysis results of lane-changing scenario (with platoons)

Variable NASA-TLX ZERO SRR MLP SDLP ESA
NASA-TLX 1.00
ZERO 1.00
SRR - 0.503** 1.00
MLP - 1.00
SDLP - 0.687** 1.00
ESA 0.308* 0.302* 1.00

Pearson value
(*) P-value less than 0.05 (**)P-value less than 0.01

2tz M AU o)A 3 F-Foll o2 ATEA Auh 23S FA45HA] o2 2ol A= NASA-TLX F4=
o} SDLPYF F-2]et ATTHAIE 714 = A o2 e on o] 22 W7 o[flER <la| x=fo] SJube 221 ¥
o] 37] wjiZel Ao g wotEch 355 S0 A= ESATo] NASA-TLX A4t A A S 7Hx = Ao 2
YRSt
Z2=

B o] BR 39 A B 0]4S o gslo] £1Ae] FHMAL HHIF Ad o} B ES sto] &
ZF o] dJ
AR

#o] 21 RakE B Aolet Fa A Beloldo] Alutel s A& Ao} Hl A& A7 EAfE o]
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