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Abstract

This study derived effective driving behavior indicators to assess the driving performance of
autonomous vehicles (AV). A variety of operation design domains (ODD) in urban road
networks, which include intersections, illegal parking, bus stop, bicycle lanes, and pedestrian
crossings, were taken into consideration in traffic simulation analyses. Both longitudinal and
lateral driving indicators were investigated to identify the driving performance of AVs in terms
of traffic safety in mixed traffic stream based on simulation experiments. With regard to ODDs
related to intersection types, it was found that indicators based on vehicles speed is useful for
the evaluation. On the other hand, spacing and headway representing the vehicle interactions
were found to be effective in identifying the deterioration of driving safety of AV in situations
where AV maneuvering was disturbed by illegal parking and bus stops. In addition, this study
prioritized the importance of ODDs based on derived evaluation indicators. The results of this
study would be valuable in establishing a guideline for driving performance evaluation of AVs.

Keywords: a recommended indicator, autonomous vehicles, operational design domain, promising
indicators, safety performance evaluation
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£ AT autonomous vehicle(AV) 2] 2753-& H71517] 98l operation design domain
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2AS Fstgon, 24 232 7§t 2 ODDHE 821843 53t A4 YA EE EESITE 2 Aol
TE3 A B7Hx 8= ODDY AVY] @45 8S B7Fst=t §lo] SasHA 285 53], wat= {33 oA
¥ ODDY| 739 & o] Halarat A1 H B7Hx 871 AV 23458 Hrto]| apAQl o g SRlw it EXS
A2}, A 7T 2ol thE Ao = QIo) AVZE /A Q1 85 Walid= 11| A%, AFFAIR N kA 2 o
L2 A Z A8 SO B 87 AVEY A5 S Brtohed Age B EE R SR 2
dAFeldE 52 245 B/ BE &80l ODD9 B7t 52 5% 4915 A4ttt 1A= %%EE,
EHFAZL mid-block AHEE ODD7} =& Hrl 24592 EEE 9 or, wak2 W mid-block TR T 9]
73-%- Bgreto] AFZo] RIgsHA WA sk 17l Aof| Pk vh2 Aduts Wy 2 Ao A3t 3FF AV
9] 458 W7 IHE el 83 7S AlFohH, wF o 9w AW A qlo] Fagt 715—7*]'§§
8= 7oz 7|t
FLO W= W7 E, A=F843h 2°8 A 99, 5 B E, ¢ A4S E0t
NS

NHTSA(National Traffic Safety Administration)o]] W2H W FARLO] 94% 7}t AFgo] A2 Qls| s,
AP 5 9F 30%7F 252 T E o] 9121 autonomous vehicle(AV)2 018 G314 0 &2 A 4= Q= XA
& 7HA] a1 JIH(NHTSA, 2018). &, AH&382H9] =2 2320 A2 Qo) WSt WAL E AATS

2 WENH-S TEA 0 2 A 4= Qlnt. 23U S¢S autonomous driving system(ADS) 0] A2 AV
= WAL ool §HAI7E EARC Tk, k24l thedRt ADS 49| At dRtxpero] A S s [t
A 712 A& Ao, £l s e o= AR e S g0l BAE 4 AtH(Gu et al,, 2022; Yao et al,
2020). T3 29ttt WESEL APt} A2 goh= AA T2 o] AH, T4 operation design domain
(ODD)IA AVe}F manually driven vehicle (MV)9] Q1Z] & wot 52 of oA r ¥HASH 4= °1E’r(]in et al.
2020). ODD+= A&-2821e] =8t dol &= vl e 847t dfdE 4 JloH, Edtu-s/olA AV—J
=] dF2 A o

Liuetal.2024)7} AES A2 Z Lo} AV T AR HUA S| E2W k= S/E AL 4o e HE =
Qof| Hlol| =AF 2o A AL HAEO] 52 A 0= U, o|2|3t At V&L 2 Y A5 A HEEw 5
L 2of Hlo} TR T2 A o & okt ODD7F 534 0 = 2h-g-6to] AVe] 849k

o] 7] iZolth(Patel et al., 2023). wehA], AVE] Fagebd ol Gk

AL g mofstes A2 Sastth J1eu AVe] T s S
2022; Lietal.,, 2022; Wang et al., 2020; Kang et al., 2023), ODDE 34 = A o|stal AV —7—5(3 oFA Ao H] 7~]
© Y o= AT AFs vH|RE Aot} T3, ODD 2] E4dof whet AbaF-8ate] m] A= dake] a<lo] ot

=

(8]

Oll‘

202 ODD| ufef AV 2A5EE BAjsHor] 497 W7 EE Aok Zlo] Bast,
AR AT F2 54 2ATNA AV Aol 288 BE0onk, B4 AANA A7 HEs] 8 o
PR Y BYY SR S5 7E D BE e 5 FE] wIsha 2ok ek, oS Sol, AVet MV ] 4a

o
2, Tt 718 223014 9 AV AlA Q1A 58, o713 23 T2 ol it AV ¥k, R E 2 A
TR S A2 A 9 B2 o] §Aete] e Ag Fo Tt s &80 AVE Bt oH 24 Prpi
= EE0hs A2 TRSHANE e 1L gk, & A1) 5242 ODD®E AV 230585 H71sh7] 919t B4 #
S EE5hL 19 g Bt $AEE EEchs Aol
& Aol A AVZEFAR 7] FRsh=t] uhshs thefst ODD 232 Fafete] lo] F4eH3d S ol A
9JRdo] glojof ftths AAIZAS AV 259 B7E= Aottt AVel §3F& m|A= ODDE] £/ ODD 4
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AV7 F ot thepRt 20 71817 D 1E Amelr EAfeks el FrEA B4 Ak o)t aq

=~ 1 O 1T
AZ &oll ODDYE 94 B7IA 85 L&ty AV 2452 B71E 913 ODD 58k 4w E L&olrh o
2hA, AV 23152 o] BrF Hiat AVE] Sk BAS A 02 eIk ARt 8-S Sofl 2 Al

AT} o0} 5 A5t
AVi= ADS® ofsf] F8§dtth= Hof 7]6tsto] AA 9 24 AFAo] A5 S0 A7 ob = et vl=
California department of motor vehicle(CA DMV)ellA= AA| = oA 9] Z&5-382) I ALl Hlo|HE @&
a2 o8 = AlFstal §lom, AkaFaxte] 1t AR w4 3 A AL T ES 7hs5ho] Al E gttt o]
£ g8oto] A3 A=Y P ol Bast A FPA 24 Bt A AA8YS o APt
o] At A0S Bt A7t MY E A ch(Favaro et al., 2018). ESH Ao A HE-S 3 §E-S A7 5ol Ttk
—_[Ll:._ ot 219 %] Sl tH(Banerijee et al., 2018; Khattak et al., 2020; Dixit et al., 2016). Leledakis et al.(2021)-2 =}
TePato] FEA W7HE Sl S& 2n] 714 S S0k ATE Aokl w4 flol AR AR
EﬂO]Ei £ 7]9t0 2 model-in—the-loop(MIL) Al &&|o]A-& 3ot o, A& x}of| FAH advanced emer-
gency braking system(AEBS)®] At1l 8]u-&-& EA5tYIct B4 Ay TF2] 72 autonomous emergency
braking(AEB) 7’522 QI5}] 61-92%, A&-FolA 56%2] AFLE of[ad &= Q= Zl o2 BEAE It Hou(2023)
= obHd & AFBto]| A connected and autonomous vehicles(CAVs)@F human driven vehicle(HDV) o] 2R 5 =2 9]
W BT Pl disl AE ST 71 HIE W, A4S, A E FE5HL market penetration
rate(MPR) o] Th& F-3YHA 4 W5 245kt #4247 MPRo| 715 Al 7FA] 7174 270 RFoA 1F
o] Z7lshe Ao 2 B on, MPRO] 100%Y Al BE 7|4 24 S5 fde] gt ALz Z&F 9tk
SFA/Y SHollA g Ao B¢ EduEF oA AV SH /A AVell ofsf FFE B MV SH
oA Q] oFAAL BAT g FLRETH AVE FdobdA BEAS BExog A3E A3 Niroumand et
al.(2022)= AVeF MVZF EA1 5 el ol A AV 338 el|7F watz o] A5 Aol mI )= gakel] tisfl A&
Teg5taint. 12019] AVERE 5 Hole & &-85lo] AVY 4 3F BdS /dstalom, 83 e o mhE
WA= P/ HIFE BASEAITh 4 A3 AVZF WAk Z19) Aol M 58 AE s loks A w2 o] AF
FAgol AskE & qlom, AVZE FAZA QI FaYYHE H Y 79 time—to—collision(TTC)o] AT 745k 9]
HFo] Z 707 TEE Q. Sinha et al.(2020)= VISSIME 2H-g-5t0] 473k A5 wat2 o] CAV JdS A5t
7] $1sll Axt=Fo] CAVSl CAV-MV pair, CAV-CAV paire} Agz}=Fo] MVl MV-CAV pair, MV-MV
pair= FEote] 245 4353t AL watE o4 CAVE] MPRe| 60%°ll =25t7| A71A] AF5-E°l 575t
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71 o] % Aot A0 = UEHT

MV 2] F3JorAA B71E AP Lee et al.(2023)= SCANeR™ STUDIO =2 72 7]9F multi-agent driving
simulator(MADS)E ©]-8-5to] A3Y-53Y 2= pairQ] AV pair(AV-AV), Mixed pair(AV-MV, MV-AV), MV
pairMV-MV)el thgh @457 & 2of| A o] T84 2412 4-a8st it J4417 o] A0, 3] wxt= 9 Ud +

Zrol| A gk o Ado] Fokst Zlog BEAE|lom | AV pairet Mixed pair®] 74-¢ 3|H WA=, MV pair9]
otA o] Yolrl= 7l o7 —,‘?;HEJ It Jung et al. (2023) S MADSE o]-&st] 4

43S 2200 9% 39
Z

oO

A FRF QP Foftto® EEE oW, T

At Wen et al.(2022)+= waymo open dataset= Z-8-5F0] Ao)-5of % %} % Oﬂ/ﬂ MV qu}oﬂ Eﬂﬂ 163333
g HokE A5k 4 A MV 2827 AVE FE5he Aol MV 224212] 5288 §l5/do] Wil 304
ol gom, TTC7F oAl Ao & A=l o]+ J_J’—%—-ra% W AVZE EAS A S |7 Aok wiiol
orHAJo] Z7Fsh= 22 Qu|gttt. Zhao et al.(2020)2 & 7o) 2.4kmo] sE5h= Weishui campus CAV E| A
E Edof|A == AV data setz -85t AVE FFot= human vehicle(HV) 32kt HVE FF5h= HV &
A7po] ZHbgk =asg] EA] xfo]= BAslT) £ 102 o] fASAE it o 2 gl AE Edo|A A% AFS 2
As}9Lo0, ADSE ek £3009) T84 ghe £ T1BOE Tislo] A7E Wit 4T BN
H+= speed, distance between cars, time headway, standard deviation of speed®|tt. ADSE A &ol= 22 15
O] B¢ AVE TS Ul A2 Eole B &= HolH, o] FAte] fashal thE 2k o] 71015718 WAlsh=

e

I‘_u

0

0:
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YEE
2 A= AV 233582 B7Ish7] 915 ODDE AV £ BAS st en, 8dvE 53l &
% ODD E4J°l ©t2 4= B7IA 5 &5t ODDO] B7t Fa & $A4=9E AlAeHtt. o1& Sl & 394
&l 7

AL = .
2 FEste] £42 pastgon, B4 SRR Figure 1o] AXSHATE 19 AEg 719 A
A SR04 REFBA FUAD N AE SY AU

= FENSHA Fesh= %7 }JJ-E DB~ ]E]' A g *] = 01 View— Toﬂfﬂ ﬂjo'—é]'% WEF A= a
SHTh & Aol A= Agaxtet v|Aa T 3Ate] ASFEE FASH ] 2ol SA WA Xt TP ot AHe T
Pzt B %= automated vehicle data(AVD)S &85}t AVDe| ZgE FPRE HHE autonomous
driving mode(AD mode)®}t manual driving mode(MD mode) 2 -85t £, 7F&EE, &S
A0S 249ho =4 VISSIM gH oA FAHREE A53 AT 28 A= T 242 21t B7HA]
Zl— }

A4 2 AV 2R3 IS Sastgon, WK EE FAAT FG WA E /et A 4 E2g SH
AR G FESSICE, SHACAE 9 20 44, e 549 23000 AL LU 192 24}
o] ODD 4 B/ B2 EEah WHES AT £ AolAE 89134 7| 9S $5) 2 ODD 44
Rt BT 5 AVE] £ S F BAAOR BN A e AEEE Aol $4 BIAAEE £
SISk, T4, ODDY 271 S5 B71A0] A58 B9 rik score® HE516] ODDE| 7 595 S

91 Zgeteich

[Step 1] Establishment of Simulation Environment using Real-World Data

Road Network J AV's Driving Behavior |
3 < : v Signalized Intersection

v Unsignalized Intersection
v Additional Lane

v lllegal Parking

Desired speed Desired Acceleration | Desired Deceleration

—p——

[Step 2] Analysis of AV Driving Performance

Longitudinal Evaluation Indicators | Vehicle Interaction Evaluation Indicators |
v Standard Deviation of Speed v Standard Deviation of Spacing v sDI
P e :

Standard Dev,atlon of Acceleration v Standard Deviation of Headway v TTC
v Peak to peak jerk g ) . X
v Time-varying volatility of speed / acceleration / jerk Time-varying volatility of spacing / headway

- -

[Step 3] Derivation of promising Indicators for ODDS and prioritization of ODD importance

Derive Superior Evaluation Indicators for Each ODD )

n Select Indicators for ODD Factor Analysis . Extract Superior and Customized Indicators
KMO Bartlett Communalities Squared Rotated Component
20.6 <0.05 2 0.5 loadings component score
Determine Priority of ODD Evaluation Importance )

n Normalize Safety Analysis Outcomes for ODD n Rank ODD Importance by Risk Score
_ X" ¥min Xi+ X5+ + X
A= Risk Score; =—— "%~ “*"
max min n

Figure 1. Analysis flowchart

1. ODDE 2+ H/IR|E == Y=

ODDU AV®] 2752 ODD AA2] St AVE] AFEAe] oJs) A3 At olefah SHEL HIT 5 9
LI o A 4 Gk 2 AL 8918 1S A gste] S AL AR 4 glon],
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2 gl WA

£ ARSI k. 89184 0] 79 Bt dlo]e) Al ol Fast ARE Rrk 4]
A st Slo BEhe W

B o
Wl R
o,
ol
+

T35}, glo]E ol A 7}% ZQ3 Qole Aldsto] e PAE &2

sp7] 913t 8 89l A S5 E8Hct
QIEA 7 A 5T 4 U uhEY YU BE TEShe T2 Figure 20 AlAISHALE 54 ODD A7}
Ak ARtelA AtEd FMAAY W Avtel dis] 8924 8ol TstAl AFshl sl
kaiser—meyer—olkin(KMO) Z%=2} Bartlett 73/ 7% & 2Hstsirt. KMO Z:=71 0.6 olJ] 2L Bartlett2]
T84 A% p-valueZt 0.05 ||THL ¢ @A 8fo] 7Hedt Ao & wRithHoward and Henderson,

2023). E3, LA FFHolzt BEHAoL AT FAoR BAL oJnlat], 3590] 0.5 ol

& Zast ¥R 7PAE 4= QItH(Willgoss et al., 2013; Salehimanesh et al., 2020). @ehA, FPHHA Hr7ix] 2
o) Z5A g0 0.5 mlEel WA TS EHo|A Aelstgick. hFet B/ BES ODD %74E 913 914 B7HH
EE 34 8L TSI AT Bdol /1Y & A TR PHALE B 44 BILS EE313
oF, E3F QRIFAA k= AT Alee 2 &80l izt dlofe AlE U M54 o] ded-S oJn|sh, &
HEES 8%e) SN} ST A SITTS, e, SR WAL S e AT e .
£ old ODDell 7F Aot Fast W7ix|#= A4 o 24 ODD W&% B7H %S AAstr
Start of
Factor Analysis
1 Rotation sums of squared loadings
Driving Safety Analysis Component Total % of Variance Cumulative %
By a given ODD ; ?":9 325? 34 g:
| 3 i1 1566 1696
KMO < 0.6 or
Measure of KMO and p—value >0.05 ODD A — Rotatedcomgonent matrix | C
Bartlett's Test of Sphericity T Factor Analysis End E""“:,':"g:"“"“ g 19 - - (,? > - osms score
STD hdwy. 0.79 0.15 0.16 034
KMO 2 0.6 and STD spd. 0.78 0.07 0.22 0.32
l p-value < 0.05 STD acc. 0.56 025 041 022
- VF spc 0.08 0.98 0.02
Check Evaluation Indicators’ CommM Exclusion of - S’”s‘“’ 2‘]} 0.9 ; ;2
Communalities Evaluation Indicators = - .
= Promising evaluation indicators for ODD A
| communaiies > 0 VFspd.  STD_hdwy STD_spd.  STD_acc.
Factor Analysis Results 2 Arecommended indicator for ODD A

VF_spd.

Figure 2. Flowchart for deriving superior and customized evaluation indicators based on factor analysis

2. B7Iid ODD 32k RUz% 2d YYE

B AFo e EAnSATEe] nEeHdolst oA 5ol AStElE ODDE AV 2458 H7h Al &
2 SaL g 7RIt AAXASA 2EE S5 B RS E8ste] 941202 Bt Wagt ODD2| B7t
_?_AJ¢HE Eo]-oﬂ\:]' ODD tgg 4 B BE AAHE B7AEE Equation 19]] AJAIRE 5418 AHg51o] 41

HA3E 310 Bt O = risk scoreE AFESIAT. wEY
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z,,. - Maximum value of evaluation indicator
 Minimum value of evaluation indicator

m in

X +X,+ -+ X
Risk Score; = % 2

1714, xI : Normalized value of superior evaluation indicator n for ODD i

3. A2 7lg AlZ2o|d &8 e

A g AT A BATE 2 T Al om, VISSIM 874 15517] 918 AV E MV
o] PP, =2 YELF, 5HF L 252 F&ottE AD modeet MD mode®] A5 +&st7] ¢lof 2 <
TolA= AVDE &-85to] TR F3PHE FA45H =5 A3 Foll 75 Tt 1 4SS
HEE =E0IAh AVDE Table 1] AlAJRE BRef 2Ho] 202249 28 10478 20224 109—J %OJ = 5t
AVEREH FHE QT AVD AR AR = Au|A 29 2FF D, 4 AR 4 914, £ 9 FPRE Ao,
FYPRE 9] 72 AD mode2} MD modeE 2|u|gtth, 2 Ao FYPREE AR 7 ?ﬂ }E H] g4
oA &£k, 7HEE, AELSY] XS TEoF9oH, Table 20 AR viep o] FPhef| A4S 55
distribution T}t el S 245F Tt 243 otetu]El= desired speed distribution, desired acceleration functions,
desired deceleration functions®] s|gster. w2tz GFdo] A9 WAtz Gt AP 7)ol uhat G2 Ao] =g
23 0 2 RE 30m 7T AR = Aot om, 11 99 #3h-E waks H| g o= Akt T3 AVD
7|8F ZpFe] AF o] B7Fse wetn|E o] e 7|EAT AEE Sl gERol ARt A As 2EQl
wiedemann 7452 @0l It o]Q)E utetnlElE 230 24 AD mode®t MD modeE +@35}3t}. oluf, HES
71 EATY] 7§ &Pt BT el Hol QIANREATto] W21 2P QP AR fAlof HEeH o=

Zaitre AH 2 AL 012519}

S A&t wEEe] A WH| Ao, B, wEItEet 242 Rl HEEE Hlo|HE VW e R WE
S Alsohs View-T 3.0 & ’5}0““:} View-ToA Al-5oh= 4 AF n5FS 7wl waeds A4t
°© ‘11 FEE WS 1,180vph A7 & 234 vl& 2H& ol R = wasds 240t A3k 4

AA =25 735k Q= St(AXA 20, Bie A 3th) = FASHl o, 4] F171e] S} wsd2 Ao E4
’5}11 gon g HA-gP2te] A AAWHAE A|Qlet BE 2FE-S 5-8X= A5t Real-worldol] £
LB A AEAd w A0 EHA|7E MRS ZAVH O W B 18020 107 Eatels 70 2 AtEH o ujet A1 5
glo]d egoll A AU A =2 7HAS 120-210% 2 A5

==

Table 1. Characteristics of the AVD

Route Number of AVs Operating time Number of AD mode data Number of MD mode data  Total

A 3 Mon.=Sat. 09:00-16:00 2,119,706 2,047,418 4,167,124

B 2 Mon.=Fri. 09:30-17:00 1,119,177 957,571 2,076,748

Total 3,238,883 3,004,989 6,243,872
AVD sample

Terminal_id 9272 6075

Gps_dt [yyyymmddhhmmss] 20220210103000 20220210093001

Latitude 37.57634458 37.57647618

Longitude 126.8938359 126.8989613

Speed [km/h] 30.7 35.4

Driving_mode [1 : MD mode / 2 : AD mode] 2 1

202

Journal of Korean Society of Transportation Vol.42 No.2 April 2024



KIM, Hoseon - KO, Jieun - KIM, Minkyung - OH, Cheol Article

Table 2. Parameter adjustment for each driving mode

AVD-based parameter adjustment for each driving mode

Intersection Non-Influence Area

Intersection Impact Area

F *® . y =

| 30m ‘

|
r

P R e— -
o £ ! : ——
3 1\ ,,
i \A i /
3 q AN 1 \ /
[ e S 1\ /
£ \ . 7
; b 1 ™= (S E \ /
- E - J

\‘\ -
ol P . | N\

Desired speed Distribution Desired Acceleration Function Desired Deceleration Function

Parameter adjustment for each driving mode based on existing research review

Division Parameter VA

MD mode AD mode

Wiedemann 74 Average standstill distance m 2.0 2.0

Car—following Additive part of safety distance m 2.0 L5

Multiplic. part of safety distance m 3.0 2.5

Lane change Waiting time before diffusion $ 60.0 60.0

Min. headway (front/rear) m 0.5 0.2

Safety distance reduction factor m 0.6 0.3

Maximum deceleration for cooperative braking m/s’ -3.0 -3.0

L2 YEYI] A AP AF W AHEFY2p7} Falok= 2709 S 50F9. 2™, Figure 3] A Aot
At ZF249] e A2 5.3kme} 4.0kmeoll sfigolH, F Aol FEE = 72 1.9kmol| sfiggtet. 2 A4
£ T2 TE B2 5] Ao et 2 Al6x A3l HAIE wAt2 GFd A 715l et 30mE 71
o= FhE TRt F 219719 o2 BRotgrh(Road Act., 2014). 2 oA B2 J|otR 9 Al
EA T ATt FAdol 9 v Ao wirvbsotal AlEH o)A E7 e 3] 7Fset ODDE
A ODD= A5ttt @FALE &l A 244 ODD= Ao watz 23-243)74-9-2]%, Hj4le
wApE AR, FAARR, BTt HARRE, AR U T 5 F 10707 S B FEAte] 4 109
O] AHFARE Sl 80% o)/ F Ut A BT EAot= e BEHTAA EA A CE A5k
ot SHFGA7E EA5HE 7ol parking lot2 4751l otetu]E] 5 ‘duration for the parking lot’' 2 275}
Algdlold ol EHFAAE Aot Bfat 2 A o] §2e] A9 AFRALE Fofl 30 FHFE
Aotl.om, 2z A 0] 749 Azt 80, Hayate] -9 A7t 180 o] S ote S AT

Additional lane

Figure 3. VISSIM road network based on sangam autonomous driving testbed in Seoul
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warm-up time 22 A&} 0 r 30 0] 2t o]F 2A|17HS B4 A|7to g2 A
£ =017] 9ot T AU 29 random seedE ThEA]| A-85to] 109 FHEL3Y3t Hlo|E & &
Aol M= AT 52 Bk Slol S BIHA ® 6709 AFEY e A8
stelom, P7ix 28 5-41-Z Table 3] A|AIoIITE S D A2t Ao 2§ S o] T84 37t
H o

k?l' B

N
A
Bl
te 2
)
L oo i oo

V==
fr g

Bapgo] FEYH HolE AR o r AT 4 Sl BEREARe HEA (volatility, VF)= 7IREC 2 A7gshaltt
ERH AR A2 A 7 FEHAAY WO B SERE ARIAS AR e R YERd 4 9l surrogate
safety measure(SSM) 7|5t 574 5 TTCS} stopping distance index(SDDE &85ttt TTCE 5 AFgo] &
A Fe g ot 22 B B S 2 FED B9 T BT F2 Ao R 1.5% u|ghd A% A2t

9 = Wt

=
%o BAgH 210 2 WStth(FHWA, 2003). SDI= A& xtake] 24 2| A 2] Zpolof wha} A%
A2 APAFEY 3217 AAARE 2 7 g ge] 2R 2o H_ttH(Oh et al., 2006). w2t
A, FHE B7 B £5 REEA, 7HEE BEHAL, peak-to-peak jerk, VF 719 £ 7HE L jerkE A7 5}
o}, 2k WA B gho] 248 A o] Zbeke A0 2 sjAS 4= 9lth(Ko et al., 2021). 3T, X}2kgt
e =

FH2}, headway 2582} SDI A4, TTC 457145, VF 718t spacing,

Table 3. Lists of driving safety indicators

No  Variable Indicator Equation
1 STD spd. Standard ~ Speed (v) T —
- deviation  Acceleration (a) t;(xffx)
2 STD_acc. Spacing (s) ol@) = —
3 STD_spc. Headway (h) z © Measurement T Analysis time unit
z, !z at time t t ! Sampling interval
4 STD_hdwy. z - Average x n . Number of data
Time-varying Speed (v)
5  VF.spd. ying op ]t =
—P stochastic ~ Acceleration (a) VE, =\ P 1(Tt r)?
6 VF acc. volatility — Jerk (j) "
Spacing (s) 7, zln(—x L) % 100%
7 VF_jerk it
et asimy () ' measurement T Analysis time unit
8 VF_spc. x, ! x at time ¢ t : Sampling interval
®,_, .z at time t—1 n . Number of data
9 VE hdwy. r, . Relative change at time (%)
10 NC_SDI Number of conflicts by SDI drV—dl'v If SDI < 0, then conflict
S
11  NC_TTC Number of conflicts by TTC ﬁ If TTC < 1.5s, thenconflict
o =
12 P2Pjerk Peak to peak jerk () P2Pjerk = Max(j) — Min(5)

U 2 AR TS AN LS Besle] 7208 5 WS 4sigom, 54 ODDYL a7
| F871s8 B RS A <9
Mol A3 A BEA g2 SIskATE 254 gl 0.5 gt

=2 71 =

[¢]
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1 F7IA 7}

A5

Table 4. Results of the derivation of promising and recommended evaluation indicators by ODD

Article

ZAE Al oG B EE E40NA AASHReH, =EH ODDE 294 3= Table 4°f| A

Total variance explained

Rotated component matrix

Component score

ODD name Total Variance (%) Indicator Component matrix coefficient
Signalized 3.39 42.32 VF_spd. 0.91 0.26
intersection STD_hdwy. 0.87 0.24
left turn STD_spd. 0.84 0.24
P2P jerk 0.75 0.36
STD_spc. 0.68 0.17
Signalized 3.28 36.42 VF_spd. 0.93 0.31
intersection STD_hdwy. 0.88 0.40
right turn P2P jerk 0.83 0.23
STD_spd. 0.71 0.14
Signalized 2.40 34.26 VF_spd. 0.91 0.39
intersection STD_hdwy. 0.79 0.34
through STD_spd. 0.78 0.32
STD_acc. 0.56 0.22
Unsignalized 3.44 34.39 VF_spd. 0.94 0.33
intersection STD_hdwy. 0.87 0.32
through P2P jerk 0.79 0.22
STD_acc. 0.79 0.19
STD_std. 0.66 0.14
Additional lane 2.32 25.80 VF_spd. 0.92 0.42
STD_hdwy. 0.91 0.44
lllegal parking 2.86 31.81 VE _spc. 0.91 0.36
VF_hdwy. 0.89 0.29
STD_acc. 0.86 0.35
Bus stop 2.99 33.25 VF _spc. 0.90 0.30
VF_hdwy. 0.89 0.29
SDI 0.71 0.29
P2P jerk 0.66 0.20
STD_acc. 0.65 0.20
Bicycle lane 2.68 26.81 VF_spd. 0.92 0.36
STD_hdwy. 0.85 0.34
STD_spd. 0.77 0.27
STD_acc. 0.68 0.27
Intersection 2.97 49.47 STD_acc 0.91 0.34
crosswalk VF_spd. 0.89 0.29
P2P jerk 0.85 0.29
STD_spd. 0.78 0.25
Mid-block 3.40 42.55 VF_hdwy. 0.96 0.32
crosswalk VF _spc. 0.96 0.31
STD_acc. 0.90 0.30
VF _acc 0.71 0.16

AsaAe #200 $4 BAXEE VF £2026), AR ELBA024), £E BEBH0.24), P2P
jerk(0.36), 217178 EZWA0.17)E AFHom, 5

BF A7} AN Yok T2 B9 hGA2) S ]go] %3 WAkl Sehgo] Hot AFe] 229
=

o] 325t

g 9lom, P2P jerke ol B4R 7HEE ] HekE S5 =
o ASwatz 839 79 VF £2(0.31), AHFAIR 251
T B7HAER AR EHIeH, o] T AFARY BERAP IS BV ER EEET &

7| B P2P jerk 2 =& QITE B4 oA 2F

W52 Bolshlol @S

2H0.40), P2P jerk(0.23), & BEFHAH0.17)7F ¢
=]

e B R

[2], Al 424 A| 2=, 2024'F 42
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FYskE B¢ 7HEAR I EAISHA] ¢hE F7to] Bot FE2E F sk A Faat-go] viNisHA sk
Zbolot. whakA], MY 2pefat obAQt A 427t F a5ty FERE FYsHE AeFo] FPH Ao JFE vl
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=H2H0 34), = &%ﬁj}(o 32), 7H5 e BEEAH0.22) & A SleH, BEY BV EREE VE £ &5
3ot vlAl e wAte E VE £ 0] R A7t 0.3302 M ot 59 B/ BR =EF o, ol
Aol uE J o] Hgte] dupt vIHSH BH-61a Qe 8 FAISH=A1E B7ohs AlEo|ER Zﬂ,éiﬁ& &
7R RS Aow dtEh wats §-90f sfgsts ODDO 734 AAA o & £ o] Ml yAd BF7HA 27}

SEE WA ER EEH 2= B ODDO| A4 A2} 3Rt 24#e] Gz Q16 stop and go 24
7%*& o] S7Fgtel 7l°J ot AR e,

Z71342.0] 79 VF £5(0.42)9F AHEAIZE BEBAH0.44)7F 94 BrHx B AR
o) A AREAR EEHA} SR, Tﬂz}iﬂ et ;LM A Qe 2
stE 2 s ODDE & A
Gt WA T B9, £ 7710) 29 FAA2A e Akl 02 BAET A B 2210] 24
sto] FAARI cut-in o] FIASHA YT & o}, EHF A7 £ 6t= ODD 2] ¢ VF 2:7+A2(0.36)

VF ZHFA17H0.29), 7%@ H2H0.35)7F ¢ B7HAIER AAHG oW, o] F VF A2 o 25 1#
7F0.360. & 71 &o 7t LLE EEHAT 24 770 B 3 A% 7SS Sl Atz o] BT
A7t EAIE 97 b Atk 7SR REWALE] A9 AVZE R g £33 Fofl uhFshs ol7] 3] -2 el A 7t
&4 B A5S Aot et or TOJi St=A] H7hd 4= Sl Hi 27477 ODD+ VF 234 (0.30), VF 27
A1710.29), SDI71‘j A%57152(0.29), P2P jerk(0.20), 7H5 = EEHH0.20)7F = F7HA| 22 AA =00, VF
AR 7Y g %WZ] = EEHIh ARl 4 o}~ oA = @G HARFE &Y Al
AT ApFo] £ 4 B 2k WS aistoiof it AV7L o] 5 A HsH vk
0}01 ‘”Jﬂ 7H = %Z] + 50| U=A] BIIstofof jtth. 7Bk R, EWFAEAt, HAA Rl sigsh= ODD2
o ago] o5 BAH Q) P4k ARE AL S 7PsAo] & ODDolt. 1

ehA, A7 o Arg Zwe] BrbA B2} S5 ODDE B7ehed] 4gheh B/ B mad A0 wod,
AAA =27t EAISHE ODD9] -9 VE £5:(0.36), AFFAIZ B2 2H0.34), £ BFH2H0.27), 7H5E &
FHZH0.27)7F 4 B7HA R A E]leH, BEd B7HA#e VE g =S H ] 24 1t EAIsk=
A[AA ERE= X}EA U T2 A7 S SIS 8 A AR A ARATT k2 E F
froks AAA SRR EAR wEbs, 24 o kTt R APAA AR 2o H|s] 2 A o]-§Ate]
ARt 2 A ol Hhgsto] AVIE e £ 28-S pafstojof it &% HE/A2 AVZE A o] 8AFeL S
Zhe A] oFAST §IHAQl £ - Wrie 4~ itk TS 94 WU R AAE AFAIF BEHA= 2 A
olgrtete] SHAG Ae] 4215 Wrke 4 9lov], FMEE BEMAE AeFYte] vheA S Woletd) AR
Zo 2 motEch WAs JTHE ODDb 7t BEFH2H0.34), VF —LE(O 29), P2P jerk(0.29), &&= T4}
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B ARARES §A5H=A] et 52 Bbstolof gk A8A 2, mAR 9 Mid-block FHHE0] 74
A7) ol 4} i B} e ek o 7 o] §Aete] ATAE-S FHH O WL 4 slofof gk,

2. BUItiY ODD 32% 24&d =& Eu

2 ATE wEsHolst I A 2452 o] AotE= ODDE AV 2458 H7F Al 4402 HrHE X3
Stojof shi= ODDE A 25kl risk score 4HE-2 5ol B7FHA ODDE] S8k $A4%91E EE51%(th. ODDHE
risk score AFES S8 Bt FAE 4SS £F Aik= Table 50 AAST Atz YRR e EHFAY3}
mid-block @?}EE—J risk scoreZ} Z¥ZF 0.555, 0.475, 0.4142 =& 7} 24592 BAL QI waiz 9
mid-block TH T 0] 739 HPa}eto] AfZ-o] HIHsH| Yol fL7tol ™, Heaeto] -2 Apegarto] Ao
Hl ol G455 A A 7Fs/d o] ot 5ol AstE e A o & bt o]2]et ftof|l A A&F- 33 te B
M5 Q1A|5k AL Hagzte Al f1do] HA| G Fast=A o et B7Prt HastH, 2t AH Hazto] k= Tl
o= ARLE 2 m T 4= gl gt BIEt SatE ofof "}")r E3h BT A9 AV A Y&
dfote] 43t A2MAE 871 ODDOls, AVE AHOR 52 £ER 7859 A2 A20AS %
20 24 350l A5k 4= it s ODDojlA] AVS’J S HHE Al HS5AR 0] oA e}
A1) FYNHAZE Aot 712 = AR AES 4T 5= =2 Y7 2 goit)

b

rr

Table 5. Results of the priority derivation for the ODD importance to be evaluated

ODD Superior Evaluation Indicators Risk
Importance ~ STD  STD  P2P VF VF VF STD  STD DI VF VF TTC  score

Priority spd. acc.  jerk.  spd. acc. jerk spc.  hdwy. spc.  hdwy.
Intersection ~ 0.559 0.703  0.468 0.471 - - - - - - - - 0.555
crosswalk
llegal - 0.688 - - - - - - - 0.305 0.433 - 0.475
parking
Mid-block - 0.657 - - 0.600 - - - - 0.172  0.227 - 0.414
crosswalk
Signalized 0.485 0.479 = 0.241 = = = 0.208 = = = = 0.353
intersection
through
Signalized - - 0.305 0.343 - - 0.282 0.264 - - - - 0.334
intersection
right turn
Bicycle lane  0.382 0.515 - 0.225 - - - 0.149 - - - - 0.318
Signalized 0.363 - 0.164 0.301 - - 0.206  0.175 - - - - 0.302
intersection
left turn
Bus stop = 0.515 0.345 = - - - - 0.139 0.204 0.180 - 0.297
Unsignalized  0.391 0.446 0.281 0.162 - - - 0.167 - - - - 0.290
intersection
through
Additional = = - 0.177 = = - 0.163 - - - - 0.170
lane

Mg w2 271, 3174, 5317 ODD9) risk scoret= 22t 0.353, 0.318, 0.3022 24 = 3)tt. sig ODD+= 4
of ool wssFo] FAE wet DentEat Zo] Aeaxtere] FAA AT 7ol =t AdPAtge)
o] TG0l F FFE vAH ot AALE o7 |E 4= Stk whebA, AVE] 58S 3
7¥e A At A3 P A RS fAlsto] ZHRFA R Al thuE &= Qo thet B7bt " a sk, AVe]

oy ol
o
i
i
Lo
gl‘t
o4
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