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ABSTRACT

Commercialization of level-4 (Lv.4) autonomous driving applications requires the definition of
a safe road environment under which autonomous vehicles can operate safely. Thus, a risk
assessment model is required to determine whether the operation of autonomous vehicles can
provide safety to is sufficiently prepared for future real-life traffic problems. Although the risk
factors of autonomous vehicles were selected and graded, the decision-making method was applied
as qualitative data using a survey of experts in the field of autonomous driving due to the cause
of the accident and difficulty in obtaining autonomous driving data. The fuzzy linguistic
representation of decision-makers and the fuzzy analytic hierarchy process (AHP), which converts
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uncertainty into quantitative figures, were implemented to compensate for the AHP shortcomings
of the multi-standard decision-making technique. Through the process of deriving the weights of
the upper and lower attributes, the road alignment, which is a physical infrastructure, was analyzed
as the most important risk factor in the operation risk of autonomous vehicles. In addition, the
operation risk of autonomous vehicles was derived through the example of the risk of operating
autonomous vehicles for the 5 areas to be evaluated.

Key words : Risk of Autonomous Driving, ODD(Operation Design Domain), Fuzzy-AHP
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<Fig. 1> Research Process Using Fuzzy Analytic Hierarchy Process

RUIE:y

St

. =

19
3

=]
=

1. NHTSA Sd4AAS

20181 9¢, Pl =2 w57 = (National Highway Traffic Safety Administration, NHTSA) A& 215
ko] Qb A& Al 2H ZA435tet 7le A Foll s Z}%-T‘*f’g/‘]/\‘:’“ BuAE W 234
A % & (Operational Design Domain, ODD)2] 6714 &40 thsl] EF3stg o, E83 =l 84 93 A
oF 94 A, 84 =1, d44, FYo] x3HT

<Table 1> Classification of ODD Elements

Classification Elements
Physical Infrastructure Roadway Types, Roadway Surfaces, Roadway Geometry
Operational Constraints Speed Limit, Traffic Conditions
Objects Signage, Roadway Users, Non-roadway User Obstacles/Objects

Weather, Weather-induced Roadway Conditions, Particulate Matter, Illumination
Vehicles, Traffic Density Information, Remote Fleet Management System, Infrastructure Sensors & Communications

Geo-fencing, Traffic Management Zones, School/Construction Zones, Regions/States, Interference Zones

Environmental Conditions

Connectivity

Zones
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<Table 2> Autonomous Vehicle Collision Report Components

Section Components

Section - 1 Manufacturer’s Information Manufacturer’s name, Business name

Date of accident, Time of accident, Vehicle year, Make, Describe vehicle damage
Model Vehicle was (Moving / Stopped in traffic), Shade in damaged area
Involved in the accident (Pedestrian / Bicyclist)

Section - 2
Accident Information (Vehicle 1)

Section - 3 Vehicle year, Model Vehicle was (Moving / Stopped in traffic)
Other Party’s Information(Vehicle 2) Involved in the Accident (Pedestrian / Bicyclist)
Section - 4 InJury
(Death, Property Damage)

Injured, Deceased, Driver, Passenger, Bicyclist, Property

Autonomous Mode, Conventional Mode
Additional information attached : Weather, Lighting, Roadway surface, Roadway conditions,
Movement preceding collision, Type of collision, Other associated factor(s)

Section - 5
Accident Details Description

Section - 6 Certification Program director, Authorized representative, printed name and title, Signature, Date signed
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4. HX|-ASE MM (Fuzzy Analytic Hierarchy Process)
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<Table 3> Autonomous Vehicle Collision Accidentla Factor by California DMV

Category Factors and Data
Daytime(09:00~18:00) Nighttime(18:00~09:00) Total
Accident Time
155 102 257
Weather Clear Cloudy Rainning | Snowing | Visibility Wind Other Total
(Including Duplication) 232 19 6 0 2 0 0 259
Daylight Dawn Dark-Street Lights Dark—Street.Ll.ghts Total
Lighting Not Functioning
174 9 73 1 256
Slippery
D Wet Snowy-Ic . Total
Road Surface v WYy (Muddy, Oily, Etc)
233 11 0 0 244
Reduced
. No Ur.n.lsual Holes Obstruction | Construction | Roadway Flooded Total
Road Conditions Conditions .
Width
236 0 1 1 1 0 239
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<Table 4> Determination of Risk Factors for Autonomous Vehicle Operation

. . Aut Coll .

Classifi- Categori- . Normal uto (.) e Quantific | Connected |Connected | Select

. . Attribute . nomous | ODD | tion . . .

cation zation vehicle . ation Vehicle | System | tion
Vehicle Status
Expressway, National
Roadway types Highway, ETC. 0} X (¢} (¢} (6} X (0} X
Roadway Gravel, Concrete,
X X X
Pavement Asphalt, ETC. 0 0 0 0 0
. Traffi
One-way traffic| "W TRMC g o 1o | o 0 0 x | x
Status
Intersection Intersection,
) Type Interchange, (o) (0) (0) (0] (0] (0) (0] (0]
Physical Infra yp Roundabout, ETC.
structure G - Curved. Straieh
eom.etnc urved, Straight, 0 o o o 0 o 0 0
Design Slope
Traffic Signal Defect 0 o X 0 0 0 0 0
Controller Status
Median Barriers| edian Barriers X | x| x 0 0 X X
Status
Fac}htles Failure, Defect 0 o X o 0 o 0 0
Failure Status
Traffic V/C,

) Information Free/Slow/Jammed © o o o o o © ©
Operational [ i imit | Max, min speed limit| O X | o] o 0 X X 0
Constraints

Protective School Zone, Silver
Zone Zone, ETC. © o o o o o © ©
Communication Undergroud roads,
High- Building of X (¢} (¢} (¢} X (¢} (0} (0}
Interference Zone .
Density Area
Internal / External
I0T Inft:
O&tablfjﬁzl‘fe environment of | X o | o] o 0 0 0 0
vehicle, Roadside Unit
HD Map
(LDM) LDM Status X (¢} (¢} (¢} (¢} (¢} (0} 0}
o Establishment
Cgm:lilci:iw:lty Information GPS, V2V
onciio di(s)t :i ?1 Recognition Data, X (0] X X X (0] X X
orto ETC.
LDM . X (0] X X X (0] X X
Equipment ~ |Awareness Equipment
Malfunction | Camera, LiDar ETC
’ ’ X (0] X X X (6] X X
H/W and S/W
Control Steering, accelerating,
Equipment brake Equipment, X O X X X (0] X X
Malfunction ETC.
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Classifi- Categori- . Normal o C(.) o Quantific | Connected |Connected | Select
X : Attribute . nomous | ODD | tion . . .
cation zation vehicle . ation Vehicle | System | tion
Vehicle Status
Weather Clear, Cloudy, 0 o |o| o 0 0 0 0
Raining, Snowing
Holiday Season,
Date Vacation, ETC. 0 X X X X X X X
Weather Visiblilit Fog, Particulate
Conditions Distance Matter, Smog, ETC. 0 0 0 0 0 0 0 0
Roadway Surface| "0V 163 Flooded,| o | ol o 0 0 0 0
ETC.
Day and Night Day, Night 0] (0) (0) (0] (0) (0) (0] 0]
Temperature |Ambient Temperature| O (¢} (¢} (¢} (¢} X (0} (0}
Black Spot Black Spot 0 X | x| o 0 X 0 0
Status
. Illegal Acts,
Accident DI‘IVG.I‘ Non-implementation 0} X X X X X X X
Inattention .
of safe driving
Incident Road Construction,
Information | Vehicle Defect, ETC. 0 0 0 0 0 0 0 0
Pedestrian, Bicyclist ,
Road User PM User, ETC. 0} (¢} (¢} X (¢} (¢} X X
Objects c P
onstruction Material,
Non-Road User Animal, ETC, 0} (¢} (¢} X (6} (¢} X X
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<Table 5> Rating of Risk Factors for Driving Autonomous Vehicles

Classification Categorization Rating
Intersection Type Formal Intersection : 0, Atypical Intersection : 1
Physical Infra Geometric Design Degree of Curvature < 5°: 0 Degree of Curvature >5° : 1
structure Traffic Signal Controller Normal : 0, Failure : 1
Facilities Failure Normal : 0, Failure : 1
Traffic Flow Staus 30Km/h > : 0, 15~30Km/h : 0.5, 15Km/h< : 1
rational Enforcement Camera Installation : 0,
ggf)strajnts Speed Limit Enforcement Camera Not Installation : 1
Protective Zone Not Entering : 0, Entering : 1
: 1522%1??;2; Not Entering : 0, Entering : 1
ngif;:ilc\;zy 10T Infrastructure Construction Built : 0, Non - Built : 1
(LDM)}DC;/IS";CM Built : 0, Non - Built : 1
Weather Sunny : 0, 20mm/h é Rain : 0.3,
20<Rain<50mm/h : 0.6, Rain > 50mm/h : 1
ot R 200m< : 0, 100m<Visibility Distance<200m : 0.3,
Weather Visibility Distance 50m<Visibility Distance<100m : 0.6, 50m > Visibility Distance : 1
Conditions Roadway Surface Dry : 0, Wet & Slippy : 1
Day and Night Day(09:00~18:00), Night(18:00~09:00)
Temperature -35°C <Degree<45°C : 0, Range Other : 1
. Black Spot Not Entering : 0, Entering : 1
Accident
Incident Information Non - Occurrence : 0, Occurrence : 1

s

4. HX-ASEY IS4 A

1) ASA EFAA MFY
HAAZIHY A HA AAHL 71E9] AT SATHA sLstA A
TERALE Boll A s oA ATHoE ERse A4
(Criteria) &} 1771¢] 3}91<44(Sub-Criteria) 0.2 AlS 125
5 39 SAFAE 54U BAE AYY o= <Fig. 3>3 Zth

Risk of Autonomous
Vehicle Operation

<Fig. 3> Hierarchical Classification System

Physical Operational Connectivity Weather .
Infrastructure Constraints Condition Conditions Accident
Intersection Type, Cummunication  Weather,
Geometric Design, Traffic Information, Visibility Distance, Black Spot,
it i Interference Zone, ;
Traffic Signal Speed Limit, e o Roadway Surface, Incident
Controller, Protective Zone ol Infrastructure Day and Night, Ihfstation
Facilities Failure HD Map(LDM) Temperature
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<Table 6> 9-Point Scale by Satty

1 3 5 7 9 24,6,8
Moderate Strong Very Strong Extreme Strong The Intermediate
Equal Importance Importance Importance Importance Importance Values
AE7FHE ez AA% A8 g daA 55 Flstaa daA A< (Consistency Index, CI)<}
A4 B]&(Consistency Ratio, CR) dBAd 9 &§ $=E %3t= RI(Random Index)E& &
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o7 Yehle AL A5dth wh, Fuzzy ©| 82 253 ¢oj3 METE Hky 7138l AHP 719 AlE3
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<Table 7> Linguistic Variables and Triangular Fuzzy Number

Linguistic Scale Triangular Fuzzy Scale Triangular Fuzzy Reciprocal Scale
Equal Importance 1, 1, 1) 1,1, 1)
Moderate Importance 2, 3,4 (1/4, 1/3, 1/2)
Strong Importance 4, 5, 6) (1/6, 1/5, 1/4)
Very Strong Importance 6, 7, 8) 1/8, 1/7, 1/6)
Extreme Strong Importance 9,99 1/9, 1/9, 1/9)

4) JI15X| =&

2099 AE7} AERAE AeFYEF 23 A
A, AR ARE EE Aiun 23S A #1}]#2
2 ¥3sly] Y3l 71sE T S gEsdth o) %, A
o, A4 B8 d=ZeH04), AL $40.216), +9=7(0.176), 7
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<Table 8> Weights of Each Factor by Criteria

Criteria Lower Value Median Upper Value Weight
Physical Infrastructure 0.250 0411 0.54 0.400
Operational Constraints 0.097 0.165 0.265 0.176
Connectivity Condition 0.050 0.086 0.110 0.082

Weather Conditions 0.052 0.117 0.208 0.126

Accident 0.099 0.220 0.330 0.216

3k9)&A 17700 e 7FEXE =53 <Table 9>5 B9, 284 Az =243 (0.406), <4
A H(0.645), BAIZA-FA TH]79(0.384), 717387218 A2](0413), A-E748 AR (. 552)7}
&ge tigk 7M=& & VAR EAHAL &R A BF A A BAE-FAl
T9(0.384)3} ToT A=l F3(0357) 7FsA7F 7B 243 210](0.027)E YERN L 9o “oT <z}
5 FET F83% £4YS ¢ F Utk

AgFYPage] 3 P2 ho] U HF SAE EF dzgm2AFo] 01639 NEAE A
A EAdRon, An-Edas AR0.119), F2A-0E5EZAR0.114), EHZ <zgobd ANEE 1F
g 3<50.108), ARL-AFLTHEA]Y(0.097) 59 £o2 EAFHAT

-l
At
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<Table 9> Fuzzy-AHP Weight Calculate

.. Lower X Total
Criteria WCC?tf;:) Sub-Criteria Value M?il)a“ Uppe(rz;lal“e Weight(®) | Weight
¢ X (C=A*B)
Intersection Type 0.118 0247 0.353 0.240 0.096
Physical 0,400 Geometric Design 0.198 0.429 0.594 0.406 0.163
Infrastructure ' Traffic Signal Controller 0.042 0.082 0.125 0.083 0.033
Facilities Failure 0.140 0.281 0.391 0.271 0.108
o Traffic Flow Staus 0.386 0.683 0.865 0.645 0.114
Operationa 0.176 Speed Limit 0.134 0.234 0.300 0222 0.039
Constraints
Protective Zone 0.077 0.133 0.189 0.133 0023
Communication 0.181 0.359 0.611 0.384 0032
Interference Zone
Connectivity 0.082 loT Infrastructure 0.228 0.359 0.485 0.357 0.029
Condition Construction
HD Map
144 249 . 259 021
(LDM) Construction 0 0 0.385 025 00
Weather 0.127 0.238 0.342 0236 0.030
Wl Visibility Distance 0.192 0416 0.631 0413 0052
cather 0.126 Roadway Surface 0.110 0215 0316 0214 0.027
Conditions -
Day and Night 0.041 0.082 0.127 0.083 0.010
Temperature 0.027 0.053 0.084 0.054 0.007
_ Black Spot 0202 0431 0711 0.448 0.097
Accident 0216 - -
Incident Information 0285 0.499 0.871 0.552 0.119
Total 1.000 1.000
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E239Th <Table 11>014 39144 57 F50l v 39144 1770 F59 kel 2Fah A9 1E
A8 EU2 AeFRAF] 29 U= WA ANSA,

AgrAAge] 3 AYE A5E AES7)0] DA, <Table 89 AIEH T1EN 2915 SHroR F
A9l ABE AEAWE 48R, AT 7HEAE <Table 10-3} 2t

AR 0.2 AT Bom $4, 391440 TR AEAB)% 2ol SR, FHRY), FHRDL

Wkl 7 A5 2 FES EERAT olF, AT AL FAHH AYE AFAWE 2 39

3L
=]
549 27 gt BAT F o8 Fastel AFAY AeFYAFel 23 JYE A5 =Fadr

Risk of Danger = (E Physical Infrastrucure Danger Risk X Weight + Z Operational Constraints Danger Risk <X Weight +
Z Connectivity Condition Danger Risk < Weight + Z Weather Condition Danger Risk < Weight +
E Accident Danger Risk < Weight )

.......................................................................................................................................... (1)
<Table 10> Result of Autonomous driving Risk
Criteria Wezﬁfm Sub-Criteria “’W(g*;’)al“e ?Befl;)“ Upp(e];;)al“e
Intersection Type 0.028 0.059 0.085
Geometric Design 0.080 0.174 0.241
Physical :
Infrastructure 50 Traffic Signal Controller 0.003 0.007 0.010
Facilities Failure 0.038 0.076 0.106
Subtotal 0.149 0.316 0.442
Total(Subtotal*Risk Weight) 7.507 15.821 22.111
Traffic Flow Status 0.249 0.441 0.558
Operational 25 Speed Limit 0.030 0.052 0.067
Constraints Protective Zone 0.010 0.018 0.025
Subtotal 0.289 0.511 0.65
Total(Subtotal*Risk Weight) 7224 12.754 16.242
Communication
Interference Zone 0.070 0.138 0.235
Connectivity g IoT Infrastructure Construction 0.081 0.128 0.173
Condition HD Ma
LDM) Constfucdon 0.037 0.064 0.100
Subtotal 0.188 0.33 0.508
Total(Subtotal*Risk Weight) 1.506 2.644 4.060
Weather 0.030 0.056 0.081
Visibility Distance 0.079 0.172 0.261
. Roadway Surface 0.024 0.046 0.068
Weather Conditions 15 -
Day and Night 0.003 0.007 0.011
Temperature 0.001 0.003 0.005
Subtotal 0.137 0.284 0.426
Total(Subtotal*Risk Weight) 2.065 4.255 6.360
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Criteria Risk Sub-Criteria Lower Value Median Upper Value
Weight(W) B*X) B*Y) B*2)
Black Spot 0.090 0.193 0.319
Accident 30 Incident Information 0.157 0.275 0.481
Subtotal 0.247 0.468 0.800
Total(Subtotal*Risk Weight) 7434 14.056 23.980
Result of Autonomous driving Risk (Score) 25.736 49.530 72.752

Aol met AgFAAgFo] FPsrld P kst BE 23S F53= WelE 268
A W9 26-504, 50~73%& Fo| 7L, 135S 23ete Mee AEFYAF] L3l 3lof A

ol Aor T&3h

<Table 11> Risk of Danger Legend

Classification Fulfillment Safety Caution Warning
Score <26 26~50 50~73 73<

B A7) 8o ATl FSAA T w92 AN JHES} 2 H ol o sh} A3
2l AolA Ao dele) L3 YT J%‘S}%ﬂﬂ AgFHAE &3 APax AEA} AYE
A Aoz s ane Agrd o3 JUES FAAAT. AsFARTe] AWed AEAYLS
AP Y ASAY BRAZAE, AEFHAE 42 98] AT B TARER 7 14, 2
EXARYS] FEARPLS Fojo] o¢ THE, 34 WHE U 2F Yov AAele] & 5P AL
4.

<Table 5> 538 F2o| gl a4, FEAYYRY FEARYY AUAE A £
<Table 9> FUGHE TEIUT AEA, BIAZAE, FFA ) AS, 4853 42 24
G E B2 A5 & JUE HES 5950, <Table 12>9] %o G2 9
WAL u 2548, BET, EAZATY, T e} 72, HD MapLDM) T3, A, A
e 2o TialA F71Hel Bajo] o)t

o] thuAIel o HE S PHS Y AUERATY FEL suksle] 4G A3, 457

]

iy

S QH AME 5 BUT 827F TFHUT <Table 10>9] ALFANY £ HFE AEAYH FL5H
seol o BAS ST o, A A £3 APES e 3323 Hmsige W 20254 7
% wom ot AgFW &8 A Fol BAlol ZFA AL 2219 AnrhiAe 3 SUAY Jut 7]
2H0E v Y, 1] WYOE AT 0L FAHHO, AT YAG] AnThEAY DAY FWFIol
WA B4 2BAAE ol F33E Wt BEoss AFHOR A8FIAF 4 APEs} Fol
4 Aoz dzdh
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<Table 12> Autonomous Vehicle Operation Risk Result of Verification Target Area

Verification Target Area & Characteristic Status

Classification Categorization Uiwang Sungnam Hwasung .
(Gocheon) Anyang (Pangyo) (Byeongjeom) Sejong
Intersection Type X(0.247) X(0.247) X(0.247) X(0.247) X(0.247)
) Geometric Design X(0.174) X(0.174) X(0.174) X(0.174) X(0.174)
I nffi};ﬁﬂlre Traffic Signal Controller 0(0.000) 0(0.000) 0(0.000) 0(0.000) 0(0.000)
Facilities Failure X(0.281) X(0.281) X(0.281) X(0.281) X(0.281)
Subtotal 0.702 0.702 0.702 0.702 0.702
Total(Subtotal*Risk Weight) 35.100 35.100 35.100 35.100 35.100
Traffic Flow Status X(0.441) 0(0.323) 0(0.000) X(0.441) 0(0.000)
Operational Speed Limit X(0.052) X(0.052) 0(0.000) X(0.052) 0(0.000)
Constraints Protective Zone X(0.018) X(0.018) 0(0.133) X(0.018) 0(0.133)
Subtotal 0.511 0.393 0.133 0.511 0.133
Total(Subtotal*Risk Weight) 12.754 9.805 3.325 12.756 3.325
Communication Interference Zong  X(0.138) X(0.138) 0(0.384) X(0.138) 0(0.384)
Connectivity | IoT Infrastructure Construction X(0.359) 0(0.000) 0(0.000) X(0.359) 0(0.000)
Condition | HD Map (LDM) Construction X(0.249) X(0.249) 0(0.000) X(0.249) 0(0.000)
Subtotal 0.746 0.387 0.384 0.746 0.384
Total(Subtotal*Risk Weight) 5.967 3.095 3.072 5.967 3.072
Weather X(0.238) 0(0.000) 0(0.000) X(0.238) 0(0.000)
Visibility Distance X(0.416) 0(0.000) 0(0.000) X(0.416) 0(0.000)
Weather Roadway Surface X(0.215) 0(0.000) 0(0.000) X(0.215) 0(0.000)
Conditions Day and Night 0(0.000) 0(0.000) 0(0.000) 0(0.000) 0(0.000)
Temperature 0(0.000) 0(0.000) 0(0.000) 0(0.000) 0(0.000)
Subtotal 0.869 0.000 0.000 0.869 0.000
Total(Subtotal*Risk Weight) 13.035 0.000 0.000 13.035 0.000
Black Spot 0(0.000) 0(0.000) 0(0.000) 0(0.000) 0(0.000)
Accident Incident Information 0(0.000) 0(0.000) 0(0.000) 0(0.000) 0(0.000)
Subtotal 0.000 0.000 0.000 0.000 0.000
Total(Subtotal*Risk Weight) 0.000 0.000 0.000 0.000 0.000
Total 66.865 48.000 41497 66.857 41.497
Risk of Autonomous Vehicle Operation ( Ca161:ion) (S:fzty) ( S:fity) ( CaiZion) (S:fzty)
V. 472 E ¢ 7Y Es
2 d7e 52 9 uF #yA SUdA AeFPAEe] L APEE WU B LS R
SRUAGA 71H 240 AYEUol FFR 2| AFHNTE FERLA 5L IO ALFY
Aol 28 Y 848 =2
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