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Abstract

Although traffic accidents are expected to decrease with the development of autonomous
vehicles, safety and reliability issues are emerging as traffic accidents with autonomous vehicles
are constantly occurring. To address this issue, an autonomous vehicle safety evaluation
scenario is utilized that is directly linked to vehicle safety. Therefore, ensuring the reliability
and specificity of the scenario is crucial. Accordingly, we proposed a methodology for creating
a reliable and specific autonomous vehicle accident scenario in urban areas to evaluate the
safety of autonomous vehicles. To ensure the reliability of the scenario, we utilized the DMV
collision report, which contains autonomous vehicle accident data. Additionally, to improve
specificity, we employed the Apriori algorithm of association rule analysis, a data mining
technique. After analyzing the association rules using the DMV collision report, we identified
approximately 300,000 association rules and derived a combination of various accident factors
that were highly related to the type of vehicle collision. To provide specific scenarios for
evaluating the safety of autonomous vehicles, we analyzed the PEGASUS project and the
CETRAN project and finally selected nine scenario factors. Based on the association rules that
included all of the scenario factors, we presented six autonomous vehicle traffic accident
scenarios in the urban areas. These scenarios are expected to be utilized as a standardized
benchmark for evaluating the safety of autonomous vehicles.

Keywords: apriori algorithm, association rule mining, autonomous vehicle, dmv collision report,
traffic accident scenario
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PEGASUS Project Consortium, 2019; de Gelder et al., 2020; Riedmaier et al., 2020; Steimle et al., 2021). AL+
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3. 284y

AT w2 Av, Qut et g5 Bate] LEATES diobr] 915 AFLe] 9ol BA sk ddel Ak
2 AAH o= otsly] SJaf Alute] @8 E&ehs A7 SR T Qo) TR ATHEA So] BA|4 7w &
goloon, At Ba 22 5 dlolE nlo]y 7S T Al o] ¢ol BA] mat oju 2} cheket Abghe]
AE] @& Ak AL Bolsllrt. Eo], ABATE Sof Qut 2k} g3t Al 2.o] E4o] Aolst
Aom, A&} ALE] @0 AL strs] o] AL} HloElE WsH o 7 Sgafof of AL Bl

sholet. wah, A+ dlol el AztAte] 714 Aako & o] AghEe] glol, tirkae] Ay
DMV A1 2345 24505k ol A7 w2 248 Bol A1 el o8 Aasg o 4149
2 98] ARE 4 Qs AU 2 9] FeEE 25 Fol] TA 0] REF A ATt o]o] £ AT A8
AOTEI) DMV AP H14S 287 G174 242 B AT
g 7o g AR Aluel 0] aele ARt AhgFaate] RAR AR AlUe] o8 wEstuzt shel, olS 4
V] 0 0] A4 AL St Ao 4] ZAF,

g2t TAE AL ALl MY w¥E

AP AE0] ALl AuE] @ A2 f1RE HAIAQ] 2| 913 thaat Erh(Figure D).

1. A-&5Y 2 AALT glo]E1E S5t AA 2] (Step 1).

2. ATHFE BAL B Ak 8910 TAE npelsla, Autale 84S AAFTHStep 2 & Step 3).
3. AtAlS ste] AaFgate] ARl Alue] @ 5 AIARCH(Step 4 & Step 5).
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Step 1. Data Collection and Step 2. Association Rule Mining Step 4. Generating Scenarios through
Pre-Processing p— Association Rule Mining-derived Rules

DMV collision report w. ® @ Association rule mining-derived rules
‘ ® AV TC:NA No. Antecedent Consequent
v Rule# A AV_TC=NA
Accident fact traction f AV_MPC: Stopped Rue#2 B HV_TC =Sideswipe:
ccident factor extraction for Location: Inrsscéion ° ® BB A HV TC=Rearend
association rule mining 0] P
T Weater Lighting Locaion Rule#in c AV_TC=Sideswipe
Time i RS RC W‘“’;"” @ AVMPC: Sopped ,‘
AVTC HV_TC AV_RP HV_RP . TC: Forend Extract rules that contain all factors
AVMPC HV_MPC . selected in Step 3 in the antecedent
| Locafion: Intersection . ‘
! @ @ | lowmown s Y
Match rules in pairs based on the consequent

Data unification (Rule #1 & Rule #3 I‘ Rule #2 & Rule #n )

@
— Unify the notation format for unspecified
.1 i . - v
types of collizion data  Rear-end / Sldeswipe’) Step 3: Scenario Factors Selection Combine rules that match all factors in the antecedent
l (Rule #1 & Rule#3)

DMV collision report database Accident factors of |
Weaher Lghing ~ Locaion  AVMPC  AVTC  HVTC DMV collision report AV traffic acci io through iation rule mining
Cor Dot fom S WA Rt e
Ier  Proceedng  Side Type of acodent(7A) | Cartocar
Cloudy  Daylight -+ Sideswipe:
San el ek | PEGASUS & CETRAN project | e Clex
ighing [ Doyt
AV movement preceding
Cear m v Red Pﬁgﬂ?ﬁe{ $smwfe oo colision nwc; Stopped
Iner  Proceed =
Rag  Dafgrt - P PR A Rewem Factors for AV trarftf’ic accident g [ e o e
Dusk- Inter IS Side scenarios in urban area - Location Intersecti
cony g DN Tae® swpe USRS - i
Step 5. Generating AV Traffic Accident Scenarios in Urban Areas
Safety Function Requirement | Recognition and response evaluation for the Target vehicle approaching from behind
Type of Accident Car to car
Weather Clear
Lighting Daylight
Location Intersection
Traffic light
Visualization

In a situation where the ego vehicle(AVs) is stopping at an intersection, the ego vehicle(AVs) should respond to the
situation where the target vehicle(HVs) approaches without securing a safe distance.

Text Description

Object Vehicle Type Relative position Movement
Object Movement Ego Vehicle (AVs) Passenger Car Same lane Stopped
Target Vehicle (HVs) Passenger Car Same lane Proceeding straight
Source of Scenario DMV collision report in California

Figure 1. Process of deriving autonomous vehicles accident scenario using association rule mining

1. 28R4} AL GlOJE| 47 Y Az
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Az otol A A 25 F8Y5tal Qlet, ojuf A7 A 739, HHE 7]Este] ZAe|xr|of DMVe| Bt
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StHV)) 9 S5 A 229, A4 912, 55 FH 59 FEE /HA 2 AlFstal k. =DMV HIAE 4
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st ESE H A oAE 45 &4 B E(Conventional mode) 2} AH8-53) R E(Autonomous mode)©l] Tt A
£ Alsstaint. ofof whet A&F2at AL AlUe] @ & Ad5he 2 A0 A of Attty W= A
3 mEo A AR 7| o] SO AbXL B ATA 16571 E-8-5F3ITt.
165712] Hlo|8 & AER A}, HIIAE 245z 7ho|Egelo] EA|612] ghot Al xAPE 2 F-= FHIE 25t
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TEH 270 o] E7Fs5It) o]of HF 52 (N/A, Rear—end) 2 253 oM, W F5-2 (Sideswipe,
Sideswipe) 2 25k dlolE FUsE Yot cH(Table 1).

Table 1. Result of data unification

Type of Collision Before (AV, HV) After (AV, HV)

Rear—end (Rear—end, Rear-end) / (Rear—end, Head on) > (N/A, Rear—end)
(Rear—end, N/A) / (N/A, Rear—end)

Sideswipe (Sideswipe, Sideswipe) / (Sideswipe, N/A) / (N/A, Sideswipe) > (Sideswipe, Sideswipe)

o1, AT 8.91% AEslglrt. DMV ART B4 9] A9, Figure 29] G2 T4 |01glon], $71591 44 4t
] % Figure 33k Zo] AT ASI7E Aol glet. ol et B A7 HE 1A 02 AFEE 84 (Figure

9470 Fgeka AT A9le] BAR 4 (Figure E 851l 5 2470) A3 212 BHIsgom, A
T Bl Qe S AL 81S AESHATE AT G A THOlA AZAL ARG AR F HBAV v H,
HV o} Je QI7H 6 A E 5)E AlASHA M, AR 7 YR %] ] AR =4 A K (Address/City/County/State)

WEATHER VEH | VEH MOVEMENT PRECEDING | VEH | VEH | OTHER ASSOCIATED FACTOR(s)
(MARK 1 10 2 ITEME) 1 2 COLLISION 1 2 (MARK ALL APPLICABLE)
A.CLEAR X | X |a-sToPPED X A CVC SECTIONS VIOLATED
B. CLOUDY B. PROCEEDING STRAIGHT x CITED
C. RAINING C. RAN OFF ROAD E Y:g
D. SNOWING D. MAKING RIGHT TURN
E. FOGMISIBILITY E. MAKING LEFT TURN
F.OTHER F. MAKING U TURN B. VISION 0BSCUREMENT [
G. WIND G. BACKING C. INATTENTION® O
LIGHTING H. SLOWING/STOPPING D. STOP & GO TRAFFIC |-|
A. DAYLIGHT X | X |I PASSING OTHER VEHICLE T i O

Figure 2. Default accident factors of the DMV collision report

SECTION 5 — ACCIDENT DETAILS - DESCRIPTION

B A isMode [ C tional Mode

A Waymo Autonomous Vehicle (“Waymo AV"™) was stopped in autonomous mode in the slip lane from westbound Nita Avenue to
northbound San Antonio Road in Palo Alto when it was rear-ended. The Waymo AV was yielding to approaching traffic when a
commercial box truck made contact with the Waymo AV"s rear bumper at approximately 3 MPH. The Waymo AV sustained minor damage
to its rear bumper, and the commercial box truck left wathout exchanging information. Waymo contacted the Palo Alto Police Department
and a police report was filed. No mjurics were reported at the scenc.

Figure 3. Optional accident factors of the DMV collision report

ojet T2 AW IS Fofl AT 4ol &8 14709] Akl 8913 S tH(Table 2). 147]2] AL 291
2 At Pe(Type of accident, TA), IX (Weather), &% (Lighting), AV = A FZU(AV movement
preceding collision, AV_MPC), HV S& 7 224 (HV movement preceding collision, HV_MPC), AV Ath&
A (AV relative position, AV_RP), HV A& 1x](HV relative position, HV_RP), A2 #AY 92| (Location),
=2 B A (Road surface, RS), =2 AH|(Road condition, RC), AraL A A1ZH(Time), 1125 AF el (Traffic
light, TL), AV %% FE](AV collision type, AV_TC), HV %% Fe](HV collision type, HV_TC)} Zt}, o]= gt
2(Clear), A (Stopped), 241 ¥7 (Changing lane), 7= (Dry), B7H2(Red light), &% Z=(Sideswipe) 5] Al
H &40z FAgEo] glom, o5 Fof| AL FAY] A ARA o & stofet 4= Qi

380

Journal of Korean Society of Transportation Vol.41 No.3 June 2023



LEE, Hojun - KANG, Minhee - SONG, Jaein -+ HWANG, Keeyeon Article

Table 2. Details of accident factors used in association rule mining
Type of accident (TA)

Description Information of the accident type

Detail values Car—alone Car—to—human Car—to—bicycle Car—to—car

Weather

Description Weather conditions at the time of accident

Detail values Clear Cloudy Raining Fog/Visibility

Lighting

Description Lighting conditions at the time of accident

Detail values Daylight Dusk-dawn Dark-street lights

AV movement preceding collision (AV_MPC)

Description The movement of AV prior to the accident occurrence

Detail values Stopped Proceeding straight Making right turn ~ Making left turn Backing
Slowing/Stopping Passing other Changing lane N/A

vehicle

HV movement preceding collision (HV_MPC)

Description The movement of HV prior to the accident occurrence

Detail values Stopped Proceeding straight Making right turn ~ Making left turn Backing
Slowing/Stopping Passing other Changing lane Entering traffic Other unsafe

vehicle turning
Xing into opposing Parked Traveling wrong Other N/A
lane way

AV relative position (AV_RP)

Description The relative position of the AV prior to the accident

Detail values Left Right Same Opposite N/A

HV relative position (HV_RP)

Description The relative position of the HV prior to the accident

Detail values Left Right Same Opposite N/A

Location

Description The road type of the accident

Detail values Intersection Parking lot Road

Road surface (RS)

Description The road surface of the accident

Detail values Dry Wet N/A

Road condition (RC)

Description The road condition of the accident

Detail values Construction—Repair ~ Reduced roadway width No unusual conditions N/A

zone

Time

Description The time of the accident occurrence

Detail values 0-6 6-12 12-18 18-24

Traffic light (TL)

Description The type of traffic light of the accident

Detail values Red light Green light Right—on—red Stop sign None

AV type of collision (AV_TC)

Description The collision type of AV

Detail values Head on Sideswipe Rear—end Broadside Hit object
Vehicle/Pedestrian Other None

HV type of collision (HV_TC)

Description The collision type of HV

Detail values Head on Sideswipe Rear—end Broadside Other N/A

2
Atz 242 Hlole £4 e BAE wtetsh] 9%t diolgjuteld 7Ieltt. 53], Apriori ¥i2]FE

CatnEst

J
tol

[2], 2l 414 2| 35, 2023'd 62 381
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(Agrawal and Srikant, 1994)-2 tHE A Q1 ATz B4 I 20 2 Ha o] Hojupm 2717 (Antecedent) 1 2
IH4 (Consequent)= A5t o] £/ 7He] ATHA-S mtetsl 4= Qlct, T3t o]&= A WhAGh= HINFeE ek

g-gsto] 71E A tie] A4t Aol B Aol .

L. A HlolE & e & o8 £A49 23 Foll SIddE A= 4, L, L, - 1)& FE5F] ZF o] A

tlo]E Aol A 3 E] = H-&-S A4
2. Wk 39te] 2|4 22 & (Support) & A7t} frofu|eh $ 1 Hlo|H & FE5HH, o]& &-8oto] A
L &3t ouf, A2 A(Z74, Antecedent)—~B(ZTHE, Consequent) o] Fe EAEH, A

T2 7}
WS of B7F ARtk o]u|oltt,
oA ¥ Apriori €11 2]EFS Foll EEE = A¥E2 A X (Support), 412 &= (Confidence), /4 (Lift) 2=

al =

37HA] A &E F-E5to] 112 o] A4S TRttt AR = (Equation D& A ool A A9 BE 25 Zetsh= 3
g IS stEr 2P A o= 429 T84S Fske A &o|H, 13 7755 &l o] mi¢- T 85t A
= on)’teh. A2 = (Equation 2)&= £AFEE2] 7l 0= AS Zoloh= F oA A9 B7F HF ety = 19
SES ofu|otH 12| o) A= de Beshe A ®ont. ojuf AF e 03 1 Ato]o] gho = ATt &2 12 d
= 1o 7Phe A2 w7t &) 4k (Equation 3)= A7} FRtel §l& ol B7F 2= SE3 AZF ] &
AL Wl B7F ZedE= BHEo] 7t Hlee AAtste] =EHY, 1129 784S Beete A&oltt. =TT 10]
EEEE A2 A% B Aol EAHA g Ae ok, 7 AY(A, B o Aol Z=2rE e A =
=4

+

N

P(ANB)

Support(A—B) = v

(D

Confidence(A—B) =P(B | A) = % 2
Lifasp) = DB LA PAND) 3)

P(B) P(A)P(B)

3. AZFAA} AL AlL2|2 dgS flet 24 U

A& ok WrtE gt AlueE] @5 XS] Y15 PEGASUS(PEGASUS Project Consortium, 2019),
CETRAN(de Gelder et al., 2020) 5ttt Z2 A EZ} =511 Qlt, PEGASUS Z2 A E = S oA 2154 =t
702 A B AU @ A A o R, ST gofl A A 4 QlE ThofRt AU @ F A|ASHL AeT
3 7]'52] QF/d ShE B} o]of] TRt 8 FARRYS A ARk TR, Aube] @.9] 4 <ol whet functional
scenario, logical scenario, concrete scenarios A A oFAtHFigure 4). Functional scenario= =22 e, 14 2
T4 40 TS AR Y 2 58 Adoz2 At Alua] 2o]H, logical scenario®} concrete scenario=
functional scenario®|A] A 2JaF A|L}a] 9 Qo150 ¥lolo} 2k AlFsl= AlLte] 2olth. CETRAN Z2AEL A
7HEO A Y= R ™, NHTSAL] pre—crash scenariog 7|9t 2 A& 2}2] 1/ B7HE 219t AU &
AAEHA TS CETRAN Z2AEL PEGASUS Z2AEQL ga| TARE giAfo g Ate| 0 EE351%0
o, 52 Q4 (dynamic environment), %] & A (static environment), 27 (condition) 0.2 -5t} AlLta] @ @
012 A olstod (Figure 4) 64712] ALt2] 25 AAISHAL

2 A7 542 AR HolHE &8ot] FAE AlUrE Ak Aol lof, AA HlolE 8-S
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PEGASUS Z2AE°} CETRAN Z2AE] AlLt2] @ @113} Blwste] Alute]e 89l A4St ot o]
w2t PEGASUSST CETRAN Z2HE Q1S FE51a, AA) Hol 2913 Blwstis o 3524 o= AMgH=
82ls &8t 9, PEGASUS Z2HECF CETRAN Z2H EZ}F HFohe F3to] AolstE= A4 tlo]H ¢l
A2l e A|A] g7hof et ZF 22 A Eogt ol @30S 7 &8t FHA LR AR AAE {7 Al
UeEle 89S FESHL o] 7|ste Aluele FE3ls A4S 4 ot

The Selection of Additional Factors
for the Project suitable for spatial characteristics

Functional scenario Logical scenario Concrete scenario

4

Real-world The Selection of Common
traffic accident data factors between projects

Base road network
three-lane motorway ina curve, Lanewidth [23-35]m Lanewidth 32m
100kmhspeedlimitindicated by Cuneradius  [06-09]km Cuneradius  [0.7]km

" igns Position traffic sign [0-200]m Position traffic sign [150]m
PEGASUS project factors F PEGASUS ” i ‘Stationary objects
: < reewa - - -
-VeIOCIty i E. y FPI’DJ{EC? Egovehicle, traffi End of traffic 23-35] gu:?::fnmmuo]
z actors govehicle, raffcjam ndoftrafficiam [23-35]m ndofraficiam [40]m
i o Xpressway [06-09]km Traffcjamspeed  [30]km
-Acceleration “approaching’ onthe meddelane, Egodistance  [0-200]m Egodistance  [200]m
traffic jam moves slowly Egospeed [80- 130]km/h Egospeed [100]km/h
-Location Environm. Environment Environment
Sikimee il Temperature [10-40]°C Temperature 20]°c
_Vehicle type oy i Dropletsize [20- 100} um Dropletsize [30]um
-Lighting CETRAN project factors
-Relative location = =1
- | e
% g Project
Tz, Tomnomn == tags

- Weather, Lighting

Figure 4. Scenario factor selection process based on PEGASUS and CETRAN project

ot 22 3g-& Foll 970 AL AU 2 821(Type of accident(TA), Weather, Lighting, AV movement
preceding collision(AV_MPC), HV movement preceding collision(HV_MPC), AV relative position(AV_RP),
HV relative position(HV_RP), Location, Traffic light(TL))= A&stA il 7PY3cH, o]ufo] Aluge=
Figure 59t -2 Fe] 2 AA|S 4= Qltt. o]= PEGASUS Z2 A E 9] functional AU2] 25 7]§FO 2 24519 0,
97l @Qlo] BT matw|ofQlet ARl GA1o] YA, 21, 912], A5 5 AElS Figure 5(b)-(H)oA A5k, T 2=k
(AV, HV) ] 2219, 4 $12] 5 2ol thet A K= Figure 5(1) 8 &l mhefat 4= Qlok. =81, Figure 5(G) & &4l
3 Alute] o7t m&H HlolE| o] EXE A5, Figure 5(g), (h)E 53l AkaLe] HA|1 2 Q1 A48 npelet 4= o)t
opAERC 2 Figure 5()E §9 AT AFLE A 1% 7159 & FAFGS A olst At

(a) Safety Function Requirement

(b) Type of Accident

(c) Weather

(d) Lighting

(e) | Location

(f) Traffic light

(9) Visualization

(h) Text Description
Object Vehicle Type Relative position | Movement

(i) Object Movement

@) Source of Scenario

Figure 5. Functional scenario template of the accident presented in this study
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QA T4l FA 1657 AHaLe] 7)1 2 BA 242 AdsteH, o
L.
. 14873(90%) 2] ApaL7t g2 @H oA 25 cH (Figure 6(b)), 11471(69%) 9] AFal7t B2 =

N

REE S RES SERREE

o
AT WY A AF FE Pl A

4 2w

AFEFat Afal GojE 7|z SA

15373(93%) 2] 2Fehak Aba7} g gH(Figure 6(a)).

JrASH(Figure 6(c)).

510
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2 2R91H (Figure 6(e)).

. Aol FY Aol f1IsHA:
6(D).

oo

er AV 14;(] HV 701] /l
T%(1173) 2 Yepd (Figure 6(d)).
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4
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o
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]
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o

8 ElA

512 30%(5071), AV A, HV A7 At

, 50%) (Figure

CE2 BHo| ke A wjet 54 oM ET fle dnbA AJRH(1487, 90%) L wiof Akt 242t 1517(92%,

Figure 6(g)), 14874(90%, Figure 6(h))o] 2HAg

7. 25 124]1-18A]9]l 6574(39%) 2] Atar ¥HAgH(Figure 6(1)).

8. oF 77%(12771) 2] Atal7t waf2 o) 4] Aok

(Figure 6(k)).
Car-to-car [INNEGGE 15: Fog/Visibility | 3
Car-to-bicylce Wl 7 Raining | 3
Car-to-human | 2 Cloudy [l 11
Caralone | 3 Clean NN 113
0 50 100 150 200 0 50 100 150 200
(a) Type of Accident (TA) (b) Weather

6 6 6 5 5

11 N
. [ | [ | - - ] = =

(Stopped,  (Proceedingstraight,  (Slopped,  (Proceeding stiight, (Stopped, Backing)  (Stopped,  (Slowing, Stopping) - (Stopped, Passing ~ (Making right um, Others
Proceeding stiight) Proceeding sraight) - Mekingighttum)  Changing lane) Slowing'Stopping) othervehide)  Making ighttum)

(d) Movement Preceding Collision (MPC) (AV, HV)

(Opposite, Opposite) I 2

A 7

(Right, Left) mmm— 24

(Left, Right) NS 27 wet |l 7
(N/A,N/A)  E— 29

(Same, Same)  EE— S
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(9) Road Surface (RS)

oy I, s
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(f) Relative Position (RP) (AV, HV)
18-2¢ I Road [ 35
12-15 I 5

Parking lot ] 3

6~12 I 52
o —: itrsecton N -7
0 10 20 30 40 50 60 70 0 20 40 60 80 100 120 140

() Time (i) Location

O w(Figure 6()), 257(15%) ] Ata7} HE o HAYSt

Dark-street
ignis R <+
Dusk-dawn [l 7

Dayiight |

0 20 40 60 80 100 120

(c) Lighting

15

0 2
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20 . el " 3 3 ]

0 o, - - . m

(NiA,  (Sideswipe, (NiA,  (Other, ~(Hitobject, (Headon, Others
Rearend) Sideswipe) Broadside) Other)  NiA)  Head on)

(e)Typeof Colison (TC) (AY, H)

NA 15
No unusual
conditons N 143

Reduced |
roadway width
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0 20 40 60 80 100 120 140 160

(h) Road Condition (RC)

N/A 113

Stopsign I 17
Right-on-red I 2
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0 20 40 60 80 100 120

(k) Traffic Light(TL)

Figure 6. Result of statistical analysis of AV accident of DMV collision report
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2
A2 A4S a5k7] f1ol Apriori ¥a12]E0] 275 AASHATHTable 3). 941, AR QRIS o= =
7178 (Antecedent)t A7 (Consequent)S At A 02 WEAITS] A= AP 4= A2 45 7
o5 14 Hofl = A4Fo] FE FH o= TAHETh T3 AE2 A 9] AikE oJu|stE & o] et
ﬁ}t AV 3= FFAV_TOH HV 3= FFHV_TO= 274 = AAst3th o|%, AV 3= 84 HV 3=
TS ALt 12709 AL 8 Q12 2 2 Aokt 2o & Rty ks tid o= Aol =2 At
21& FE517] 8l 4 A A = (Minimum support), &4 412 & (Minimum confidence), %4 4= (Minimum
AFeE Zol AA| &=, AR5, R = 212 2] 9] S84, A4, f-8488 mdd 4 3l
+ A BE o] 59 FA4ghS AAsto] fofn|Rt AAlS &6k HA AR == 0.0158 AAsloH, 2
MEEE= 0.7, H4 FAEE 112 AHoto] Atz 248 g5ttt

?R-‘
B~ %

Table 3. Parameters set for Apriori algorithm

Index Value
Antecedent Type of accident Weather Lighting
(TA)
AV movement preceding HV movement preceding AV relative position
collision collision (AV_RP)
(AV_MPQ) (HV_MPCQC)
HV relative position Location Road surface
(HV_RP) (RS)
Road condition Time Traffic light
RO) (TD)
Consequent AV type of collision HV type of collision
(AV_TO) (HV_TO)
Minimum support 0.015(1.5%)
Minimum confidence 0.7(70%)
Minimum lift 1.1
165710 HIAE dido s Ayt 45 13t A3, AV 5= Fei7F Aapde] ety 79 164,39471 9]

Qe H o] =EE|90n], HV 55 el Anbao] 2ae 29 163,10870] Aptalo] =& o] 3 327,5027)

o] @At ao] =& 3ick. Table 4% oF 300000749 A2 2] fAlolo, AakdE AT AV 55 59, HV
= Q0 ATl £ AT 291 2UAe] AEEo|oet Rule #19] %39 £2 o] nj2w 4T

@AZAA AV AT HV7F 44 A4 o) A8 A A AV 35 Bet 59 %

/o]

[¢)

e ofw
i

the ofmjo]ek. Rule #39] -9 M7HEo] S Hol 9l A7k 813 9o 5pe] mAz oA SUAHAe

V7E AT HV7F 21718 0 AR ek AL AV S5 Gk N/AS) 210t Aol ke o)

o}, E4, Rule #129] 29 A550] gl A7F 911 12 450 TARA SARA] X7 AV 925
Pz [e}

kI o do i
2
ret
i> m}r
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Table 4. Result of association rule mining (Apriori algorithm)

No. Antecedent Consequent
1 TA=Car-to—car AV_MPC=Proceeding straight ~ HV_MPC=Changing lane [AV_TC=
Location=Intersection RS=Dry TL=None Sideswipe]
2 TA=Car—to—car Lighting=Daylight AV_MPC=Stopped [AV_TC=
HV_MPC=Passing other vehicle Time=6-12 N/A]
3 TA=Car—to—car Weather=Clear Lighting=Daylight [AV_TC=
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same N/A]
HV_RP=Same Location=Intersection TL=None
4 TA=Car—to—car Weather=Clear Lighting=Daylight [AV_TC=
AV_MPC=Stopped HV_MPC=Proceeding straight AV _RP=Same N/A]
HV_RP=Same Location=Intersection TL=Red
5 TA=Car—to—car Weather=Clear Lighting=Daylight [AV_TC=
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same N/A]
HV_RP=Same Location=Intersection TL=Stop sign
6 TA=Car-to—car Weather=Clear Lighting=Daylight [AV_TC=
AV_MPC=Stopped HV_MPC=Slowing/Stopping AV_RP=Same N/A]
HV_RP=Same Location=Intersection TL=None
7 TA=Car—to—car Weather=Clear Lighting=Dark—street lights [AV_TC=
AV_MPC=Proceeding straight HV_MPC=Proceeding straight AV_RP=Same N/A]
HV_RP=Same Location=Intersection TL=None
8 TA=Car—to—car Weather=Cloudy Lighting=Daylight [AV_TC=
AV_MPC=Stopped HV_MPC=Making right turn AV_RP=Same N/A]
HV_RP=Same Location=Intersection TL=None
9 TA=Car—to—car Weather=Clear Lighting=Dark—street lights [AV_TC=
AV_MPC=Making right turn HV_MPC=Making right turn AV_RP=Same N/A]
HV_RP=Same Location=Intersection TL=None
10 TA=Car—to—car Weather=Clear AV_MPC [HV_TC=
HV_MPC=Making left turn RS=Dry =Proceeding straight Sideswipe
11 AV_MPC=Proceeding straight HV_MPC=changing lane Location=Intersection [HV_TC=
RS=Dry Sideswipe
12 TA=Car—to—car Weather=Clear Lighting=Daylight [HV_TC=
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same Rear—end]
HV_RP=Same Location=Intersection TL=None
13 TA=Car-to—car Weather=Clear Lighting=Daylight [HV_TC=
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same Rear—end]
HV_RP=Same Location=Intersection TL=Red
14 TA=Car—to—car Weather=Clear Lighting=Daylight [HV_TC=
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same Rear—end]
HV_RP=Same Location=Intersection TL=Stop sign
15 TA=Car-to—car Weather=Clear Lighting=Daylight [HV_TC=
AV_MPC=Stopped HV_MPC=Slowing/Stopping AV_RP=Same Rear—end]
HV_RP=Same Location=Intersection TL=None
16 TA=Car—to—car Weather=Clear Lighting=Dark—street lights [HV_TC=
AV_MPC=Proceeding straight HV_MPC=Proceeding straight AV_RP=Same Rear—end]
HV_RP=Same Location=Intersection TL=None
17 TA=Car-to—car Weather=Cloudy Lighting=Daylight [HV_TC=
AV_MPC=Stopped HV_MPC=Making right turn AV_RP=Same Rear—end]
HV_RP=Same Location=Intersection TL=None

22} =HF At AU2|2 dd

1AL ALER =5

PEGASUS®} CETRAN Z2A|E= 2haF4 20| ¢H4dg 71 9ot et AUl E AXstale, + 2=
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AEZ 7|9t 2 AU o5 &3] 913 ohdet A7 3= gl ofof] 2 Aol A= DMV ARl B A9}
PEGASUS % CETRAN Z2HAEZS H|Wslo] HFH o g 2P Al e 89S FE6Ith ¢4, F 224 E
oA BT gesh= 87]9] @4 (EM (Weather), 29 (Lighting), AV = A €2 (AV_MPC), HV & H &%
AHV_MPCO), AV A& 912 (AV_RP), HV At Y12 (HV_RP), ¥ x| (Location), 4135 /e (Traffic Light))
£ HF AU R &8 290 ® A5t o] %, & A= B4R Alute] Qo HFokal ol whet A Al
U2l S AAZE CETRAN Z2 A Eof 23te]= @45 A5 0H, ol= ARl JE(TA)7} s = Siet. ERL
AV ZE FH(AV_TO), HV & FEI(HV_TC), AI7H(Time)¢] 749 PEGASUS®H CETRAN Z2AEofA i
84| ol wheh AluE] 2 gl Al QfstAnt. ol2fet e T3l 971 29l& AR AluEle gaQlo e &
=05l oH, o5 7|5to 2 Ahaahxte] EAR AR AU @5 EEotGIth(Table 5).

Table 5. Accident scenario factor selection (Comparison with DMV collision report and PEGASUS, CETRAN project)

DMV collision report accident factor PEGASUS project CETRAN project O/-
Type of accident (TA) - O ®)

Weather @) @) 0]

Lighting O @) ®)

AV movement preceding collision (AV_MPC) @) @) @)
HV movement preceding collision (HV_MPC) O @) ®)

AV type of collision (AV_TC)
HV type of collision (HV_TC)

AV relative position (AV_RP) @) @) 0]
HV relative position (HV_RP) O O O
Location O O O
Road surface (RS) O - -
Road condition (RC) O - -
Time - - -

Traffic light (TL) ©)

O7he] bl 091S TR AR A EAR AT AL B EFehe B haat ek 941, Table
49} ro] =& 327 50270 0] APAS o R - 7o) Alua] @ QQlo] T EFH ATF2S &
sloict. chg.om, 20 Eekl 01e] ALtEle. aelo] B BT ABT S et shetoR A3t
Aol ZE %= AV FE F3H HV $& 32 ot F 7R AttzlS 2ot o, 3 52

Asigh e

(AV_TC, HV_TC)=(N/A, Rear—end), 5 F&== (AV_TC, HV_TC)=(Sideswipe, Sideswipe) = 5
vestlek. grek, 97fe] Alue|e gQlo] B motHE FURt 2ol Sl T 7H] AvtEe] Axt
(AV_TC, HV_TC)=(N/A, Sideswipe)2}H, o]= DMV A1 B A0 7|&H F5 §3o] ofl B2 A ¢]5t3ct.
94, Table 49 #1, #2, #10, #11-2 274 971 2] Alu2] @ Q}lo] BF Aa= |17 ¢7] wiZoll Alelstsd
o} E3E #129] 9 979 Alve] e 8QlE B ZISIA|R AV S F30] N/AY o 30| 7Hs3t HV &
Tl Feshs Gutale 2 okl olofl wsl, (#3, #12), (#4, #13), (#5, #14), (#6, #15), (#7, #16),
(#8, #17)2] 7% 22040l 9719] Alvte] @ g Rlo] T ZGHE o Ql= A SRlstqlrth. T3, Aol o5 =
=(N/A, Rear—end) Agto] 7Fs5k3it o5 &l 6709 AaF32F TAF AL AU @7 EE5GloH, o]=
Figure 72 2ok, AR Alupe] @ = AA| A Q1 A4S whofd 4= Al ZH=FeoF 97 97]2] Alvte] @ aQlof et A&
Eor AT BE AL AU s WARE YR o, AVeF HV7E B 2bdde] 9x]jieh
Scenario 29} 39] 79 K= Al £/d0] Scenario 17} FAIA|TE 41552 A7} BTHE Ti= 2] FA]HA
= 2RI &= Ut} TR, Scenario 5& FYsH AV S5 A & o] Axlo|glon, o] 7t=2F0] 3L
I A& &5 Scenario 6] -9 F-45HA @7 5ol oM, HV & A &4 o] $-214¢l
Epstet. obA] AAH B2 S (Figure 5)-2 E-8-519 Scenario 2& functional scenarioS 2451912 H, o]+&= Figure 8
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Name Scenario 1 Name Scenario 2
Rule #3 and #12 Rule #4 and #13
Type of accident(TA) Car-to-car Type of accident(TA) Car-to-car
Weather Clear Weather Clear
Lighting Daylight Lighting Daylight
NPt | s el
HVcnIIision(HVf;:;eCd)lng Pr straight chrglﬁ:ir:f;\sﬁrr;;zilng Proceeding straight
AV relative position(AV_RP) | Same AV relative position(AV_RP) | Same
ﬁ . HV relative position(HV_RP)| Same fav HV relative position(HV_RP)| Same
e Location Intersection Location Intersection
g Traffic light(TL) None g Traffic light(TL) Red
Name Scenario 3 Name Scenario 4
Rule #5 and #14 Rule #6 and #15
Type of accident(TA) Car-to-car Type of accident(TA) Car-to-car
Weather Clear Weather Clear
Lighting Daylight Lighting Daylight
N e | suron vy |soed
@ chrglv;:;nr:(eg\t/_p’rwe:?;lng Proceeding straight chr;(:i::;:::\t/f;ﬁe;zd)mg Slowing/Stopping
I AV relative position(AV_RP) | Same AV relative position(AV_RP) | Same
Bav HV relative position(HV_RP)| Same B HV relative position(HV_RP)| Same
- Location Intersection Location Intersection
g Traffic light(TL) Stop sign [=Ead Traffic light(TL) None
Scenario 5 Name Scenario 6
#7 and #16 Rule #8 and #17
Type of accident(TA) Car-to-car Type of accident(TA) Car-to-car
Weather Clear Weather Cloudy
Lighting Dark-street lights Lighting Daylight
AV movement preceding Proceeding straight AV movement preceding Stopped

collision(AV_MPC) collision(AV_MPC)

HV preceding HV movement preceding

collision(HV_MPC) | " straight collision(HV_MPC) | Making right tum
AV relative position(AV_RP) | Same AV relative position(AV_RP) | Same
HV relative position(HV_RP)| Same HV relative position(HV_RP)| Same
Location Intersection g Location Intersection
Traffic light(TL) None g:rv Traffic light(TL) None

Figure 7. AV accident scenarios in the urban area generated by association rule mining

Safety Function Requirement Recognition and response evaluation for the Target vehicle approaching from behind
Type of Accident Car to car
Weather Clear
Lighting Daylight
Location Intersection

Traffic light Red

Visualization

In a situation where the ego vehicle(AVs) is stopping at an intersection, the ego vehicle(AVs) should respond to the

jStite=crption situation where the target vehicle(HVs) approaches without securing a safe distance.

Object Vehicle Type Relative position Movement
Object Movement Ego Vehicle (AVs) Passenger Car Same lane Stopped
Target Vehicle (HVs) [ Passenger Car Same lane Proceeding straight
Source of Scenario DMV collision report in California

Figure 8. Scenario 2 written in a PEGASUS functional scenario format

2. ATt Al AlLf2]2 Bl 24

2 golMe AutA EAS 8ot =& 6719 EAR AR AU E AlFEA o s FASHA) jith 9
A, 165718 DMV AL HIAE tld e & 671 ARl Alue] @8] AlF &4 o] A= o] 9l Al Y AE oot
st9.om, Alta] @ H AlA iHAYeh Ay A 2 9HAY 852 Table 63 2}, Scenario 12 11730] @HAY514] 6.67%
o] 57 7P =90, Scenario 22] WA E-E0] 4.24%2 11 T2 o]t} Scenario 13} Scenario 22] A%
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54102 o WASHE At1e] 2717 Bt et

1 = [e)
et I3, Scenario 3-69] 7% AFa17} 53] H|gto 2 WAoo &
MV AR BIA O] AGE 7|50 2 AU 8 &I 47]2] AU e &F

Table 6. Real-world accident occurrence and probability of our AV scenarios based on DMV collision report

Scenario Accident factors Probability
Scenario 1 TA=Car-to—car Weather=Clear Lighting=Daylight 6.67%
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same (11/165)
HV_RP=Same Location=Intersection TL=None
Scenario 2 TA=Car—to—car Weather=Clear Lighting=Daylight 4.24%
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same (7/165)
HV_RP=Same Location=Intersection TL=Red
Scenario 3 TA=Car-to—car Weather=Clear Lighting=Daylight 2.42%
AV_MPC=Stopped HV_MPC=Proceeding straight AV_RP=Same (4/165)
HV_RP=Same Location=Intersection TL=Stop sign
Scenario 4 TA=Car—to—car Weather=Clear Lighting=Daylight 1.82%
AV_MPC=Stopped HV_MPC=Slowing/Stopping AV_RP=Same (3/165)
HV_RP=Same Location=Intersection TL=None
Scenario 5 TA=Car-to—car Weather=Clear Lighting=Dark-street lights 1.82%
AV_MPC=Proceeding straight HV_MPC=Proceeding straight AV_RP=Same (3/165)
HV_RP=Same Location=Intersection TL=None
Scenario 6 TA=Car—to—car Weather=Cloudy Lighting=Daylight 1.82%
AV_MPC=Stopped HV_MPC=Making right turn AV_RP=Same (3/165)
HV_RP=Same Location=Intersection TL=None

2o =2, 67he] AR AbaL Alue] 2 @F NHTSAS] pre—crash scenario(Najm et al., 2007)& H] w245}t
o] dwtk 2}aF2] 2004 GES(General Estimates System) crash database®} CDS(Crashworthiness Data System)&
7I§Fo & 3770 9] & Alue] @5 AAISFTE T, Alvre] @ 54 SHE, ARl A2 Bl-83 oA X, 21, Ak
9] FE& A A% Foll et AR &£483} old) oE FAE &5 AAlstAtHFigure 9). ©]ofl B5f pre—crash
scenario= 1 Aol A -8 971 2] AltE] @ 891 F AR FE, AV AdHHA QA1 HV At 1A]E Al L]zt 674
8Rlof tigt &S Algoh= A& gRlstant. ofof what, 67] a.1of thet A4 &S 5o Alvte]ed Iy =

il

&2 Aol o, o]= Table 73+ Zt}. Scenario 17} Scenario 29] 749 4yt 215 dloE] 7|qke] Ale] & 7]

Eollowing Vehicle Approaching a Stopped Lead Vehicle Eollowing Vehicle A ching a Stopped Lead Vehicle
Typical Scenario; Vehicle is going straight in an urban — Driving Environment Driver Vehicle
arca, in daylight, under clear weather conditions, at an
intersection-related location with a posted speed limitot %}%& - ETEE) [, I:‘.-\ I:- ”'-I'--

closes . ed le schicle — i ek Lighte: 2%} | B [N
35 mph; and closes in on a stopped lead vehicle _,_ =i]—m Lighting H Ia- — T ‘::\wm‘ o
Factor Over-Representation: Rural area, intersection- e DwnDuck Bl u::;:::a [Fomn Ohscwred [ 2RI [ie 0.1
related, inattention, speeding and younger driver are over-represented (based on a simple Weather ‘:E‘:m ﬁ 11"::::‘"“ 1;:"" I“:’ — L
comparison of percentages). Rand  |Dr i T e BT ol Tk T
Dynamic Variations: Vehicle is decelerating in trafTic lane and closes in on a stopped Surtary Wl Slgneny el Disracted |NetDotoites L 11%

" R i ) 1 Raad r EIER) [Trikrown

lead vehicle (12% of crashes). Vehicle may also be starting in wailic lane and closes in Allznment [Carve R — p—— Searting in Traffe L =
on a stopped lead vehicle (8% of crashes). In about 50 percent of the lead-vehicle- Raud [Level ira|  Speeding Stwogped in 1
stopped crashes, the lead vehicle first decelerates to a stop and is struck afterwards by the Frofile  [Oiher 20| A -
following vehicle. This typically happens in the presence of a traffic control device or T LT T r
the lead vehicle is slowing down to make a ten. Thus, this particular scenario overlaps Utban elid =
with the lead vehicle-decelerating scenario. Thay ﬁ‘ |. 28] Vielation. [Hone o
Scenario Severity: Table below quantifies the annual severity of this crash scenario in Iﬁ | z
terms of five different metrics based on 2004 GES statistics. This table also provides the Ritatian e |orcuMerParking Lane § 012 - =
ratios of people invelved by maximum injury severity using the KABCO and AIS injury Raasdway %L'ﬁ}-fri"—:':“l“:" ::i - ,}: —
scales. About 050 percent of all people invelved in this crash scenario suffered high- [ L o i
level MAIS 3+ injuries (serious, severe, eritical, or fatal). (Non-Junction 14%] [Unknown |

Figure 9. An example of the scenario presented by NHTSA, along with statistical probabilities for each detailed factors as part of
the pre-crash scenarios
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Table 7. Probability of our AV scenarios based on NHTSA pre-crash scenario

Index Accident factors (Included in NHTSA pre—crash scenario) Probability

Scenario 1 Weather=Clear Lighting=Daylight AV_MPC=Stopped 12.88%
HV_MPC=Proceeding straight Location=Intersection TL=None

Scenario 2 Weather=Clear Lighting=Daylight AV_MPC=Stopped 11.16%
HV_MPC=Proceeding straight Location=Intersection TL=Red

Scenario 3 Weather=Clear Lighting=Daylight AV_MPC=Stopped 2.58%
HV_MPC=Proceeding straight Location=Intersection TL=Stop sign

Scenario 4 Weather=Clear Lighting=Daylight AV_MPC=Stopped 2.01%
HV_MPC=Slowing/Stopping Location=Intersection TL=None

Scenario 5 Weather=Clear Lighting=Dark—street lights =~ AV_MPC=Proceeding straight 2.24%
HV_MPC=Proceeding straight Location=Intersection TL=None

Scenario 6 Weather=Cloudy Lighting=Daylight AV_MPC=Stopped 0.0015%
HV_MPC=Making right turn Location=Intersection TL=None

22 U g5 93
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