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Abstract : In this paper, the critical scenario generation method for the scenario-based approach is proposed to validate collision

avoidance systems on autonomous vehicles. Along with three abstraction levels of scenarios for the safety of the intended
functionality(SOTIF), as proposed by a PEGASUS project in Germany, critical scenarios based on fatal traffic accidents in Korea
were analyzed statistically. Then, the collision scenario model, including all critical scenarios, is proposed to generate logical

scenarios systematically. Since the high dimension of parameters in a logical scenario results in a combinatorial explosion of concrete
scenarios, it is quite necessary to search for appropriate scenarios. Therefore, many safe scenarios were omitted by applying for a
series of conditions based on time-to-collision and support vector machines. Finally, It is shown how scenarios can be generated to

validate an automatic emergency braking system, and the critical scenarios are searched out via the proposed generation procedure.

Key words : Collision scenario(F % A]1}2] 2), Collision avoidance(5% 3]3]), Functional safety(7]5 ©+4), Validation(33

<), Machine learning(7] 7] 3}<%)

Nomenclature 1. A
X,y : longitudinal, lateral position, m A Soja] FEY AEA} ARG ol g} [T7]4,
v : vehicle velocity, m/s 2 AJFTH71] T B 7P E] AT HAEAE A
a : vehicle acceleratlon, m/s 6,}_1 9,;19;“% /é]_ =h=1 _z,_gg% %‘3]:'/\‘1 7] %.Q] ‘{’l’ﬁ/‘é% 7‘51[
. . . . _4 2
Qeut-in : long?tudu.lal acceleration for cut-in, m/s =313 9) T} 4wk 3EH &) 7]2 9] obxl
R : relative distance or range, m W AZ=S 9let e A e sl o AHAA
w : width of lane, m
. . . Ao 82 FAZE A= Ao R o D Sk Al A A
Atoyin : time period for cut-in, s
o2 AgF A At
Subscripts ALE] AL QY
o|#3F A =g =3 E_/:Eygl_ﬂzm—\ﬂo@ 7]
L,R :left,rightlane ] 1‘_ = ETE ﬂ ] T o oH 7‘ﬂtl
o =) olsA] & o =] s e Ay =) = [e)
Xy : longitudinal, lateral direction = Haksh] SjaiA Alvbe] L. 7 A o] ARk
A, B : ego, primary (preceding) vehicle Sk A A Q. ZINE AR S Fig. 104 Bz
cut-in, lc, dec : cut-in, lane change, decelerating niel o] A ghgof] wet A U9k Typical), $13
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Fig. 1 Classification of scenarios based on probability”
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AR 2=EI(ADAS)S 787 91§ H4 o= o|n] &8 T HAE L ASS 9% Aol2hd ISO/PAS 2144801 4
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1EF L EE AR ALy e Al o] thofel 217 i AlvhE] 2o A Al o]

2 233} A Eo] AlvtaE] e AL AA A B~ =AE S3H= Safety of the intended functionality
E AU L E EEshe WHES 719 37] o9 (SOTIF)7} ksl A =2l ¥ 3L Atk o]2] g+ SOTIFelA]
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XA B ATE Folr 7] o]# 9 o2 3k 93 4= FZH(Parameter space)} ©| & B34 WA E = A
AU L5 =& Y8liM e 94 LEALLE SAA (Concrete) Al Uh2] 2. =7} 3 ABHA| Z7Vet= T4 7} Al
o= A7) 9k v o] 77t B asith =, 9 A S8kt
g Alhe] 2ol whet wFARSL dlo]E & B4 5)7] HsA d& E9°JA, Fig. 2014 BEi= vk} 7229] OpenSCE-

= AlUElee] Hert dasith oE EolA, v NARIO®||A] #|9FsH= 7|01 5 7] Alvbe] .5 AAl(Concrete)
NHTSA®! A1 += Pre-crash AW 2.5 37711 2 o] shar 9l Al 22 3 dsk7] 9184 A4 23] (Stationary condi-
o &S 2% Alvel o2 FE AL Tk tion)?} E&] 7(Triggen) = 12314 4 & ZH(Parameter
#2745 iGLADZ = 31270 9] Alue] @ g ol& A|9kel  space)s EASFAL Utk Eg|A 0l siEst= 710157
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SO 8 WEALIL HolE] #A41& Fate] a5 9 Offset(6)? A 2] (leuein), 1% (Shape)o] Fo] 4 oF gt} &=
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Fig. 2 An example of cut-in scenario in OpenSCENARIO 2.0'”
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A

#1 vehicle is heading from young-ga bridge to an-dong dam in
junction. #2 vehicle goes from right to left. Then, the #1 vehicle
crashed into left side of the #2 vehicle. ﬁ

(a) Collision with vehicle which crosses a road

#1 vehicle drives on the shoulder of 2 lane road. #2 vehicle changed
the lane from 2nd lane to the shoulder. The #1 vehicle is braked
immediately and crashed into the left rear corner of the #2 vehicle.

4
f j
o1

| #1 vehicle crashed into #2 vehicle in the junction I

(b) Collision with vehicle moving ahead

(c) Insufficient information

Fig. 3 Examples of fatal accident description

Table 1 Statistics of vehicle-to-vehicle collision on Korean road in 2012~2014

Collision type Non-junction (NJ) Junction (JN) Sum

Collision with oncoming vehicle 524 54 578

Collision with vehicle which turns into or crosses a road 139 428 567
Collision with vehicle moving ahead or waiting 335 26 361
Collision with vehicle which starts, stops or is stationary 372 131 503
Others 356 112 468

Sum 1,726 751 2,477
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Table 2 Statistics of vehicle-to-vehicle collision scenario

Table 3 Collision scenario model on non-junction road

Collision type Road iGLAD Freq. (%)

cl Collision with | NJ 681/682/543 | 16.1/12.7/0.9
oncoming vehicle | JN 543/681 <0.7
NI 635/646 2.1/1.2
. . 561/571/645/722/721 <0.7

Collision with
. . 321/211/301 5.1/4.9/4.3

vehicle which
C2 . /302/351 /2.4/2.0

turns 1mnto or

JN 202/231/232/251 <0.5

crosses a road

/252/261/262/303
/322/323/352/722

Collision with | N7 601 16.9

C3 | vehicle moving
ahead or waiting | JN 601/201 <0.7
Collision with NI 621/501/741 8.7/5.8/4.4
ca vehicle which 502/701 <0.7

starts, stops or is
. IN 621/501 <6.1
stationary

€]
18 FTE Ay L dlolHE AAg3siel) oo s &
Jo]Z 7]HFO Z Table 2014 H
= vke} o] AbaL B EA4S stk & 33709
iGLAD AU 2.2 1,760719] & AlUg s a8

A~ [e3Ke) ==
T A&S HoFa Qi)

N

22 & AL Yl

Table 20114 =Z% 3370¢] S5 Avhe] &= PEGA-
SUS 2 A Eo||x A|¢Fsl= Functional AuHe] 2 A4
W 2o whe}t A =29} 54 EA|(Movable objects)
B e ATEY AL H o] 9] 87.5 %0l BdShs 14
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ND¢} 2xF2 (Junction, IN)Z -2 313l QAT & o
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(Logical) Al W] 2. & & O] ghtjsr] 918k 35 Alve] e
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T 54 EAE AAHA) S S AHB)E Tt skal &)
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& B HES A QFslarA} $ket, Table 394 K= vle} 2ol
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(A) AE 4579 AUAHB) A% 5572 Aol g o
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A Lane keeping (LK) Lane
B Accel. ‘ Cruise ‘ Decel. change (LC)
C1 | Oncoming (OC) l Q(\( l
A a2kl 543
CZ| Lane following BT \ ?

c3 (LF)

Stop (SP) . $ =
C4 Park (PK) w { 1
Start (ST) @J 3

Table 4 Collision scenario model on junction road
A Lane
B keeping (LK)
H 4 N4 L - o B
Comlng from l‘eft (CL) B - N Jl L
Coming from right (CR) ] AI( 1 I( 1 : (
3 3

Left turn (LT)
Right turn (RT)

A

Oncoming (OC 01 21 2| Y ”
& g (00) S
Turn left (TL) "\
Turn right (TR) 1 o (

Table 5 Test scenario suite of frontal collision scenario (601)

A B LF Cut-in (CI) Cut-out (CO)
Rl Lane keeping @‘ LI‘\;
(LK) . BT 601-b] [601-¢| \($ $€/
- Accelerating A ;{ ®
- Cruising @r’tal B(( \:. XQ l601-1| [601-|
R2 .
- Decelerating N o
WA o s BofFaL vk e vl A = Al
el ool diste] AEA S B FE T AE 5
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o s 5 Avg e RdoA] 23y 7] Al
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Fig. 5 Cut-in trajectories of vehicle B in LK-CIL scenarios
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Table 7 Performance classification to test and reduced scenarios

Scenario Safe Unsafe
Concrete
M: scenarios | AEB AEB Frontal
aneuver ..
. collision
(A-B) Road (ratio) on off Others
AEB on
LK-LF 160 55 105
(N=4) ST (0.26) | (0.38) 0 (1.00) 0
LK-CIL ST 2,740 679 1,048 928 85
(N=06) (0.18) | (0.30) | (0.09) (0.89) | (0.73)
LK-CIL cv 4,283 835 1,663 1,532 253
(N=6) 027) | (0.69) | (0.13) (0.99) | (0.85)
LK-CIR cv 4,283 881 1,257 1,880 265
(N=06) (0.27) | (0.70) | (0.10) (0.98) | (0.81)
LK-CIR MG 4,283 759 1,576 1,721 227
(N=6) 027) | (0.67) | (0.13) (0.96) | (0.72)
LK-COL ST 2,945 1,535 0 899 511
(N=06) (0.19) | (0.32) (1.00) | (0.05)
Sum (mean) 18,784 | 4,834 | 5,544 7,065 1,341
(0.24) | (0.45) | (0.11) 0.97) | (0.12)
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Critical Scenario Generation for Collision Avoid of Automated Vehicles Based on Traffic Accident Analysis and Machine Learning
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