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Survey of testing techniques of autonomous driving software

Feng Yang, Xia Zhilong, Guo An, Chen Zhenyu
State Key Laboratory for Novel Sofiware Technology, Nanjing University , Nanjing 210023, China

Abstract: An autonomous driving system (ADS) is a cyber-physical system that integrates a number of complicated software
modules, such as high-precision sensors, artificial intelligence, and navigation systems. The autonomous driving software in
this system performs sensing, positioning, forecasting, planning, and controlling tasks. With the development of artificial
intelligence technologies and the continuous upgrading of onboard hardware devices, advanced autonomous driving software
has been applied in a variety of safety-critical scenarios. Thus, the testing technology that assures its stability and reliability
has naturally become the focus of academia and industry. To summarize the advance of the testing technology of autonomous
driving software, this paper first characterizes the architecture and design of autonomous driving software. It presents the
reference architecture of autonomous driving software and details the primary functionality of each component. It also intro-
duces the interaction between these components and summarizes the features and challenges of autonomous driving software

testing. Then, this paper extensively reviews the literature, providing a comprehensive discussion on the testing technology
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of autonomous driving software, which includes three related topics: simulation-based testing, real-scenario testing, and
component-oriented testing. Simulation testing provides a method to examine the behaviors of real vehicle software in virtual
environments. It constructs the internal and external factors and conditions that influence the software system to simulate
various situations faced by autonomous vehicles with different degrees. This paper examines two critical components of sim-
ulation testing: the simulation methods and simulation targets. With regard to the simulation methods, software simulation,
semi-physical simulation, and X-in-the-loop simulation are investigated. Currently, all these simulation methods are widely
employed in autonomous driving software testing. They are capable of reflecting the behaviors of autonomous driving software
under various virtual environments and thus enable engineers to test autonomous driving software at a much lower cost. For
the simulation targets, this paper details the simulation of static environments, dynamic scenarios, sensors, and vehicle
dynamics. Various simulation techniques are designed for these targets and are further employed to test different functional-
ities of autonomous driving software. For each simulation target, this paper discusses its usage and state-of-the-art simula-
tion techniques. However, because simulation testing can reflect the behavior of autonomous driving software only in a virtual
environment, it cannot completely represent the testing results under real scenarios. Compared with simulation testing, the
cost of real scenario testing is relatively high, and the testing scale is often small. Thus, it cannot cover the input field and
operating environment completely. However, real scenario testing is critical in quality assurance because it is the only way
to identify the performance of autonomous driving software under real physical settings. This paper introduces the real-sce-
nario testing cases conducted by the manufacturers of autonomous driving cars, which provide solid data that reflect the real
road traffic scenario for the simulation testing of autonomous driving software. Component-oriented testing focuses on
assuring the quality of individual components of autonomous driving software. In modern autonomous driving software, deep
neural networks (DNNs) play a critical role. They are employed to assist in various driving tasks, such as perception,
decision, and planning. However, testing the DNN-embedded software component is significantly different from conventional
software components because their business logic is learned from massive data but is not defined with interpretable rules. To
ensure the quality of these components, software engineers often adopt data-driven testing techniques. This paper introduces
data-driven testing techniques for three primary components, i. e. , perception, decision and planning, and controlling. For
the perception component, the primary challenge is to generate test data to input into various sensors, such as LiDAR,
radar, and camera. The existing solutions are often built based on a mutation algorithm to augment the seed dataset, with
the goal of increasing neuron coverages. For the decision and planning component, some researchers leverage reinforcement
learning algorithms to combine traditional path planning algorithms, expert systems, and machine learning techniques to
enhance the testing engines. For the controlling component, the testing often involves the hardware, including speed con-
troller, steering controller, braking controller, and stability controller. Researchers have evaluated the performance and
reliability of controller-oriented algorithms and explored automated test generation methods. Finally, this paper summarizes
and analyzes the current challenges of automatic driving software testing and prospects for the future research direction and
emphasis of automatic driving software testing technology.

Key words: autonomous driving software; survey; simulation testing; data-driven testing; software testing
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LA 2R 05 B G 05 1 3 A 4 AR IR L Bl
Y AL B sh o A p KR
T AERE AU PR o i B S AR R SRR Y T 1
EHE T 5 ARG E AR AT ARSI R AR A
M REAEAS R R B LA AUL ) 028 e 2 A s 1) 22
GiR7E SR

SIS 3SR Ui K

} l
DORHL RN
) e N
TR TH o FEl )
Y
fﬁ SN —hiss i
|| i (o e || (R e f
sk H
LS50 L7 RUR - P s
—— EAE)
T st — L zenmw ||
f i
P2 T Sl A A 2L
Fig.2 The simulation testing structure of autonomous driving systems
211 (T S ) 67 2O TG 5 ( Papp %, 20035 Wei %,

7 BN B R AR G AR AR R
AP HAERE NS B PR G B, B0 ih 2 5
s B, PEEIA R AR TERMT B, AT 2K L

2016) . XELTTIEA B BEA — & 53 2 Z ik ot /Y %
Z 0 SRR A 2028 G PR BT 31 92 B B B
AN ) R GE IR IR I3 28 07 A B BA 45 A
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I, e A8 e 7 FL e A vh S LA AR
DL JE A 3l B 19 52 2 oKk
D) A B, A B — A A 32 Bl
PFRGEHEA T FEBRAL I ) 7k . TR 5y
T, H 3l B AR A A A ORI 30 P BR324 k1
AFREE T P2, — MR AN Y LS A # ZR e 5
FRIN RIAE OSSO 5K T A 3h
U LR S AN S Bl S B2 S 5 5 /N A AN Bl e
S R SRR T B B e B A 302 Bk R
I 5t 58 42 3T B B R U FF 58 2 v ((Chao 4,
2020) , ZiASERY RGBT B3 B TAE A s S B
PR Y B2, A R G0 2 T E 56 AL A AR A
HORMTIRE M, #2080/ TR AR A0 A (] 42838 (1) 4%
T 5Em A 302 3R R n B B2 o b AT
55 o[RS, T LATE A 3 gl Rk ek A w i, e il
X TR AN A B R A Sk, FEXFEIE T,
BEART GR35 L A2 3K E L R 4 (global positioning
system , GPS) IR T FE T A AR e FE TR
PRI A AR 22 A A RN 37 St Te Je 3 | 4
A LS e O L P B A DU 37 e X G s AT LA
YER 05 BBl T H, Yao 58 A (2018) 3T
PR 19 AirSim % 45 ( Shah %,2018) K UE4 5| %
(unreal engine 4) ( McCaffrey,2017 ) &4l | —~ KA
FR 52 2 5 N 25 KBRS o 2R 8l ) A AR AU
PSSR | A B2 Bl e S R A AR AR B
B R T RS T 0 A S S B A
Kufieta I Ditze (2017 ) [A]#£3ET 3D ik 51 & 42 i
T A RO 8 Ty v, A At A G 1 A2
g, RSB0 T AR BIL BRIk O ER IR R 07 FLAL 1
ARG A AR A T X AR R P i B, S T I A
B B R PR AL
2)fRGTE, IR B X A 37 3 R
PR BN RE ISR I R . 7RI EOR
T LS PR SR M SR AR 7R IR R
PR 8 R B RR X R 2 5 ) 0 5 G T A I )
RWATH o FRIXT 7 58 8 007 B A v
AT B A RAAE , LAl R B
(TREEEARE SR AN} Wi S S N =Ry
BT ST LA BRI R 4 30 - 58 4 A AL A 1 0 0
AR B ARIFIEE i T BAR L Dl B Wy 3
RSB A RGBSR PR A
RIAFZIER A5 I, R Tl ARt — 2

R TSR A S B B 5, K
I3 W2 A B RGBT I S Br SA HE T
SIS G AS [6] | 3 A2 07 B0 I SR B )26
SR ;e R A A B g PR A I 3 5 —
TP ET XS WAz 0 S I3, A, B 7 F 3
2 B AU R I FHOT AN TR 3% S i TR ER 4 F 3h
BRI Z R R ST I E A A TR E T, A4
TARME 55 = r MR BIE R, Bl Aol AH G
H 2l %25 3 8 4: I 5 FF A& SDK ( software development
kit) B9 & )& , 41 Apollo, Autoware 5 | 33 2 £ A b
SEAlRE S BB RERA RIS I, R I Hat A 3h%s
A EIE A I gt — DSl T R H 3
R K D

NVIEMTE, AR T EAE A A B
PRI b SR R R R S5 05
L AR A P BRI 1 R G, T A T Il A 5
UEREF AN ( Gietelink 45,2006 ) ., [ 20125 3 76 35
A7 B AR 5 53 1 38 (7 Y B S A i) T
He 11 AR e REASE DL AR X 10 1) S 4% 22 8 I 3K
HEG BB X G 58 H 0 I AP Y AR A R 22 b
(Brogle %,2019) , 1E SR B 364 L, 7F
I BB T AT B S R I Y 5
W RO R 58 4 | R G R BE A Y
ST, S E T I ZR e X G R 4 () EL S X 4
FEAED CER % v B A P i I 3t S 15, JE il — > R
A AR R AT LA 2k AR I 3K 2R 4548 ( Chen
4,2018) o JIAMESE MK ZE5 T, IR A 5L hE
WA M FERE b — 0 R 42 AE PRI ( vehicle-in-
the-loop, VIL) , LAl /& H 21725 B 4= 0 J 7Y f%) R 3okt 1%
FIF LKA,

20725 39 dul 13 41 2R FH A 44 7E 4 05 L (hard-
ware-in-the-loop, HIL) ( Deng 45,2008 ) Fl 4= 7£ 21
/i F( Gietelink 55,2004 ) EATII, — M AEFR ) B
1) B 8RBT & B 3028 B S 56 PR LA SCHR AR
KRG RE A2 1 IF &, W3 A 95 31E ( Papp 5%,
2003) . XA HIL ff EICAE IR Ab 1 2B & B 5
BB IT R Z W 22 80, JF ROR 46 5 1w & i /&
(Joshi,2017) , A2 BB A AE )7 HL (software-in-
the-loop ,SIL) | ¥Z F T F 22 Bl FRF G SRR 1k 1 o3
Br5 5 ( Sievers 45,2018 ) . f&5 By SIL T E.4% , 7
PRI e b, AT DO AS B 7 H AR AF AT
AP R IR E AEE PC AT 07 EL, f B PC 1
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5 R BB Ak BTz SR8 7, AR R AL Y I 34
FH, S0 AU ( Schoner ;2018 ) . Ahamed 55 A
(2018) B 17—~ A H A A B O HE R, 25
T E T Gazebo Hif FHHLER A$EAE R 55 (robot
operating system,ROS) J & 1) SIL AL F{ B, %
HEZE Y B AR 7E Y B 2 A R ) - 5, JF
Bl P 56 0E A G A5 A BR[O [R] B9, Sampaio
N (2013) 48t — /> i | MSFS ( Microsoft flight
simulator) F 387 8 SIL S &, UL Bh 51 X 7E AscTec
Pelican ¥ ' & B A a5 ) i g A7 328 W %01, %
BATH4 Pelican -5 5 45 il 1 2 1] 30 17 i 42 3
i, T AR I B T+ A B AT DAPRAT PR 38 4 AT 4
AR AR 15 B, (7] 2 5 OpenCV OGRS 4R
BB UL ] T B 5k (AT Be T, BT SIL AT EEPE
2.1.2 fHEXZ

AT B R X Gk G B35 125 AT LA
I NESHEG R SR GRS
W) )1 B A G A SRR TE AR, 43 [w)
HSER P AR S

1) BRI B, RN B 07 BRI T
H 3l 2 0 44T i S Sl M . O T RS
AIREPREER , A H LR LA R L S A gy
A R R B - T AR A R R
TG IS 5B R AR AR R T RS P B
PEAGAEOAR o Tl R, 32 AR —
FHVA A 3D A A, 7R P N B 7 H AL
Gt WA TR AL S INIE & IS B S8, i
TERSERE R 5 B, T W B Qe 51 il i 5
S, EEAR B SGR 3D WG ANk LT 4 Unity
SIEESAT ST X ST AR B H TR =
Yy P B4 B S T A R R AR 2 W] L E
FEEMRGEEAR, TR RIS 5 a6, £
AT RSB AR S WNTE B R SRR
SRR R BOR T B, iR G 1l S5
HAEPE— DN T AW N2, DT A 105 3 52 A% B 1Y
REAURRI . B, 3 T LA B v R 32 1) B 45 B4l ok
Ayttt o SR T LIk [ v A B A T PLA 4
Bt 1 i 55 vy 4 14 0 o RS 1 3 b PR s 0GR
IR B Rk S = s O e R, S
JEEXF SE A B AR, SR [RIIE 184 T 6 1 kg 40 BR B )
BB . Zhao 25 N (2015 ) £ 1T 5 b 52 18 P58 5 4
g T EHRT 9 3R AZ il 5 B B B 2 B AT R

AHXS — A B 28 48 BB NP RS A8 L, Zhang 55 A
(2014) 7E RoadView F ¢ H 52 L T €114 )77 41 FliH
I GIS HAHls (3 4 52 3 3 s e 4 ks, T T B A
BB BRI PERE AL 5 I

)G R E, U5 BRI X T A
Bl B ELR T I AN 1Y, 30 75 B AE PREE IS N
SE MBS B, WS g o i 4T e
FEEBE S SSEE G R A, W X )
B A5 B B AL A T B S R N Y
s SRR | AZ G 101 v S 45 45 R SR 3h 2
AT BRI G2 FUHE FECE R AE b A R
G FAF RS EALITE  TE S TR KR
B, 7o, AR Z 07 5 T B0 Ry
RS Rk B 5 337 5B R IF S0 T s A
B 5 S AT A 22 B AL B 7 RN 98 Kk A2 E
By 45 T A, W NVIDIA Driver Constellation |
Intel # CARLA f4KHY AirSim, ™ [E B 15 ( Sci-
ence) ¥ T & XML CH R H T AADS (augmented
autonomous driving simulation) (Li %%,2019) , X J&—
TR T B AR B Bl 14 37 5 AE AE 2 | 3 Ao AL 5 T
RN R B A R B, DA E A D R
Fije e, VR PIBAE A LiDAR A48 A5 Sk 4514 5 1
e , WARWU BB B T A il TIRE AT NG
PRSI, IR A G AT 5. Google Y Waymo 7£
P sl A e SR T RO S A R 5 R FUA3E
7 Castle” 1 A2 IH 4544 h B BT R #1748 5 4
B SRR SRR B T R RIS TS TRt 2R
IR .

IR E , TEGT B (5 B R
e B 278 B R 4 LS A B PR A RO L AL
Fi A A5 LA A A e SR T A 1Y) 2 WL AR )
LT, LA A BN BN BE I TE R AR IR
T DR B YIS T REAT B FLE B EOK . T8
Fe B Y SRR DR R TE T2 T, % T 1% s
7 AR AT SN A% 1 EEK iy 2 EHR AN [
YIVR I RERI T, 7 LR IR B F A 0 A R R 5
2 iy ) A e O LI 3, 6 T B i o R
JTEZ R AR R AT L — M O A 0 BT
B, R T S s MRS 0 75 J5 OB R IR 2R 1Y
AL RS SR . BT 0 BAR R O
TIATE SRR 07 B2 K T IA i B, O
RO RS IR SO F A B9 8 07 =X, B
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B HSRIRGT A R RS, SR P TR YAoK
5 R FHIEAT ISR B S RO, 1 HLA5 AR
SYRR ) f s AR FLEAS B BRI Z AT —
ST TR IR LT B, A Yue 55 A (2018) FIFHIHE
PLIER LB T P G AT RSB R bR 2 1 s s %
I, JEER G — PO TE S5 = R R 1Y 37 B EUR Z (R AT
HSNECHER 575 . S5k U7 A T BRI MR i LAy
23 [AME R TR BRIE G g | B A S Y 3 AR
FIHT AR R e Al 4 3 42 1] RGE i B G R 4t
FERRE YRR B A B 5 SOl ALK 2
XF 3 AER YR 4% 28 Jm 1k, i 2 X Ak A5 1 5Ot
SERFIE | R GUAOE R AR A PRI R HEA T L, 2K
B — AR IRIC B AL A R PR B A
[F) 75 16) K 5k — 2R 51 Mg AL 2 6 A 0t 22 K g, Il
PRI E S, n] AR BRefct ) ) A8 1] B B 88 20
PEATI AR BE 53 HER S5 BN ] — AN Bt ) 1) sl A T
RITFIR W A BAR . HAbAL R BT ik
A7 T E AL RS GPS (5 L T ) £ A9 V2X {5 F
Ie] o 7 OB R AR ) LA

4) B S E i EL A 8 AR B 3 B K
B GATIR IR O I A L 1T TR
L B S PR ELSE R A B S5 1) 4 3 g A R
., HIJE N T 7E M PR 5 b B 4 b A 0 2 5 42 4
AR ELSE S A5t foT W8 4 2R RE 8 die A 38 b 2 3 305
B XA EHR PR FEAR SN 3 TR
B 2 Z AT AT, BATAH S B HoR
JRE TR H S B SC A I JC R AR A
FHRCER S G a5 BAR A B 1 2600 R, %
sl 17 # 05 LR ESR B, 8 )y R
TR R A FOR B AT G R AU 5 SR LU 2 5T
NCE R T RER A B A I RE A AU R L S2 4o, T LA
FI Y S L2 A AR 00 S S0 B8 o e 7 i 43 )
D7 FRBOREAT S 1 Bk AH S0y L 32 B AL 45 4
R L RGO B B AT A )
S FEARYEEOR (0 L SEFREE | A] LA A [R] 49 05 22
BRAF S AN BB, 5 WL BG4 ADAMS ( au-
tomatic dynamic analysis of mechanical systems) ,Car-
craft , Simpack , CarSim , CarMaker , RanoSim FI MAT-
LAB 55, fHAF—3RA 2, A #8058 2 1E DT 52
2 R B O R 28 A {7 H 2 (8] A B &R, Minnerup Fll
Knoll (2014 ) SO L5 th AR [l B R AT 44

DI 35 2 M g Ak
2.2 E=EkK

Bt [ 302 TV R F SR R W R R 7
L E AT A S 3y B R B A LU RSRAT I T
2, AE T 05 FER Y Jey R, R 4 SR I AN REAR
BesLlRpsi 505 FI AR e, S I A AR
XoF v s, AR 50N, 0T X i A B 4
BATIR T  se E  E w, (ER, SR
A HASTTEARAE I3 RE A5 2 ok AR Ab B0 B A 1
AN B Sh 2 B AR AR AT A B0 B AC il i
IR AT 45 14 ( Buehler 25,2009 ; R VK %5,
2019) , [FIE, SEssc i RE A% = AR P 4 3 S H A 3
BRI 5 R TR 202 07l 7 i A R A
s . P, SERCINRAT AR A [ oh 28 B AR 1 i
PRI BN FB

T ) [ 20725 3 g S e R s 28 T A& g 1R s
HOGE T, T X B B2 S R R AT
T 3 LSRR XA Fili 3 50K ( Briefs ,2015) Al
SRR ( Broggi 45 ,2014) o T = iR 1E
Al A BB & A 5L AT B T S0 Y
()3 1, -5 T AR 9 S 500K 9, 35 X I g 1
BRIRBE AR, A S R M D E— 2 B X, 7
LS A A DX S A T B 0 D B Ak, el
T ANE I 5L LN 2SS, B RB AR K
JE St P E O B I B 25 5 A
Ty —FP AT AT AR | 56 E Ty X i S ke A il
Yo ) SE 06 B0 E 1T A 302 30 4K 44 PF 46 ( Blanco
%£,2016) , 2007 4FIR TPk AR FE R 2R — UOK B4
A N7 PR S22 B, R a & T XN
AR, 2010 4E VisLab B GE 7 1 B v il T 42
ERFRR T (LTI H ) 1S 0] REE, #4715
AN 5 LIS AN 3, MR R A
FIFREPEATT 1.3 A RMATRE, MK R R S
T 2 it WA R PR 5% ( Bertozzi 5%, 2011 5 Broggi 45,
2013) .

BB B AN ) S SR e R N 25 e 22
SR I FEEIPAL A B0 g S BRI
PR AT IR LR T A N AR 2 2GR
(A3 B, He RACE 2 | AT 287 38 XU P
BRI R R S I3 B B ) A
ML T8 A5
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3 mEBSHBRRGAGERNLEAR

T 1] AE 42 Ja ZR 8 I LA R0 D 9 0y 125 [
RNz R, FEEMA A 202 B A 2 A
I D R OCHERR I o IR SRR e A Sh 7 B AR N
PR Ry 52 B OMER R B RE ), SEBLSE S Y ]
FREER A R 2 AR F Sh B BT 55, R EAL
N T P S A AR DR R G2 S
GRS IHEME, Garcia 55 A (2020) % 1 325 3420
PHBRIE S KR Bug ATFS UL 141X F 30728 320 74K
PR DA B 55 THI () R GE GO0 IR 2 2
SR, BT EH AR N S R IR A TG ) 470N
T ) R G I K vk B M N 2% | o B 2
BRI RN E S e st ke RE R D S B At Gl
J5 ] B AR 5 N G2t B R AT A OC T = PR BB 5T
TN E SRR LA v T [ WL 27 > SR R R i 2 P 2%
(deep neural network , DNN ) A5 7 fi%) it 57 0 38 565 31
R Sk A B RIS . 7R E NS
H 32 BT B A A s A v AR IR % R
B 9 372 5k A A G 3 5 T e 2 R Y X
S SERR b e A B B R e TURFIE, DU
B HWTE T B s B B R O N R A T2
AH B fioh & HLH R (Lyu 55 ,2018)

B AR S IR A BE S TE B 272 B2 0k A
REEE TR RE R AVEE TR A A B B R
JECHT TE % ARG BRI A T R R A G SR D RE Y
THOUT B 9K 3l I 12 A D g S I A A5k
7] R Fit) — Fp BB T B (Corso %5,2019) . H 3h 728 3
LA PR 1Y) P 225 IO 244 A AR B AR B A E A T il
P AR 485 S AR A0 25 #4 R A7 7 8 AL B
SRR DG X AR AN AR AT 55 43 SCBE R AR
TrETCE BN . 53 AN B B B 75 AR R
PSR I 2y >0 BE AR A | IR P AP R T 2 52
M AL A R R BE IR ShX eSS X A
B2 T R A O S AP A AR B T B R AL, A
BRI IR S5 T, M Az I 4 1 e b | LA ok I
R, TERE AR Bl X — i b AH 2 22 [ N S i 1)
22 328 A IRy 5 S B — B0k (Tuncali
45 2018)

BR T R0, AR B L 52 M O R 2 1B
TR SR RIS ] 2H A AR DGR D7 R AT B0 . X

NRUACE W T E 6 S A A DG TR AE B Bh
B I TOAN R, S B b X I R 1 T v i 5 DA
HE (sele 55,2018 ) , [HFE [ 2% 30 G, =4 FE
Hi R AN S R G S IR E R RN —
I IC IR

1) BRI, o P 2 20 A5 780 S5 30 3R
B E 2 0 T (Satlmig 45,2018 ; Rosique 45,
2019) , MHRAFSE N 53 5 X % BE 2 20 455 B A 4 4
A FEA FIEXT—E Al(artificial intelligence ) £ 84
FE NIy 12 7 28 Tl o T 49l ) S A ) 2 i T
BRI A R B A, A A 5k
FIUABL R P 18 (Jockel 55 ,2019) FA & X4
)RR SR T e K 0 ) Sk n A g 30 5 PR A X Be AR AR
%) (Tian 55,2018) . MK 536 5 S B AU iy A 4%
B T HARR IR 10 B0H 28 B IR o 2 T 37 55 3
BRI T84 SN BRI B AE A L5 s
BARAAAE— a2 0 SRR 8 Fee
15 A S T LA g 2 SRR s R SR
RERCHY P A i ), JF PR 2 B e 5 B T AR A ik
K, 30 A T WK IE Bk Tz 5, Pei BN
(2017) 7E DeepXplore i J6 5| AWM & I0H 75 51
T, T A SR AT A il & AS[R] DL AL TR
Fie KA 220 IS SR R FEAS, IR 7E A 32
BURH OC B4 45 i AT T SC R, DeepTest ( Tian 45,
2018) W T ZFh 52 By [ 2025 3 [R5 A8 4, 56 T i
KA oG 51 T 53 [ 3l 4k %040 9K 3 ik,
DeepRoad ( Zhang % ,2018 ) WU 7E M3 o 51 A T 42 i
XA R 28 0 T A 1 LA g Pl 45 2 R D 7 7 3
T3 — BB BB ) E AR AR AR AS B T [ BT 20 A G
B (Krook 45 ,2019) , U 15, 2= B HE 4b PR ( Navarro
85,2017 ) FUECHE fl & 55095 55 (Emzivat 55, 2018)
Emzivat 55 A (2018) i 1| HIE XAk 7 i i it 244 18k
aBAER G R, T 2L IRAR A G T B T
BEZEHY Petri R AL EEAE $2 5 T B S 2 Bl 4K
HEARETT

2) SRR A I, T 1) E 302 B ) o
AT 25 | AR 2498 A\ 2 B9 FE L ( Schwar-
ting 55,2018 , 7E PSR ALI] J5 T, v B4 2 W) A
FEN DL IEAER R AR A% 498 25 7 0 0] 1% A5 A0 533 7T
PR IR EE 7 2] Fsi A2 2] (Tsele 55,2018 ) , X%
WY T —E fkads, R 2 2 B 55 22 A2 0 4 9 I A2 A
R B R RGP =T A EE S, Utm A
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B MR RIS RE 1, 5 i I e 7
PRt TR, Li % A (2016a) Fl Li %5 A (2016b;
2018) FI 4322 B TR 2R 18 PR SR SRR %k 25 B 53 e 3
ARG A B i A7 AL, MR PEAY T 3% F Stackelberg
TRWE RN A AP RS EE . Rizaldi %8 A (2018) 42
H—FIE AL 56 E T 2, FLRI#8 F F 1sabelle/HOL
(high-order logic) H1 /) [ s ML 17 4 B & BLIE A
WOTERE T BUE 41 (O B 1) 2 R
TERAE (19 J2 2Pk I I 38 B b R R TR AN —
FECPE T

3) A A A ] A A I U R
I AR SR A A B U R A s B ) 5 )
Pt ] Sl 5 ) A AS E 42 1) ( Canale 55,2010) 4%,
AR I YN A=Y 13 A R i e i
SERER JZEIAT BT B i s
He 15 8 RE 08 SZ B “ drive-by-wire” , 33X i AH A9
H 22 B T 20 R A T A 98 LA ST Rk P e 2 7 ot
R ITE IR R T RIS BR T REAC R4
AR B T B 2 A AR Z2 058 & 47 T8 1)
P Sk B PERE AT AT SEMEVEAS  IRE T TR T3
MRy A S AR #TJ52:, Tuncali 55 A (2020)
P20 A DU CHE SR A 45 5 B 2532 48 (signal temporal
logic , STL ) 232X W 428 1 491 145 47 BF A7, A AT 4 i 1)
HEZRRERS ST T I 228 B AR AL 2 > R Sk kAT
AR, IF A& 8 5 R 1Y 2 Fh oy X
B AL AR FE A, Tha AT Raman (2016) $2
tH STL M RE R 40 & T Ml 2x 29 I 2532 48 ( chance-
constrained temporal logic, C2TL) , 7] PA$8 & fF £ AN
Bl PRI B IR B0 2R AT A e i i & T
XA IR A T — 8 Rk (B ARG
I UEFIPEAS AT SR A A6 X b 77 %% ( Rausch 45 ,2018)
T B X A% G 4 i 22 A A4 o) 30k g Ik, B =04k 7
VEMEFIATSR o s 2 2B, Duplouy (2018) #2417
— PG TR 55 1) 75 vk, F e AR B RS 56 T 5.
Casmos Xf ARz i a5 HEAT B UIE , JFITAl A Bl 25 Bl 4%
a4, Skruch % A (2017) Bt T —Fh &l 4l
XS E B2 BT Al 56 E 5 2%, A ] RS 1k
P i B A IPAG R R S

4 HhEERE

AT A SR A Sh 2 BEPFAIT A Y — T 2

BERHOR  BEAS AR iR Tt B 328 Bk R S 0 AT R
SRk, [, LA B Az s s B K i
JEHEAE | RERS SCHF A 3 B B AR B A 5 344K, BE
AT R AUAE Is AT R B v RS 0 B 5 et e 1
PERNEAFAR T, SR, 25 1] F 3072 S A A
TR AT R R rh MR OR T Ife 58 22 35 Y ] el 5 1k
o T 2 UEEE 19 H S I AR 5 T A
TR REASTAY 18 I B AR P T T 1 ) ) 5 Bk
BETIRE
4.1 ETZEHENELNIREAR

H 32 38 R 40— Fh B 5 S — 3Rl & &
g8, Has AP IREAALR i A5 B S R e
ARSI E , [R5z BV Y BB B A 2R . B2
BRIRAF T S S BBk R IR SR AR R AR A AR 2 TR
Paf5 2, T Se it b SRR i IR, Gl LT
FI 328 B g 20K 22 IR B 1R B 58 R &, AR s
WA R RERBLSE AR G JAT TR, R,
Z B R AR, A AR Z B

TR HEDIE AT 247 /0 19T ) [ 2725 5 ) 2%
FEAEEEFF IR, W KITTI( A project of Karlsruhe Insti-
tute of Technology and Toyota Technological Institute at
Chicago) ( Geiger 55,2013 , Waymo (54 (Sun 4,
2020) 55, SR F 2 B 0 A 0 H R 2
R T i BE TR £ 5 07 B3 55 a0 35 7%
B i A UYL Y o5 . ARl R A A sh ik
T BRI A LUK A 372 Bl 58 s oh 5853
A, S —A B PR I, e 22—
TERIFSE T3 ) S R A B YR R ) 4 25 A T, A4 B Bl
BRI, BN, anfer B 3h 4k R BOR =R iR
25 By e 1 PGB 5 5 B s AT AR AR A [) R
DI T ARG AE B T 1E A B ™ 4 1Y
AR 3R 15 247 N 2 M B AL R A1
Y N RYREEAE By k) BRI S g e X T
P IRXT B2 B R A o A S0 A R0 a5, B At
WA, S i R GEMATE o, HAT IR L B A 3 5
4.2 MEMEATTEREBNIXEAR

FI 3725 B A EAT D — b SR A B RE B R 4
N T BRI, T2 B o be R Ge AT 9 HA R
BERYSEN o TEASSCER 2 19 B A 4104 A S B
DA b T BERCAL S M0 2 1) D) BEAL 4 - )
PR B AR AT S TN | 25 B ok S 4 0 7 7
S R, N TR RE AR A 1 Jor £ O Bt 00 T 11 15 22 A
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Bi¥, Bk, BR, FRF / BaSBRENIKIRARHE

M, ESE, AT TR BRI Iz SR R A 2
2SI, BARIZBOR AT LTRSS E AR 55 A58 i 1
R0 (U i T HEE B g pet: i 51 &
N BT HAT AT aIA . X AR
B 2 LA KIS 78 43 B0 DA 7 SIe 1 A K A R e
LUK, R i 45 ) 4% 0] BB AT AE — RE A9 28 4 M fn)
(Rakin %,2019) , M HIAF7E— Z 5 B &1 R B #f
224 BBk T BES AT B 3h 2 AR R TR
KB, BIAN, Zhou %5 A (2020) $& 38 32 76 BEHY
R AR AERRRRIC, AT AR S AR 015, A
Wﬁ@ﬁ%ﬁzﬁ OAR RO R ARR A Bk . AT R

REASSRY () IE R PE 5 2 bk, B3 e T F sh 28 3l ik
FFE%“ PESATEEYE, UL, dn el ) g o g N TR
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