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Abstract: The realization of safe and efficient behavior decision-making has become a challenging issue for autonomous driving. As
autonomous driving industries develop vigorously, industrial professionals and academic members have proposed many autonomous driving
behavior decision-making approaches. However, due to the influence of environmental uncertainties as well as requirements for
effectiveness and high security of the decision, existing approaches fail to take all these factors into account. Therefore, this study proposes

an autonomous driving behavior decision-making approach with the RoboSim model based on the Bayesian network. First, based on
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domain ontology, the study analyzes the semantic relationship between elements in autonomous driving scenarios and predicts the intention
of dynamic entities in scenarios by the LSTM model, so as to provide driving scenario information for establishing the Bayesian network.
Next, the autonomous driving behavior decision-making in specific scenarios is inferred by the Bayesian network, and the state transition
of the RoboSim model is employed to carry the dynamic execution of behavior decision-making and eliminate the redundant operation of
the Bayesian network, thus improving the efficiency of decision-making. The RoboSim model is platform-independent. In addition, it can
simulate the decision-making cycle and support validation technologies in different forms. To ensure the safety of the behavior decision-
making, this study uses a model checking tool UPPAAL to verify and analyze the RoboSim model. Finally, based on lane change and
overtaking cases, this study validates the feasibility of the proposed approach and provides a feasible way to achieve safe and efficient
autonomous driving behavior decision-making.

Key words: autonomous driving; behavior decision-making; Bayesian network; RoboSim; UPPAAL
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15 DB M T2 307 55N AR sk, AR5 AH B (R g 4 AT, ABAT BAR I P 301, Uk it #
BEAER B0 E R 224, R s RORT S AT b PR sk 20t B8 2B BRIk e B I X

BT, BT B BAT PSRN R G IR T — R AV 2505, 4ildn, 2021 43 A 11 H, —#iF ik Model Y
726 B R R PO g AR — A B i B R AR AT B R4, T B 302 B A A R SR AT AR ko B B R AT Sk
S PRI A B A AT AT b pe SR 1 325 B v R DG BE B AR THT I 22 B, &%k, [ 3h 28 iy St HoAT w
() 52 3k 5 ATt s P Y, T I i ) 5 R () S 2 PRISE DN B2 10 2 R L S U ZE A0 . AT A TR R AN T o
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PeSEHERPE (S BBITAE . 30K, B2 B A e A T S R 1 BB SR BIAT (R R b, RIS AR R R R B R B
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(2) F9 % RoboSim 8B A 34T A YR HE MM BN S AT, BLYR > DU Ji7 0 286 41 B (1) TU AR B A, B2 T WSk A2 je i)
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R RAE N SRS, ARAE A PRALI S D7 o0 25 S A1 225 B 7 e AUl R, 2 8] 19 3 St 4553 (AR =4 T
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(1) ABZEWZE (ego): IR T ego 740 F B HPR DL, WM ATZEMM AT . IERE . S BRG] A AH R 9
T AR DL A AT T 1)

(2) 47 42K (behavior): 1T AR LAA A A AT Jy SR AT A, Ferh QAT R EFEIE . Js . Sl AT 4, A1)
TR Aok A% SRR MR ARE.

(3) 1852 (environment): 878 B AN B W5 (ARSI N 25, B HRESY). KA B4, R g
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ARG,
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WO, AEBCH AR SS AL W B S B R ego BAA MM B AT N S M ERAT N, MURA R RIEYE decision, HE
Sk ego, {EHIH N behavior; B B A currentVelocity, H i X84 ego, {4 double.

R AN RLAIA AR 53 & AR J A A s e

JaR Pk RR J& LA PR S I R
decision ego behavior
currentLane ego lane
K REN hasFrontObstacle ego vehicle
hasLeftLane lane lane
hasTrafficLight RoadPart TrafficLight
currentVolecity ego double
. currentDirection ego double
EERe Obslntension Obstacle string
ObsVelocity Obstacle double

ADS AU AR RSB T 562 B 5 P 2R PR S RITE LR R MR G MERIR, R E T BN b2 iR
T K2 54 2 [0 2828 HAS B, A S DU 0 2 AR 40 25 B 37 545 B 19 B B iR e SR sl R4 T 3 e s B
2.1.2 LT LSTM ffth 4 7 Pl Fo i s 7Y
H 302375, ADS 4724 5K 2 40 i B AR B VF 2 Xk LU o (K AN i P TR 3%, S rp S B (1 IR 362 — 3t A
FE AR I SRS I BENLYE. H T, R 8k et HREXT B 30 2 B4 A 1 A8l 2 5 4 A TR ), (B vk
X H AR FIB BPR AT TN, T 4280 D7 S OB B L R R F 45 S, T LSTM REI ot e e Sl HoA 5 K M5
RIZHRAE S SR ERAERE ), FEoI AT T HURIRAA (5 B, REAT U B 7 41, ik, ASC3ET LSTM BEALXT H 8) %%
S ) P A AT A P T SRR A AR G 1] 2 TR, AR Ay 3 AN ALK
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(1) N RSB B H R 401 D S22 (5 R, FIRRAE ) & X, R,

(2) LSTM J2: 75— T %1 ¢, LSTM S TCAR BRSO 20 N X, F_E—AN I 20 [ S0 2 A5 B R BRI AS Xy,
CATEHT 24 1 7 52 30215 B M BROIR S by
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g T LSTM Bt 20 728 B TR AR 280 oAy DU 07 e S 45443 17 39 5 P (M A2 TR AT e A R, I 45 6
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JEGER, 3 N ZERRRAS T m . BRBEIRI T A, AT M YRS A R FEEREE R Z T AN N T 06 TR AR T )
F5 R, LA LSTM At 75 25 P TR DU 2R 45 380 1) 3 2 45 BRA s TR T 1Y o BRI o0 A1, RIS T I 000 5 L 5K 4T3
STV 5 P 5 45 1.

(2) BHEE ] R 35 ATT 500 CPT. AEBRSE 538N, DUHr I 48 2 5502 2 1) 25 B2 5 70 0 B K ABR A 17
VAN DU 5 3. 76 BARSEEL R, A SCIEFR T GeNlel" L HAR 4 il WAL A4 e DLH i 4% 1) T B I FE4T S 50 5.
2.2 ET U ETRERIT SR SR HETE

FERE VUM T 2 S5 L S BB, N — 20 B T AR o2 HEAT MR SR 30 DL 17 o) 26 k22 i 1) FH 8 e 10 DL
WP 8 £ K LA B YT s ¥ CPT, N 4 B 25 B BR B 1 S A B o B s (0 S B M 26

TEVHE SRS SR R FR v, BERE MRS S X I G M e, W X = x; G B EZR T LR ZRN: P(xile) = ad(x;)
n(x;), e o R H—T0, fRIE Z(X”P(x,-le) = 1,A(x) RINUTAE A AL X AT R IR X IR R, mr(x) KR
X WA WA 7 A IS 4 AT A B, SR 1 45 T SO UL At R HE B 1 O ARG, 2 4 AT 556 5 AT K
TR LA S R B 5C AR A AN R 1) DL B4 5, 3 6 ATHR IR R4 5 AR AR BV S SR AU B K R A
57 AT BUE SO AR 0 AT BB SR RIS ) 25 B B4 55 9 ) 2 BB . S I O0 34 2 e o 1) R R,
ACHAESE 4.2 R TT BARHER .

B 1. 101 ADS [ DUy 26 4T O o S B STV

N BB BRI DataSet, S N5 RIS EUH WL 4% Bayesian, LSTM T &5 R LSTM output;
B P RUEAR

1. begin

2. for all data€ DataSet do:

3 1% ego ZEHARIOAR S BRI IF A A\ B AR 2571 1

4. ego_data = Discretize(data.ego);

5. 114 55 PR AR SR A5 JEL LA A LSTM P00 45 SRy A\ 208 8 R A SE0IR 25715 s

6 environment_data = Discretize(data.env, LSTM output);

7 HAEARPARAS TS m B PR SERIRAS T A i) L PN AT As v JE, IR SR ST mi A f K e B
8 Decision(t) = Propagate(ego_data, environment data);

9 1% 5 K I R 5 I 1) e SRR 2 A 2 T PR 58 T SRR 17 25 B s 4 5 O i 25 B A
10. Set_Maximum(Decision(t));

11. end for

12. end

3 ETDIMHEIMLEE) RoboSim 1B # 52 K2 16

A ELHGE I I ZR AT 1) UL 307 W 26 08 B 325 B AT 4 BEAT BRSBTS PSR, AN 18 SR A AL SR AT D TR SR,
S RPURTSE, PEOTHEACEE PR LI, AT WA T ADS A7 0 Y5 (K] RoboSim #E4Y, L
R LIS 4 2847 RS B AT, FLAAct, DU A R BRPARZS LR 04T PRSI AR, S5t T 1o e o2 32 5 10
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iF T B UPPAAL 4. 14, RoboSim [f]3#% T H. RoboTool" sz Il T I TCHR ¥t BB AL R, B
AR W S Th R, A BRI A S I F SR A T A R R R SRR, v, K RoboSim #5584 4 NTA FiAL,
GESILIE S IN AR 8 5 (timed computation tree logic, TCTL)!'®, 317 ] UPPAAL 1. H b H AT T AL BRAIF
I3 R AS B BN RT I LA AR 2 B[R e, A SCRe Al F UPPAAL 1 H S K1) RoboSim MR EAT I IE /¥, LU
TRAE TR R 22 Ak
3.1 HBFAFEERIEZS RoboSim

RoboSim s —A4~T & LR IHL & A7 LA AFE 5, 77 4540 R AT 0 BURAL R SCARAR BV, 130 R 2 B UL
KAr AR,

BT ST B RF M, RoboSim @l T 47 SLHAT FA I AR &, — AN SL4AT AT T 3R o B A7 d i AT
FAFERE 3 A HEAE. B, RoboSim YA Al LUH FHLEs NG, W8 H T A Zh B35 5. th 05 TEd A H
SR JE BT 01 3 HEOROH , A SO s 10 R 313 5 0 — > RoboSim (1407 ELPT A 1, FLAARRIL AN : 4728 T
B ARG IR S RS AT IR S 4L, A28 S F - TARYE M ar A BE 5 5 A4 7 A D oie, DULE 30 0 Ay B T 25
BE— 2L HAT. £ T RoboSim BT I FE W & 3 FTas.

o R L e HERS
CEMIERA 55550 ! AT AR S
JEL 39 CRE R 38

K| 3 RoboSim [1] 4 MIHATITFE

-/ RoboSim #RIE] 5 LK —A> —JCH (module, Interface) , -

® module : Fn— M, H T8 @ AT A PEESE & 03 O LU RIHTIZ AT EEHISS, B nT DARR A —A
= JC4 (cycle, plat form,Controller) . Ho™1, cycle FRnAi BAAT I, platform KRV & 4t alw X811, B
TN IS RN R % NI HE B Controller KR FATIBAT R HIZR A, TAFEHIEE controller H—NBY,
ZANRAHL (state machine) 2, TANRSHLZAL UML A PRk AP UBIEL, T 2450 P S 2 8, s TREWL
#k (state machine body) AV H1 B2 1145, IRAHUAHT T 25 IRAIIT .

o Interface : FonE: WA, 8 L AW T HRAEFIFAE, SRR S R AL IS, a2 AR
BUIREL, Fi4FH T &AL AR L

AL T AR S ) UML IRESHUERY, KA RoboSim #5701 ik T AT IR U M A FL B 211725 B 42 48 (1) S04 T I 39, i fig
77 {0 A 4 2 A 0 LRI AR 2 HEAT 0 L IR 0T, A% B B S AT Ok PR SRR BRI TR A
3.2 e ADS {TAR T RoboSim 15!

A X RoboSim AR 52 S, —NSE 4N T 1) ADS 4729 PR3 RoboSim BB G FBHEH, #2101, %
A RSP, BRIRSHU BPIRES A AL, KR A S B 32 BT 9 PSR B SR BRPEAN R, MUAS SUAERE
IR, TR TR T A AT R RoboSim A P RPRESHUAR, DLARZH 0PRSS B FREEAE B A UL 17 109 2 41 331
REN PSR,

—A> RoboSim RSN & LN (State, Transition) , 73 M E RS HT R LS. Hoh, ARSI RLTH
JE IR

o state: ME—HRIR T A ETEMIKPIRE(E B ego_state, BIETHIMATIBITHE . HImiE. FHEGE. SHAb
ERH AR PR AR A

o transition : WG4 (source, target, condition, action) 41 1%. J:H source Ftarget i # I AT 45 FN L 1EAR 2
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condition ¥R T HETHIAAELE S, FTFEY N UA (GH) EEAFRE, FFE 348 0 b LE A5 ; action
FRIR T UET BT Uk A B, il e X3 Rihsy LR, Ykis B3R h $decision(acc, angle) 155, Hif
STRHRAE AL RIE T 3 1 4538, 102 56 21 J8 1 45 R A% 3%, ace Rl angle 43 73 FLBL AR (R o SEABRE e b Ab, R
AR — MR MEL G, 83 RoboSim HRRF A ST exec bR XTI AT I 45 AN — AT BRI T 46
8% 2 451 T RoboSim AR A HURAS YUK IRPIRES BT O FAE Ut D A0S, LU E 325 By B A S Al 207
(FITHT 17 ADS SR SR 1¥ DU 357 9 2% g N, it RoboSim A7 (FRIR SN LA AL 5 FPIRES TR L R, HIE ST K
B Ay - 3l P A7 B A AR (R RE— AR, AR DL P S0 o0 8% 4 LA B0 1w S A R LA R AR R R A A ) 24 TR
SEE, WWHZEW T N 2I0RE, IR RPIRSE BAENRESE S, W T B, I8 i % i B4
NIEBE G FEP IR I T 2y DU B 25040 77 2 B O B 4 1, DAPRIETE 1 RoboSim 882 F i 1) e S AN o5
FEEMIAALCARE, WY PNBIZET T — AR next_state WAL AIRISH, 28 FHZAR A 758 3 Dl
W2, It EACH TR, HEI T — MRS 1L Z B N — BB i) LA A TR, A SO Tt ig.

&% 2. RoboSim RSV KRS BT A vE.

N B4R DateSet, VZRIF I VU1 4% Bayesian,
i OIRESHES State, ITBKAM4ES Transition.

1. begin

2. create an initial junction init;

3. create a set State; /PRASEL, H TA74# RoboSim ARAHART HPIRE

4. create a set Transition; /iT B TA4EA, Fl T 12if RoboSim JRAHLH HIIT R
5. create a state next_state; // FHl Tcs% N — N RESHFPRERF S

6. for all data € DataSet do:

7. if data is initial data then /81 5 4 3 SRR S

8 state = data.ego_state; // WK HH 5 1 I ZERIRES AR BAE R M iR
9

if not State.has(state) then

10. State.add(state);

11. end if

12. if Transition.has((init, state, null, null)) then

13. Transition.add((init, state, null, null));

14. end if

15. else

16. state = next_state; [/fRA7 tH L —MEATE LB — AR
17. endif

18. decision = Bayesian(state, data.env); //F] ] U137 25 4R 3 24 57 4= 90K A5 BRI A B S 4 v o
19. next_state = count(state, decision); INRPT VIR EH T —AVIRE
20. if not State. has(next state) then

21. if next_state is not a safe state then

22. 1A BEANAN T ARRES, [Pl UL 37 k) 24

23. Backtracking and optimizing the Bayesian network;
24. else

25. State.add(next_state);

26. end if

SEPREAFUFSUN httpe/ www. jos. org. cn




3844 AR 2023 FF 34 5% 8 &

27. end if

28. if not Transition.has((state, next_state, env, decision)) then
29. Transition.add((state, next_state, data.env, decision));
30. endif

31. end for

32.end

3.3 ETF UPPAAL BJ RoboSim {&BIIEIE K 434

UPPAAL 52— P S HF SN RG0S S 0 E i A R R, FUA N NTA B, IR TCTL #4717k
JFHNZ. T O SEI A B L 3 R W] LB B AR BURITHT 1) ADS 47 4 $3R% [1) RoboSim #5854 # UPPAAL 32
FFMINTA B, % NTA 444 7 28 RoboSim B A it il a5 AR AL 3 /\Qﬂﬁﬁﬁhﬁﬂﬁﬂu’JHJ EREESIDIN
(timed automota, TA) Y, HPR A PR A ) TA B DL K AR N G AR 5 Il I 75 0. o, Sdecision
(acc, angle) V5 —N B S REA R 7 B vh . A, dl ek AR R R4 75 ik, 3 e A B ARl — MF%&E’J TCTL 15k
29, AR CAEBE, ok R AT IR e A . 5, (] UPPAAL T H XA HEAT JE s B 4 #, LA
PRITEESLIFI ) ADS 478 $3% RoboSim 8 [ 2 4 1.

4 Z=EGISH

A AR TE HE A3 50 o0, e e T L7 X 45 A RoboSim B HEAT [ Bh 2 AT b Y3k, 1 5E, /£ ADS
QURA A ) 2T, B UL 9 286 485 1R GeNI A4 v AR AL 2804401 e DU 37 190 5%, e 3k B )72 S 7 LA 40 20

CARLA (center for advanced research on language acquisition)' ™V i (45 ELECHE o DUH-307 0 28 3647 2 802 =, Jfadk
— AT ) ADS AT 4 PRI RoboSim 58, #5 i 6 Hab AT T 2SS TE 43 AT, SEE8 43 AR 1 0 hitps:/github.com/
mzdachuizhang/Decision_Making Using Bayesian-RoboSim.git.
41 TEBESR

HH T AT W75 R AT 2% EE BN AN e PR 38, iR A B0 0E R A8, L Aok R UL LR ) K
JE ] DUSETEL S 5 R I8 FUBERL. A H CARLA 17 BLAs 2R i B 3 B B8R 48, 046 B3l B M A Mn A 25 S
JEAR B AR ZETEAR B4, TPl @ AT Ny HAR AR R S5 I 255 2. CARLA AR R IH) AR T8 4237 st ] 4
Ji7.

Kl 4 ArEEY
4 g R EAE T RAME R 4 AshESL ik, RIE R Yo sk AR 21T 7255 veh e LUK B B ZE8: 4 %:
TEHT 5 750 veh 0, £ 2518 )5 J5 4% veh bl, ZE 78 AT /7 44 veh f1. 1 5€, veh e 7 lane0 ZFid L BLZRATY, H-Ay
Bl A TE R 1 7 S T T 440 veh 0, BSR4 0REF L AR S, 2R TR AR 5 (R AN o
W, A5 T 45 B A AR AT AT B 20 #03E &, UL veh e 75 B A 24 iy PRI ST B A2 SR U] Bl g 38, A BEAE FRAIE 22 42
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[k 5 A F et 3 B 44 32 RoboSim A2 49 § 3h75 B AT 4 i R 3845

I DL HEAT 20 4 s R SRR
4.2 MEEIEBETRRER DI HTRLE

1A ) A 4 32 57Tl R SR DU ST W 2 A 320 R - 1, A 505 2 YT ER B 1T 1) ADS R 40UsAS (A A5
TV HET LSTM A b 4 55 R PREINABE AR, DAy DL Ji7 ol 2 418 3k 2 g b7 5% PRUARRA G, BAE SCET X %37 57 AT A ke S v
it ) LS I 2645 05 AR, 3 CARLA 521 (37 55 0 i, A 1] US04 T GeNle X $din AT 46544 °%
RSB, B R AF BT AR 237 5547 o PSR I DU 307 0 2%,

MR T[] ADS (KA E LI, ASCRARTE 423 S R 7 0 3 2K, GG 4RI . PRI 3 AT o vk
SR, FHICRA A D307 0 206 N2 35 1640 0, LAY )l LR i Lk 2 B, L, ZE RS RiP ) is_safe_id 1
AN A T REMURE OGS B T o S LH ) ego R R HA SIEAAR AR 2 A E N R 1 PR e 2 A B, HLAE ]
W safe 5% unsafe; SRR ZRAT G id_intension i RIARZRE AR SR AR 2 BRI, %W AR IR 2R 2.1.2 15
A 2AIFE T LSTM (¥4t 4247 Ay i B P03 S b B4 1, 9 B 6 20 A by S B 28 PO T by k.

K2 ARIEH A SAT A PSR K DL A 24 S SC

R AR W EE X
ego_lane veh_effifEZE1H
ego_speed veh eZEAT B
ego_direc veh_eZF 5 Yy 4Rl Pl 2k e
rel_f0 veh_e?=5veh f02 [8] F)AH X} i 25
HERPRATT S is_safe_f0 veh_eZEMlveh fOZEAE YT R B RFF 2SS
rel bl veh eZ-Ejveh bl ] FRIAH X 25
is_safe bl veh_eZ-fllveh bIZETE AT F2 M RFFZ A
rel fl veh eZ-jveh 127 [a] frIH X I 25
is_safe_f1 veh_eZEMlveh fIZEAE T BB R 2 S
f0_intension veh fOZEMRZ 3 I, FHLSTMAR Y T 75 21
f0_speed veh fOZE47 glide f5
f0_acc veh {07 24 {i gk ol
bl_intension veh_b1 =725 30 FE 1%, FHLSTMAS 2 Tl 45 2]
FRBER 24 bl _speed veh b1ZEAT S
bl_acc veh_b1Z= 24 Fi itk bl

fl_intension

veh_ 14552 58 5 ], LS TMAS Y Tt 15 21

f1_speed veh 17547 Blidi 5
fl_acc veh fIZE YR gtk e
weather TR CRBL

dec_longti veh_e =5 ] R HUM O\ 1) 2 3 B 1F

AT R PSR
dec_lateral

veh_e F Al ] BER IR 1) 25 3 )y 2

AR SR BT T CARLA 1105 205 13 A U 5, 2 S B4 200 204038 il R0 5, BEAR IR 75 0 ke
ZEW T T REIN TG 0L, B AL S RFERIBE 0 0.2 s. B 46, A LSTM X BR455 b 1) 2 74 SE AR 2% (R veh_f1,
veh_f0 Fl veh_Ob) i3F47 22 G 2 & T, 4 00l &5 SR — I N s A vh . AR5, A8 GeNle 1 B A4l DUt g 25 358
T LR AT S0 S, A3 BB S B (¥ 1 1) 68 25 AR T 3 AT 2 W SR DLk i 29, mT DLW HE 45 D 2%
Z AR, HAE i A3 2% veh e ZEMIAT AWK RITY 15 dec longti TN 15 dec_lateral 7= H B8 0] 82

5.

BN AL BN, R 2 T AR LR J R S5 DR 3R A A OGS I () DL R e, AR R T DU K

Ja A HEBE T 4 BT RER IR B4 IO, MR (e fme R P B O A0 2 PR35 SR IR 17 25 Bk S £ 5 0
) 25 B, — U DU HE I e SRR G 1] 6 7R, veh_e “MiiTAL T A U 43, AT BRI BERG 55 2 1 423 il 2k

K PRI
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Jefam/c, HHLY veh_fO. veh_bl. veh_fl ¥ubT 24 FH &, FIHZEHLL veh 0 S5, Ho S HAK, RFFSHIRE,
H 64% MEZEORFF HAT. TEZ B BEIAEE T, ik DU iy o0 26 4 2015 20, 186 1) 25 3047 0 DR FF M AT ZE T 26 73%,
P 8%, JBIHEME R A 19%; MM B AT A, L3R 67%, MR R 16%, TrFF EATIER A 16%. B
I, T B2 B A S R A ) B O R SR A R M AR S A

IO ego lane [© cgo_speed 3 ego direc
= Low 37% ([ Left57% ||
Right 59% [
=
|

Mid 61% Right 33% (I
Left41% |0 —

Fast 2%

B~ [Straight 10% 1

=
| \
© f0_intension \t

001'67— & rel bl [©_bI_intension rel 11 © TI_intension
Close 31% Left21% [l Close 17% ." Left 11% Fard% || - Left 16%
Far 2% Right 15% || Far 1% Right 18% Mid 96% S Right 20%
Mid 67% traightﬁ4%! =l Mid 829 | traight 71%| Near 0% | Bl [Straight 64%)
f0_speed f0_acc : L
Sw%n/ h Sm = O fI_speed [© bl acc © T _speed [© T acc
o 00 U Low 47% lacc28% I Low 31% Ace 51% |
d 0% ec 45% | id 422 [ dec 29% id“%‘ Heco% ]
Fast 4% Keep 44%
ast 4% || F Kee4%llll Fast 1% [l B\ kepssw I & Fast 5% \\ / ;?43%- F
(O Weather : \\\‘l '/ is_safe fl
Bz O s safe f0 o is_safe bl s_sate_
= Safe 40% |
[lemraty . safes4% NN UB ef 5:)“/ [
it nsafe
Frogy 13% - Unsafe 2% | Unsafe 46% 0 | i
ansi%e | o — /
dec_longti ____O dec_Tateral
Acc 15% (I Left42% (R
dec 13% (g1 Right 32% (|
Keep 73% N = [Straight 27%| [l
B 4 v,
Kl 5 BZEARTE AT A PRSI DT kg 4
ego_lane IO ego_speed O ego_direc
: = Low 0% Left 100%
Right 100% — =
e id 100% /Rng}_uO/oo
= Fast 0% B Straight 0%
O  rel 0 (O 0 intension © 1ol bl [© bl intension \ © £l _intension
Close 0% [Cer 21% Close 0% Left11% [ F. Coft 16%
Far 0% Right 15% ||| Far 0% Right 18% [id 0% Right 20%
B . 1 . o
Mid 100% [Straight 64% = Mid 100% | [Straight 71% Near 0% Straight 64%
10 speed
L T00% - ©) 5 UNaCT @) bl _acc I©  fl speed @) f1_acc
Low 100% [T  [Acc 0% Acc 0% Low 0% Acc 0%
n o
Mid 0% iec 0?000/ dec 0% IMid 0% dec 0%
IF: Y [ cej |
ast 0% E 0 [Keep 100% -
[©  Weath \A\‘ A
‘cather -
is_safe_f0 + IO s safe fl
Clear 0% (O is_safe bl

Cloudy 0% Safe 93% [Satc 8% afe 50%
Frogy 0% Unsafe 7% nsafe 50%: v

&
Unsafe 15%|F
Rain 100%

O dec_longti dec [ateral
laces% [ oft 57%

ke 20% |IF] Right 16% [|

:Keep 72%| _ Straight 16% .

K6 Aoz sl BT T vk S M
4.3 EETEBEITHREL RoboSim EE!

HR A AE T 437 500 O SRR G S5 4.2 745 7l DU S I 226, R B0k 2 3 T 1) A2 3 2237 5547 D RSRK)
RoboSim FAL, JFHE T JATTH7 I TAE P IL [ 2 e NTA BEAL, DU HTTE AL S0 E T H UPPAAL XHZ LAY
PEATIRAEIHT. 1B 7 J7s I 1 1) AR 473 54T 0 HR SRR RoboSim A, W] WLAITF P45
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Envl
" F0_speed: Speed Fgostatel @ speed M Lzne Mirection | | [l Relativeis
fﬂ:act: Acceleration :g:_zwz:;i[::t?on stop left straight close Deciiont
¢ FO_intension: Direction egu_l.ar;ge- Lane low right left mid CISI0
* b0_speed: Speed o 90_ane: P mid right Far 1 decision(ace: Acceleration, angle: Direction)
YWkl . & rel_fo: RelativeDis Fast
# b0_acc: Acceleration 4 rel_bo: RelativeDis
< bO_intension: Direction 2 rel Fi: RelativeDis
:LSM_M:ST“d_ 4 is_saFe_f0: Issafe @ Acceleration| | @l Weather @ 1ssafe | (Q decision(acc: Acceleration, angle: Direction) [terminates)
f‘l_:ar_r_ M-ce .er.?tmn. 4 is_safe_bo: lssafe vy o e
1_inkension: Direckion 1 is_safe_F1: Issafe ace cloudy imsafe
< weather: Weather
- dec Clear
frogy

(a) AZTE T RoboSim M LA M. Sk, #R4F DL s

I AmerTaringhecduie [eylene - finse--11]] af OvarTRengCocrreller ryrafiat = fopek=—71)]
® Godsionl ]
(DEme
& CarPlitfeem ']_ -
1 axpie -
[F Deciziant el el 'D"“u""' A Drn_rrnn:l:m:')rnﬂl:m
(DEm Ihn
ot = x
i I Iwnannr.wa:rhnr
Fr e Irl
! IbO_in'.ersio'K Dirsction
A afresn e iag e 1
. Fi_speed: saeed

b specc: speed

£ ef O tabigs1M Dn_arr Accelaratian
Dn)veed:wa
1_sscc: vl
Dfl irtension: Directivn
Dm_am scsaloratian
BN . T < . -
(b) ZZIE A 4~ RoboSim FJ Module &7 (c) ZFIE 7% RoboSim i Controller 1571
3 overtakingsTM [oycleDer - ((oycle—=1]]]
3 Leimp_0_speed: Speed, Lemp_T0_ace Acceleralian, Lemp_M0_intersion: Cirection
3 temp_bi_spesd: Speed, temp_bD_ace: Acceleration, bemp_bD_inkension: Directian
3 temp_F1_speed: Speed, temp_f1_aces acceleratian, temp_F1_intersion: Rirection
3 temp_wrather: Wiather
Inputs
DEm
Fo_ace: accelesatio Quipues
Decisian! weather: Weather
b intension: Directio [sr_speeditemp_ro_speed\temp_r ‘ A ] f\bemp. alfsdecislar Directianiirigh

oz b4 speed: Speed
Fi_speed: Spee 50 51 x
e
0—' fo_spoed: Spoed
F1_ace: Acceloratio

Ho_Irkension: Direction
F1_intension: Directio _—

b0_acs; Acceleration

(d) 218 4= RoboSim RN R &
K 7 T AR IE AR 43 54T WK I RoboSim 57

(1) B 7(2) AL W O e B4R RS B VAR A6 R 35452 11 Envl, ego RSN
EgoStatel Fl¥ 4% 1 Decisionl. 2, Envl H5E T A MBS R 2 Fi0r, WSS IR . Bk,
TNTEARE Bl LA B R AOIRES, 1K Se ARl i R4 K ) 27 & CarPlatform %3545 RoboSim 52 1 o FB 42 il 28 AR
Hl; EgoStatel 1158 X T ego ZEHIIRAS; Decisionl & L T — MR ERAE decision, % #AE R T 0 2255~ — 201 i
TR R ) A SR PR SR . MO 28 Speed S5 T SRR I ELE, W1 Speed 284 rhiE LT 4 AMH stop,
low, mid Fl fast, JH &= 20 10024 Wi B2 X 11, stop &7 ZE403 24 Hi s B2 0.

(2) I 7(b) 4 Module #%4, ZE45 4P 4 CarPlatform 4% 2% OverTakingController 31 % I EnvI H 1) 2K
PERP R, ¥ AYIELT & U IS BAL B A 1B M98, HeAh, CarPlatform 424 1¥18Z 1 Decisionl FT#:52 H145
T ER AT R N T R SRR A

(3) Kl 7(c) 4 Controller #i%Y | #55Hl #:F1 Py H#BAIR ML OverTakingSTM tiE T 4% 11 Envl 1 (I ZEF 700 &8z, ¥
WEEAE BRI L P ERIRASHL, Hlid 2 1 Decisionl #2572 5% FARSHLIN EW P SRR AE.

(4) B 7(d) AIRESHUB AL R B, B TR IR, 1 JLR 028 T I rp (3R A RS AT B RS HUR R HIRE AT
WFRINR : AUE 40 BN 24083 N AR T8 237 5, B 2 AN initial 35 A R FIE s 0 19 6, BlS, PEHIR SRS
ZEAP) A HAR S TR G A 34T JI T 38 N 38 1) 22 A RAST R FEAE AT 45 SR K e 358 Decitionl
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. B 7(d) PRRER T —4RE s_1 BPRA s 2 T8, RATHETA condition 444, RIATJE A WIH 4, 243l
A2 condition T A4 I, W2 il & action 1, B )5l exec 45 W 24 I FAT FE Y.

ARG CARLA #AMITEL T 200 MARTE M43 50 Gt 24 113 ZRAEEER) 1F 5 EE, LAECEAE ] I
I 307 190 4 114 ] RoboSim A5 7Y BT e 55 1) 45 JL RN R0 3 ) b e SR 446 L, ok B B 07y ¥ 10 e SR 46 L o2 4 — 3,
ViR FE A5 T, RoboSim #2584 7k 3k T U7 W9 2% (K1 e SR 05 5L Wb Ab, PR VR AE — AN 4 1 SR SR AR
S LG 8 B, I e SIS LA T LA HY, A8 1 RoboSim ¥ SEAR 78 BIr Akl e SFE A S Eb B 35656 P DI 37 D9 4% 3347

1200, 30
— DM %% — RoboSim 7!

1000}
2 g
Si; 800 - =
% 600 §+EE<
ES £
=400 Z
B £
= ~

200

0
1 13 25 37 49 61 73 8 97 109 121 133 145 157 169 181 193
Wk TS

B8 DU M 4% 5 RoboSim H6 75 w5 2 ) L [

Bk P SR A T i A1, 487 H RoboSim RS I S RFIE— PR A 20 5 AT 30 E 204, AORIERLZY (1 22 4>
P, AR UPPAAL 1R A TG ITE TH DL 5 ik a 47 4. Bk RoboSim A% 28! AT DU i 8 1 4 46 B 3 A=
A 9 Fros i E EH ShHL N T 5SS RoboSim A% 5 H Module $447 i #11¥) OverTakingModule cycle
(il 9(a) i) £54 RoboSim #:7% H1 Controller #4478 #f¥) OverTakingController_cycle (41 9(b) Frzr). Fl4t
%} RoboSim A&7 FRAR ZSH AT F AR OverTakingSTM _cycle (W1 9(c) [IT7R). IX 3 AN A %1 10 25 A7 5 52 5 Al
RS HIRTZ, LL % RoboSim A5 HefR 2 A LA R (1IN 18] LAY OverTakingSTM (40l 9(d) BT7w), A5

SEIL T ARZSHLR Py A4 2 4

xT

Q ifConflict)==true
utput_Conflict

registerWrite_C_OverTakingModule?,

C)m3

ifConflict()==false
registerWrite!
GiveOutput()

ml

registerRead_OverTakingModule_C! end?

end_S_num+1>=S_num

i int[0,1]
Init(),
Takelnput(i)

cycle<=period
cycle==period
wait_p!
cycle=0

end?
end_S_num +=1

m0

end_S_num+1<S_num

Qd

ifConflict)==true D

ifConflict()==false

Output_Conflict
registerWrite_S_OverTakingController?,
GiveOutput()
cl end_S_num+1>=S_num
registerRead_OverTakingController_S! end?

c ' Q
registerRead_OverTakingModule_C? En
Init(), Takelnput() wait_p? end_S_num+1<S_num

end?

c0

registerWrite_C_OverTakingModule!

(a) OverTakingModule cycle 17

ifConflict)==true

C)s3
ifConflict)==false

Obu(put_Conﬂict
registerWrite_OverTakingSTM?

registerWrite_S_OverTakingController!

s1 GiveOutput()
& startexec_OverTakingSTM! o

registerRead_OverTakingController_S? | endexec_OverTakingSTM?

Init(), Takelnput() <4 end_S_num+1>=S_num

wait_p? end? O End
s0 end_S_num+1<S_num
end?
(c) OverTakingSTM_cycle 17
9

(b) OverTakingController_cycle 1%

GverTakingsThT

weather == 0
registerWrite_OverTakingSTM!
decision_OverTakingSTM.acc=0,

entered_s_0

startexec_OverTakingSTM: Q decision_OverTakingSTM.angle=0 J,l
(d) OverTakingSTM ##i 74
NN TS PR N GIEES iwit

© HEFEERA AT

f0_speed == 0 && f0_acc == 0 && fO_intension == 0 &&
b0_speed == 0 && b0_acc == 0 && b0_intension == 0 &&
f1_speed == 0 && f1_acc == 0 && f1_intension == 0 &&

http:// Www. jOs. 0rg. cn



[k 4 A F et 3 B 44 32 RoboSim A2 49 § 3h75 B AT 4 ik 3849

LA 8] B S AR 0] LLEE & TCTL P Sl 938 i UPPAAL T H AT 2 AL B E 40 . i B BRATTE6E
THEBIME . 2T P o CL AR S T IR PR SRR AT N P SR g AV (PR TR, B IE 45 SR K 3 o, BaAiE
gE LR, L3R AR T ) AR TE 435574 T S U SR 1) RoboSim A7 1y P 3502 48 2 22 4 1.

F 3 BPRASHE M S AT R ) UPPAAL BERYLG I 25 R

L PR IR USRS
A[] not deadlock TCHEA Wi
A[] not (OverTakingModuleicycle.Outpthonﬂict && OverTakingC'ontrollerﬁcycle.OutputConﬂict T s Wi
&& OverTakingSTM_ cycle.OutputConflict)
E<> OverTakingSTM.entered_s_1 s_ DRIk T2
E<> OverTakingSTM.entered s 2 s 2R IL 2

5 #HxIE

ASCWEST B B2 AT A PSR T7VE B TG AACERAIE, AHOC TAE 2 HG B ) WSk A 07 »F A3 2 34T
PRSI 2 A PERAIE )5 7% BA & RoboSim #E K AHSCEGUE 7 VE 3 K4
5.1 BaIERITARKAE

HHT, BB ERMEAT Wik E T DLy T2 5 TR TR T R g T 4
R3S e 2 5 (0 S IR PR R 2 ) SR IR AR AT [ 28 2, 7= A s B (AT A e S
7%, WA (NVIDIA) K 1 1 302 B AR FH A B 20 I 40 AT Yok i TR (10 7 o v et e 1
BRI B AAE HAT R, AR TAEA Wang %5 A PG54 2 AT ZT 18 T 421878 e LS BR 22 10 25 B AT Oy

LR TR U (1 AR T T I R EAIRAS, R AL B PR 5 A A A TR RN DG R, WEIMTEEAT YRR, AKX
FOTEAPIRSHUBERL BT AR HE s (BB SR, 1 0PIRZS AR, STk [22] PSR K24 BV /¥ Junior B A
R — A BRARZSHUEATAT 2 w3k, ARTE 52 B I st MR P A A RS HLTE R 28 15 B 405 SCiR 23] 1, Odin ZBA
TR P2 VIR A ML 23 AR i 1) 25 B 37 55 55K FH 5 G (R M LSRR AT 4 e B2 o 5 TR 1) 7775, Zhao %5 A PO
FHAAEE AN B 872 B ER 5537 St AT EASE, W0 A\ AL 3 10 508 5 2 R e v () R0 D032 4T DG e P 015 21 M i 3 55t
XTI R RS . T T P SR R U A T AR P B, (RS T SR BB Th AN i s PEIR 3, HAETEIRES S TR I A
A PRSI

FET MR GE v BB 7 v BRI 4 nD I S /R W] R e #] (partially observable Markov decision
process, POMDP).  JUIH- #2545 Liu 25 N B3 /5 30 X PR 55 e 1475 58 S (1) e 556 1) 0 435 POMIDP A28, DAk
B ER T B A 102 2 75 IURH B S 75 5 LN BN 5 TR 25, AR e LA o 77 BRI P AN A 7 DR 38 0T 5 A Sk 14D i {1HL
TAAERA A TR AE L Ulbrich 25 A\ POHR H — R ARk Bl A DU U 99 46 5700, B0 T 1 30025 S 2 A /0 AT o
PEIREE R (0 A AR 1 AT S AR VRS TR IR 2 S S 3 AR IR AT 45 . Ma S5 A\ P 2 i R
G255 T s R NS SR HEBIRLER, 38 F 22 AT 25 2% 2) P28 I 45 R EU2 38 SA A0 AR SR (R e AL, SR A 2 BA I
I 357 D 0% e SE RSB FA) N. . Gautam 25 A VR FH AR SR A5 A 4o 26 o0 4 A S o T B 500 110 A e DL B A K 11
A P, I 25 A 51N TS e S IR DU 97 I 48 JEAT e AR DL B vEME L 7R 2 R 25 B 55 B L R B 3h
B R, HAE R — S35 MR T IURVEE S BOHE RSN B 1) A
5.2 BmhBBITARKHOREMEIESE

E B2 AT g e IR 2 A PEBGAIE T 1T, Selvaraj 26 A PP I VP Ak B U FIE . B AT A S 0 E 25 2
Pl RACEAR, 15 HH 3072 B A SIAT P SR Sl 1 75 2 2 i XA D7 I O I A v 1) 45 1. Wongpiromsarn®™”!
SINT WL IR K B 3hHL (periodically controlled hybrid automata, PCHA) UL & LTL #E/T R ZGEML, i A R
R B Ao A T 1 225 B e S R G A AL e A IR Dtk A5 N BT T 6 R S R AR B A
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(1) 32 B A SR R G TT R MESL, H WO R AT PR B e, Ji o % A e R IR G e v I FE R AN 5 82
R B AN A5 An 258 N B2 T T WL 2% S0 10 77 vk TR0 0 B N 228 T 2 1) 25 i XK, 58 T — IR B AR
stohChart(p) LA 25 B WU 43 2 1R 46 RAE 9 S50, K Z s 5 1 33 o MESR I 1R) B S AL 4%, ) P RS RRS) 1-
. UPPAAL-SMC HAM T2 3047 A 22 A . BATRTIIN T A B3 1 1 52 B4R s A5535 75 ADSML 445 1 3
By s FIERSAT D RBIEAT A, KL B 3l BEVLIR BORZSHL, £ UPPAAL T R EHAT IS UE 44T, 7E14
T AR S ST W B B0 BRI 2 A, D AR R (1) e AT

AR SCHITEH ) RoboSim FE YA B ) LL&k A HAb I sUAR B AR sALKAIE T L BEATHA1E /047 Filho %5 A B 42
H T —Heks RoboChart (RoboSim [T )7 A, (HEA I HHIPATIE L) ## 4 PRISM MR @ BHE 5 WHEKH T4
PR Abba 25 A P4 RoboChart (¥ tock-CSP # 1k ) UPPAAL fig g4 (ki [a] [ Zh ML, 1E3% T AR OB 6
RoboChart [¥] tock-CSP i 3, VA 5 A SCIXREH 2 3 RoboSim H1E 4l 19 @A 70 25, AR ST 2L 10 i 30 14 gty —
ks RoboSim 87 B4 6 Sk 1) [R] B S AL I 4% (F RS 770, A TTAEAR AT I 1 2 UPPAAL R AT 22 41, mlak kLA
Km PR 30T

D] S A ST RS DL 07 D 4 4] 2 RoboSim A5 1 B 2 B AT g th 3 515, REBS LT AR M 2 24102
DRI A, I N7 LSTM B R HL A 2 25 S At 2= 1 TGl E AT 40 5B B, 9020 B3 (10 AN s 1k R 38 25 1o
W R B RZ M, f )5 BL RoboSim PR HLAE Ay DU HEBRAT 2 YRS I a8 i AR my P SRR Al i T ety B
G Z P AMNITE T, DB T V53008 73 B DU DR PSR 1) 22 4, IR A DA TARE AN R 2 Ak

6 RESRE

VRZE BB E R IR R, ATt T KREL B 32 AT A Yk J7 vk, AR, Ko T8 R 2% 18 B 3 25 3
s R AR AR K IZEIRES, HRAA AR S AT AR, SEBCREICR VIR, ILAL, #x Pk i 2 4 1k
RGN =05, 3 LLORAIE R BT A PSR 5 AR AT A T 2 ARAS. R LA B )8, A BRr g o 7 —Fh 1
D387 9 244 FH RoboSim A58 1 T T 4 1H 311725 B AT A YRS 73, 17 vETa o D 307 199 288 A e 32, K A TR 1
IRBEDN 3 B RS TN (Rl — &, At 1) F 325 384T 2 PSR Y RoboSim LAY, 85 Ji5 4 F TE A AL B8 UE 5 AT Bir
A B R AT 2 RIS UE A3 AT, AEEARIE VSR IEFR TR T, R PR TR 8. DL E TR R ER
BN AT A PR FARAE T — RGN I vE.

R TAER AR SRR AT RoboSim BRI 8 BN BAT by P 5K J5 ik, H RTAS SCR I DU 17 90 28 75 )1 556 1k
J&, ZHEAN G A TR ANZSSCE, Ja IAEA PRAR R Wy R H 590 BRI A0 DU ) DL B~ 30 DR SR
SREEITIEAEASCHR R HESE ep (1) W . LR, AR SR PR SRARR A T 2 R I SR 5 204, B — B B IR ke 45 &
h2 g5t dERE 5 ADSML (autonomous driving system modeling language) X [ 81725 B 27 4= 3 5t HEAT @45, 53
T YR ZE B 302 0 22 A3 5 (W SR @ B IR UE 2 M. 385, TR S50 0%, ARSIV Y5 oAt B 20725 Bt e 5K A= 1 7 s
HEATRE G, DAIE I A S 7 V21 e s e A v 5 0 A
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