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Study on Safe Parking Path Planning Algorithm for Narrow Environment
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[Abstract] For safe and feasible path-planning in real time of autonomous parking system, a parking path
planning algorithm based on constrained reinforcement learning with a hybrid action space is proposed in this paper.
Specifically, the proposed algorithm employs a hybrid action space reinforcement learning framework that integrates
discrete actions with continuous parameters to achieve parameterized trajectory planning, thereby enhancing the ex-
ecutability of planned paths. On this basis, a constrained reinforcement learning algorithm within the hybrid action
space is designed to optimize safe policy execution, ensuring the safety of parking paths. Moreover, a curriculum
learning mechanism is introduced during model training to guide exploration progressively, improving training sta-
bility and convergence speed. Finally, extensive comparative and ablation experiments are conducted on both per-
pendicular and parallel parking scenarios. The experimental results show that the proposed parking path planning al-
gorithm outperforms existing state-of-the-art methods in terms of success rate, safety, and real-time performance,
exhibiting superior overall effectiveness.
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Reeds—shepp Ml Hybrid A* 83, {H & 3E 5 4230 5
H. JFHZEEIF S, B m T AL L. &Y

szim. (17) HCRLAEAFEE A A0 g5t Tt T BA S )
Lo AITERE , I HEA i 1 A PR S M
*2 NBEELEZ5HCRLEZAEEFAEMKLWER
WiRES Reeds—Shepp Hybrid A* SAC PPO HCRL(Ours)
$./% 1 1. 00+0. 00 1. 00+0. 00 1. 00+0. 00 1. 00+0. 00 1. 00=0. 00
c.l 52.98+26. 78 8.75+3.32 26. 00+12. 72 27.94x13. 55 8. 67+3. 89
T /s 0. 010. 00 2.74+3. 86 0. 50+0. 03 0.560. 03 0. 07+0. 01
L,/ml 8.91+0. 36 9.68+1. 16 14.73+2. 07 15.98+2. 21 9.78+0. 86
Nl 1. 00+0. 00 1.330. 58 5.84+2.30 6. 16+2.77 1. 66+0. 71
N_| 2.87+0.51 3.68+1.03 14. 18+3. 04 13.37+3.19 3.82+1. 50
5,1 83.33 79.23 44.47 40. 58 94.05

MR 3 FrR s ] LIE H HCRL B 7817
AN s AL RN COMFER] T, 55 KB br

WA T AL R 30% , JF B HCRL Y £ VEAE !
Fn T HAR AL . RIUTHCRL A AR 4
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Jrid Reeds—Shepp Hybrid A* SAC PPO HCRL(Ours)

S,/% 1 1.00 +0. 00 0.83 £0. 12 1.00 £0. 00 1. 00 £0. 00 1. 00£0. 00
¢l 65. 49 29. 72 10. 70 +4. 66 16.22 +7.27 18.02+7. 82 7.92+3.76

T, /s 0. 01 £0. 00 23.93+7.20 0.31 £0. 06 0. 32 £0. 08 0. 06+0. 02

L/ml 8. 80 +0. 34 9.34 +0. 84 11.02 1. 65 11.64 +1. 81 9.96+0. 92
N, 2.00 +0. 00 2.26+1. 14 2. 600. 34 2.72+1. 16 2.31%1.01
N, | 3.82+1.38 4.51£1.94 13.29+2. 53 12.56 £2.25 4.69 £1.22
5.1 83.33 55. 46 53.80 48. 14 84.45

Y T A S LR AR O B AR v RS et
PERIE S .

H IR AR Sk S HCRL Bk fr T B
TS FPEA T 2 I G- 3 I SE B 45 R (4 U3 — A5 4y
WE 7w MWEHATLUA H HCRL 3k 78 S di
FebR IR S, WA €. KB T, %507 AR b T HoAt 3
LA EA BENIS I BERE T E RS 5,
PR L, e PEURBN, A i R AR LR BN, 46
Fe bRt AR BT e UM, BARTE AT 000 5 5
H AR L, RPN, LS A% S AE AR OB,
FIRRISAL, R MR T A S i tERE . b
Ah, WEDRZE T LIE Y HCRL 53 4 T HR AR A e
A L SR A X R, VA AR R A A S5, 3X
2 B HCRL S A b A S 2 50 LA s 3
M RE RN
- HCRL
AR

-eo-Reeds-Shepp -=-Hybrid A* -&-SAC -+-PPO
FEIH AL

K7 AT AR s e AR IH — Ao

G 23 W] 1 2 A0 4 A ML 5 ik 5 HCRL A
VEAE S B FIEAT A0 AT 4 AR ML ) SE 30 2%
RUNFARZLS s . Hob, AR B{ESE—BUE Y

10, MEHZERTTLIE ) HCRL Bk 7E L U] % S,

FAS C, 55 R b B I8 T HAb AR 29 3 A IR 5 3
VEZS ) (022 axnimAl o ) B0k oAb RIS T F0 %A%
KB LA H T HAD A S HA WL R A . R
HCRL 551 He T HAb SOt iR 5 sh 1 25 8] 22 42 i

A7 2T BIA 2 AR LR 1 BA S 0 22 A (S
IPEAI AT AT PE . JF HARZR G PRI S, IR0 T3
EIRG SIS 2 sl s ) ik . N R
HCRLAETE T BAPATIA 4 5 T AR T AR
VR a2 4 Al 22 o) ok B A 23

PERE

F4 ETHEEENHEMZEMIE XS HCRL
BEEEEFRFEMIRER
Ji#% | PADDPG-Lag| HPPO-Lag |PDQN-Lag—R|HCRL(Ours)
$./%71 | 0.98+0.01 | 0.99+0.01 | 1.00=0.00 | 1.00 = 0. 00
€.l |11.33+£510(10.04 +4.86|12.58 +5.77 | 8.67 +3.89
T./sl | 0.10+0.04 | 0.09+0.05 | 0.11+0.05 | 0.07+0.01
L/ml {10.30+1.05]12.67=1.49|11.08 +0.88 | 9.78+0.86
N, L o| 1.56+0.53 | 1.7420.89 | 1.67+0.70 | 1.66+0.71
Nl | 3.61+£1.36 [4.14+1.86| 3.95+1.64 |3.82+1.50
s, 1 75. 61 77. 54 89. 05 94. 05
x5 ETHEEENHEMZEMIE XS5 HCRL
BEEFTEREAIRER
J5% | PADDPG-Lag | HPPO-Lag |PDQN-Lag-R|HCRL(Ours)
$/%71 ] 0.99+0.01 | 1.00+0.00 | 0.97+0.01 | 1.00+0.00
C.l [12.09+4.65[10.31+4.30|13.17+5.83|7.92+3.76
T./sl | 0.07+0.02 | 0.06+0.01 | 0.07+0.03 | 0.06+0.02
L/ml | 10.62+1.69 [10.03+1.37(11.87+1.82]9.96=1.14
N,J | 2.67+1.68 [2.43+1.23 | 2.91+1.75 | 2.31=1.01
Nl | 6.29+4.26 [5.03+0.96 | 6.67+6.95 | 4.69+1.22
S, 1 67.23 79.97 57.15 84.45
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Shepp it FLI (1) B4 5 8 B9 09 A2 30 A2 A2 B Sk 1)
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3.3.3 ML
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