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Trajectory Planning for Autonomous
Vehicles on Ramp Scenarios with
Gradual Curves Based on Risk Modeling

CHAI Chen', ZENG Xianming’, LIU Tao'

(1.Key Laboratory of Road and Traffic Engineering of the Ministry
of Education, Shanghai 201804, China; 2. Cainiao Network,
Hangzhou 311100, China)

Abstract: Ramp scenarios with gradual curves challenge
the autonomous vehicles because of their irregular
curvatures, diverse planar layouts, and multidimensional
vehicle conflicts. This paper presents an algorithm based
on the coupled "vehicle-road" risk to increase the safety of
lane-changing on ramps with gradual curves. The quintic
polynomial is adopted to construct a set of candidate lane-
changing trajectories. The cost function is developed by
risk, efficiency, and comfort indicators. Simulation tests
under parallel continue curved and tapered continue
curved ramps show that the proposed model improved
safety performance by 13.9 % and 12.6 % under the two
ramp configurations compared to earlier lane-changing
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algorithms based on collision detection and rule-based
risk evaluation. These results showed the proposed
algorithm can be applied to complicated driving scenarios

to increase the trajectory safety of autonomous vehicles.
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grid research
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Fig.5 Risk assessment of lane changing

on parallel on-ramp

4.2 EH#FICAK[DE
TEHBILAXTE s, i TiERL A 48
LR AN 4B RS 2 AR, 3 A0 A0 I i XU Y 54K



5 8 1 s

St R R RS AR 4 A T 4 T T ) 2l 2 B A Ty ik

1257

SEIMHRE I HL. 52 ) M A0 22, 38 40 58 s i
(WL 6) o Xf AT AU A IS, B4 A HE Y

A R B R T E K, A S R R
T AL E] 1. 25 m-s™,

—20 80
— MR —
£ —30F oo LA i T
£ W )
Gy 3 = — R
______________ " 20 -- - S HA
750 1 1 1 1 J 1 1 1 1 1 1 1 1 J
25 50 75 100 125 150 0 1 2 3 4 5 6 7 8 9
XAsR/m (T /s
a itk b il
1.5 20
— RS
e X HA
é L0 F sl ‘”9
= %
205 = | — AR
= — 0 - X H AR
1 720 1 1 1 1 1 1 1 1 J
0 1 2 3 4 5 6 7 8 9 1 2 3 4 5! 6 7 8 9
frET AL /s {rET A /s
¢ PR ek d Bl
m6 HEELAREEHEER
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Fig.8 Comparison of lane changing success rate, safety and efficiency results under continuous traffic flow
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Fig.9 Evaluation of lane changing behavior between the main vehicle and the following vehicle in free flow scenario
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Fig.10 Evaluation of lane-changing behavior between the main vehicle

and the following vehicle under saturated flow scenario



5 8 1 s

St R R RS AR 4 A T 4 T T ) 2l 2 B A Ty ik 1259

5 #it

(1) %t X8 il #8186 % PR 45% , Bl H Frenet e bR &
W 1B B ETE 5B B A T A R A Rk, T
725 23 P v 1% o 0 R R A o
90 % XU S A 7 AT %o A28 iy 36 i 3 BB T (46 ii
JRUBS A 75 PRI A, 45 S48 Bt A9 IXUSS: Ak vk

(2) JEF KBS AL ff A B 25 1, i — 20 S r
IR X PR A 2% () A8 1 R I T A T, AR
SCME T AN [R] AT HE A7 RS SR T Y& e VERE , o
TR IR S e A AR T L Y 3 Y g 2
] Y BURROC 2, A OGS A B Tk — 2B At XT A
1725 g 14 A iy 24 0T 205 RS A 3 L A S
wits

(3) R 1 A5 XU s A5 %) AN 1 % TR AE
WA SCH 2 SR AR AR I 1) 2S5 A, AR B
AU A3 A, A6 RS 7 B BLSE (R A L, iE—20 AR
A A BE SO 4 T B 0] A FE R 23 R] N A 3
4 Jey XU S5 AT A B0, 0 — 25 8 vy 0 A ) 1) 22
21k,

YEE REk =R

Sefr FNRTRSE, R 5 BUR AL B 30 SO AR LS
#5;

e RIS, B BT, B AL B, i SR AR
5

XU B Ab R 18 ORISR S SN

Sk

(1] Wi, BAERE, RIEIE, 45 R AR R4 DR AL A2 B g

LRR(T). 2SmIsk TR, 2020,20(5) :58.
YANG Lan, ZHAO Xiangmo, WU Guoyuan, et al. Review
on connected and automated vehicles based cooperative eco-
driving strategies [J]. Journal of Traffic and Transportation
Engineering, 2020,20(5):58.

(2] e KRN Sz fi i . A BB S B SO TTG
D20—2017[S]. dbxt: NRsg# b st 2017.

Ministry of Transport of the People’ s Republic of China.
Design specification for highway alignment: JTG D20 — 2017
[S]. Beijing: China Communications Press, 2017.

[3] GARCIA A, CAMACHO F J, BAEZ P. Examining the effect
of road horizontal alignment on the speed of semi-automated
vehicles [J]. Accident Analysis and Prevention, 2020, 146:
105732.

[4] DAOUD M A, MEHREZ M W, RAYSIDE D, et al.
Simultaneous feasible local planning and path-following control

for autonomous driving [J]. IEEE Transactions on Intelligent

Transportation Systems, 2022, 23(9): 16358.

[5] CHEN Z, WANG X, GUO Q, et al. Towards human-like
speed control in autonomous vehicles: A mountainous freeway
case[J]. Accident Analysis &. Prevention, 2022, 166: 106566.

[6] TENGILIMOGLU O, CARSTEN O, WADUD Z.
Implications of automated vehicles for physical road

environment: A comprehensive review [J]. Transportation
Research Part E: Logistics and Transportation Review, 2023,
169: 102989.

(7] BAESC, FR], RS B THOREURE A e B2 AT AUy
LI R EABREAR, 2020,33(6) :84.

XUE Qingwen, JIANG Yuming, LU Jian. Risky driving
behavior recognition based on trajectory data[J]. China Journal
of Highway and Transport, 2020,33(6):84.

[8]  BRi, MEPS, MG, 5. SETIURY DL SE/R L o N\ 4 7]
T IRIT]. Aok, 2015,41(3) - 486.

CHEN Cheng, HE Yuqing, BU Chunguang, ez al. Feasible
trajectory generation for autonomous vehicles based on quartic
Bezier curvel J]. Acta Automatica Sinica, 2015, 41(3): 486.

[9] MW, 44, BER T L AMULRE REF IR

A [T]. 35 s i TRR =4, 2021, 21(2) : 232.
ZHAO Shuen, WANG Jinxiang, LI Yuling. Lane changing
trajectory planning of intelligent vehicle based on multiple
objective optimization[J]. Journal of Traffic and Transportation
Engineering, 2021,21(2):232.

[10] YOONS, YOONSE, LEE U, ef al. Recursive path planning
using reduced states for car-like vehicles on grid maps[J]. IEEE
Transactions on Intelligent Transportation Systems, 2015, 16
(5):2797.

[11] FASSBENDER D, MUELLER A, WUENSCHE H J.
Trajectory planning for car-like robots in unknown,

[C]//IEEE/RS]
Conference on Intelligent Robots and Systems. Chicago:
IEEE, 2014:3630-3835.

[12] KARAMAN S, FRAZZOLI E. Sampling-based algorithms for
optimal motion planning [J]. The International Journal of
Robotics Research, 2011, 30(7):846.

[13] ==, Wbk, EmRIE, 55, BT E0E RRT* 517901
BIEBEF s s MR T ] A3k, 2019,48(12) :2941.
YUAN Jingni, YANG Lin, TANG Xiaofeng,

Autonomous vehicle motion planning based on improved RRT*

unstructured  environments International

et al.

algorithm and trajectory optimization [J]. Acta Automatica
Sinica, 2019,48(12) :2941.

[14] TFy, SFH, skIO9, 5. AHURBIE T T LSTM AL

B0 A B AT O R [T]. oh A B A 4R 2020, 33

(7):156.
HUANG Ling, GUO Hengcong, ZHANG Ronghui, ez al.
LSTM-based lane-changing behavior model for unmanned
vehicle under environment of heterogeneous human-driven and
autonomous vehicles [J].
Transport, 2020, 33 (7): 156.

[15] Ao, #EZHE, JeTm, 55 . B RE 4 MR R R Ay > AR

China Journal of Highway and



1260

6] 5% K 2 2 (A 4K BE 2 B

%52 %

[16]

[17]

[18]

[19]

[20]

[21]

TTRHEHI T 7). 4B 5 0, 2019, 36(9) : 1409.
YU Lingli, SHAO Xuanya. LONG Ziwei, et al. Intelligent
land vehicle model transfer trajectory planning method of deep
reinforcement learning [J]. Control Theory &. Applications,
2019, 36 (9):1409.

CHEN Q, GU R, HUANH H, e al. Using vehicular
trajectory data to explore risky factors and unobserved
heterogeneity during lane-changing [J]. Accident Analysis &
Prevention, 2021, 151:105871.

KATRAKAZAS C, QUDDUS M, CHEN W, er al. Real-
time motion planning methods for autonomous on-road driving:
(.
Transportation research, Part C. Emerging Technologies,
2015, 60:416.

PORTERA A, BASSANI M. Factors influencing driver

behaviour along curved merging interchange terminals [J].

State-of-the-art and  future  research  directions

Transportation Research Part F: Traffic Psychology and
Behavior, 2020, 75: 187.

FA, RO, BV BTN 4 — B UME AT 42 AR 4
& RIS T ] A B2, 2016(1) £ 105.

WANG lJiangiang, WU Jian, LI Yang. Concept, principle and
modeling of driving risk field based on driver-vehicle-road
interaction [J]. China Journal of Highway and Transport, 2016
(1):105.

=, RXIGEE, EAR N — 45— B HL 25 3 AU e
JEARELT]. A B, 2020, 33(9) : 236,

HE Ren, ZHAO Xiaocong, WANG Jiangiang. Modeling of
driving risk response under human-vehicle-road interaction [J].
China Journal of Highway and Transport., 2020, 33(9) :236
PIERSON A, SCHWARTING W, KARAMAN S, et al.
Navigating congested environments with risk level sets [C]//
IEEE International Conference on Robotics and Automation
(ICRA). Brisbane: IEEE, 2018: 5712-5719.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

WOLF M T, BURDICK J W. Artificial potential functions for
collision avoidance [C]// IEEE
International Conference on Robotics and Automation (ICRA).
Pasadena: IEEE, 2008: 3731-3736.

N, AL, £, 55 A HLEME RGEH 4l AL 5 5
IREREE P T [T ] P E 2 B2l , 2021, 34(9) : 146,

SUN Qinyu, FU Rui, WANG Chang, e al. Vehicle
trajectory-planning and trajectory-tracking control in human-
[J].
Highway and Transport, 2021,34(9): 146.
AR, R, KA TR U AT AR BV R
PR EwE [T ] AU TR 4541, 2021,57(10) : 28.

WANG Minggiang, WANG Zhenpo, ZHANG Lei. Local path
planning for intelligent vehicles based on collision risk evaluation
[J]. Journal of Mechanical Engineering, 2021,57(10): 28,
BABU F, WANG M, AREM B V, et a/l. Probabilistic field

risk

highway driving with

autonomous  collaboration  system China Journal of

approach for motorway driving assessment  [J].
Transportation Research Part C: Emerging Technologies,
2020, 118:102716.

M, Jetedy, 20y, 55 PR PR N AT 4 X 7 R A0 Y
PSR T R E2 M CH AR %), 2022, 62
(3): 447.

TIAN Ye, PEI Huaxin, YAN Song, et al. Extended driving
risk field model for i-VICS and its application [J]. Journal of
Tsinghua University (Science and Technology) , 2022, 62
(3): 447.

TIAN Y, PEI H, YANG J, et al. An improved model of
driving risk field for connected and automated vehicles [C]//
IEEE International Conference on Intelligent Transportation
Systems. Indianapolis: IEEE, 2021:285-291.

KOLEKAR S, WINTER J D, ABBINK D. Human-like
driving behaviour emerges from a risk-based driver model [J].

Nature Communications, 2020, 11(1):4850.



