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Abstract: A geometric obstacle avoidance model is proposed for traffic environments with dynamic obstacles,
which can describe the relationship between vehicle and obstacle movements. By decomposing the spatial
distance between the vehicle and the obstacle into two directional components and incorporating their
relative speed, three key elements are obtained. Based on these elements, an improved obstacle avoidance
model is developed. Using the Model Predictive Control (MPC) principle, the discrete vehicle kinematics
model is employed as the predictive model. The objective function and constraints are constructed by
adopting the Frenet coordinate system and considering factors such as road boundaries, the vehicle’ s
mechanical structure, driving safety and comfort. Finally, a nonlinear programming problem is established
and solved. In this paper, the SF5 is used as the experimental vehicle, with hardware and sensors installed to

build an autonomous driving platform. A trajectory planning algorithm was deployed on a ROS and Matlab/
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Simulink-based software platform for real-world vehicle testing. The results show that this method not only

ensures smooth obstacle avoidance, but also produces a reasonable and comfortable driving path.

Keywords: autonomous driving; model predictive control; trajectory planning; co-simulation; real car

experiment

F 22 B AR R BRI/ se =L 4 e e
TTRO%, MAFEIR IR R BB MRIE R A 32 5
FORBEEHRER Sy, SMRIEEHYIMEG, A
25 g ) B 3 R R R ] A R AT =X,
SRR CESAREREET BT EE, Se Rl TR
A igAs, HAERSAR B Bt %07k RT
FEARTHRAAE RS, WD HRAERT, W R Sk, (E i
T BB ME AR UE N S A o 53—l D)2 A 28 o)
MR i, 2Or ik RS R A, (B
BAFBITEMEEE R, FERHS . HATE DAY H A
VI F A B R BEVLCRFED: . MhZdd(E
Be . BUEDLACE: S LR O . R R i R L
J2 Dijkstra Bk Ml A* 5B 1k . Dijkstra B3k 1V 2 —Fp
IR R A R R A, TR AR R
| 1P N = s Y S TS S ) A (P 3 i B = ES TR AL
R, BARRHRERSEYY, HmRZeE
TE M LA b AT 3P ik . HART 45 2/ 7220 42
60 AFARHE Y A*Fi1, 7E Dijkstra 53k P A S & X
PRECE S S RS, KRR 7T REE
STENTZ" 78 A* B LAl E e 7okt , R Bk
HRIZER IR, P THERMCE WHhE
P02 g F A S A, MK hybird
AW A E S OB AT AT . AN, I8 A Field
D*"%) | Theta* *'Fll Anytime D* (AD*) 7' %% . FfiHL K
FE e rp o, P T R B ML A (Rapidly-Exploring
Random Tree, RRT) & i A AR —Fl5E L . RRT
2 T S5 R0 A i Y B AR R, DAY A 1 i
TTBENLRAFE, B RAE GG PR AR ), (1 A%
FAIE], BRIZE R 2 il PERCR %42 1, JEON
A UYOTE R Al b R T RRTH VL M AT B
KUFFNER 4 ' $ ) 7 —Ff 0 il 49 RRT 559% , 78
L N A BB — R R, A I A 1] 8 R
KK 4% 7R E A, RONG Jikun % "% 7F RRT*

MIEERE DN T S8 B, RN AE 45 F 1k 15 % 1)
MRS o IhZemfiikrh, B 5 IS i A
MZAmi i, BLSCA G i i BT A B A A AT LA 2ok
BHE&SBOHATIA R Y, sk R
NS BL M ITEN I T PATE AR R R
PR, EAE B DN L i A2 il 3808 A 1 2
FESR I 22—y i 8k o, 20k
(eI B0 I B B B R | S T R i <
2 fERE AR T, kw2 g iE o
MFEC—Fr, RORUEA B kWAL
BECRIERE ) S ECER R — By, DACRIEML RS H
R 2 2 RE PR UERLIE 1) 80 =B, RO IR
ARIELL S CHUSF 2 FEf 1) 1 i 1] =k 2 i
KRN AR, R T B bR R ROk 31T R R
SCHNELLE 4§ ! o = £ 5T AE 43 454 4
TP L shiE

BEXP A S AR Y T 5, FAN Haoyang
S KONAR S 24 Sy [ I A~ J 0] 0] 230 1 K fie
MERE , Al I BT A AR AL, R ORBAR 4 M i AT 5K
fif, (HIZZ0E T EMrSME,, 2 BURT B 0 R
g B4R . LAI Dongcheng &5 ) 2 H T —Fh AR £k
PE A BRI R] 2 BE B A% 58F % (Nonlinear Finite-Time
Velocity Obstacle, NLFVO) ik, i hikHE T
B A B | iR A TR) RNz Bl 2E 2R AR AL . (H2
8 B A5 )32 3l AN E T B S SR AR Bl s 1]
AR, T AT A B35 k-0 /Dl 93 B ) AS T
YU Haiyang & " 2R F 2t i 1) Theta* 5 B FE 25 i £k
KA, FE Frenet fE 42 i X 18 B 4T T i 4k,
SE R e R AT L] . 0T R
s R N (BI04 W 7 7 91 v B o
PAUCA % 7 i T FF B ah iy et ¥y, it T
MPC £ il 5 73 531 0 4= 4k 9 1) R A7 450 o LI Bai
A PRI T R E R IR AR BR R T MR EAE



% 6 1 NKE % EFHHS TR RERNRTMLITR 949

HORANIRIE I AR T v . AR ALRE T — 2 Frenet
Ap bR ZR BRI, R A A B TE P 2 A AR TR
A SC R 32 0 19 7 0T LUK I8 B 29 R iE A7 Ze PR AL
P& 1 3 [ R ) S B

WAL, AL GE Ry & AR R R) 8, Ky i) ) 4 2
ARG LR, TERMERE T, 38R I R D i
BRI, B TR R, A
UK RA S WA R . ZIEF|LL BRI, A
WEFEADL R ] A 5 o [R5 M) ) S g, 4t —
T RE AL B ) AR B A5 ) (0 B IR T ik, OB T R
BERFIEHEA TR o S 2R T LT A B 0 =T bk
PRABITY | 25 A AR T i B S S B Y
HHEHPRRE, SIS B ERRI G, T R ]
UK M, R 5 B R 92 A i g AT 5 1
Ul

| 1 Qe Lot

B KR %3 Paolo Fiorini ' 7E 1998 AF 421 T —
Fh o BE R i 3 (Velocity Obstacle Algorithms,
VO), FHRALFEFE S AL N 0 3 2 B A5 47 i [ ]
R, TR AT R T RN SR e ELRB AL B
2 PR B B S R A Y sl R () R, T2
TN 7K ETCAMEAR L K A 3l %2 i ) 55
tF LS

25 R AR R AR A B RS S Pl A A B
Ko JE RS R R A O R R B AR L, SR
PLas N5 BRSP4 B 4B K B R -, DL
WIE il — Rl Xk, S8 R s L N S B
AFLX 32 32 2 5 A Tl Xl P ke S BT 1 42 5 B A
SE SR . % TR AT LA R R B AT A o A
BB EhLas A b, X FE AR RS Bl 1 B AT 4 B
A PEAFYIAL TR, HEA KR 5] 50 DN 52 2 1) By 285l
V1) R 70 Ay A T P ) 2 R [ R

IFAS RS, p WSS AN S, py HEE
A E R s v ARSI AL NI s v, B
TGV ; v A PIE BAHRT R, KR H 41
BRI AR A B, (D) R

;AB:T}A_;BO (1)

X H S BRI SNE R AT AR B, A 1
frs, =k, Dok it A, 16
PR A4 R — TR, R AME B N B R
Vb, pFomEIIME IR BIRGY) .

B EERRERE

rages AEMAINENAR, ry Ros B SME
HA2, reRoREMBIERY ERYIMNEER
Fe =7, +Tyo0 (2)
T A G ARG 1, 1, D) F B A% B 1
il , CHAKRAVARTHY %2 Fx 2z A filf 8 4
(Collision Cone) o 4 I 4= 5 FREA%- 4 A0 FF G 38 B R
V i CE A3 DX I PR, 00 3 B R F — B i ]
PN ZE 4 5 B R A A R AR XU, =R (3) s .

A(Pas T}AB)ﬂpC;&QO (3)
A A(pas Vi) FEUABUL AR S, T & AR
Vs 17 ST 2K

MY s Al 48 e LT i 2 g R ) il 4 P A R S
I T — AR A X (Relative Collision
Cone, RCC), RCCHJ = (4)FKik,

Ree = Vsl (pas Vis) Npe = D o (4)

YA T O R AE A OTRIE R DX S A, AR
TR R O e, oA X 3 R ) 2 Ak T A X A
DR, DA I SH A i 25 B i 4 s e 1 I

TE 2% 18 2 2 75 B 05 90 3kt B i, 40 %o Al 4 X
(Absolute Collision Cone, ACC) Xf T flf {& X 4 )
AR R, A 2 R,

5 RCC W 35 W 15 40 1 S JE 3, 7 10 6 3l | 9, || 19
PEES AT B ACC, WA 42 W BE % Bk v, 1 A3



950 BREIEFR

145

B2 #ExtaliEx

GALT ACC W, W3R B 5 B B ) il 438 1) DXL
#Ab T ACCHN, T 3R WY A5 40 A8 23 5% S 1] (9 L300
F:/EIEEEHJ}O

B 5= e an

BT HERRRRAN G &, RHEE DY TR
AT, K A B ARG 2 8] ) BE R TR
PIREE, AR A R B RIS A5 A S 3] —

ARMERE L o ASSOM HAEAT B, et AR 1Y
THOLT, R —Rh o = o R PRI TT %

VAR ShASBRehd P R ), AESEPR a0 T8 A 4
L5 e ) 2 [ BE A D A 4 A A T ik A — 1
AAF, X A SR Z 8 B R A A, A
K37 .

B3 Z=xEikEEEEs

FEHFABRR R XOY R, X, (x, y) WA GO
(AL AR s X (g, v, ) S — Bl A A5 4 114 3 5 A
By v, 50l H B S BRI TR EE s /e, 535K
A S B A AR o K 1 G0 R A N B B A

BERGA b, AP R V. B A A B
ASHERAIIA T 0 A, P 25 A X B 1 ) A2 K
L, W Z WIS BRI o po lo AR R
VK7 0 R A, BRI A . w o R
L po, BIREES 1l RS 7L 5 p, HORE B
I R A, K A I N ) B s
T, BT LB A S S A R 2 R
(956 3 o f5 7R 5 R 2 1] (9 BE RS 53 Ay w
WA 1) R, s AR 1 2 B A
I, AR TR S R RN e,
SORFIRERE 10, ASCR w1V, = FAE
WIVBE ()75 BBk = TR 2%
16 9 4y e 1 5 #T
(Ve vy)s HEEARA

XF T A X 3 v, =

Vo= |v|cos (¢ — 1) + |v,|cosp, o (5)
= |v|sin (¢ - ) + |v,|sing, o (6)
[V = v+ va? o (7)
FI 25 0 A5 R 5 A R 8 T 2R
| XX = J(x = x )+ (= 2.) s (8)
L (5) ~ (8)BRA I 15

,B—arccos(X—)Xh';“) (9)

X, X, |1V

At XX = ((r=x), (v =»))s

R (8) ~ (DA e R B E T w, [
w=|X.X,|sinf, [=|X,X,|cosp o (10)
2.1 BEEHEFEEETE
98 =IonR AR, XE3HFTHEM S B
Sk R T L R 1 R OR R E ORI B S R
YA T B IR R 523 5 ) B R EUEE RN,
T HEAT P R AR . 25 B IS, N IRIE A
LA, FEw 5 D7 RN AR —E e, 7E
—EHET, w5 7L 2B R K 4
Jis, AR T AT 1Y 0 2 %) 2 42 B B 6 m,
M 2L A5 IR S A 4 AT e A A L A TR R
MR ES .
BRI 7 S IR R 1 2 AT S A R ) 1Y) sl R R



%64

NKE % EFH0H S T EBBER BN 051

v

[ 2 4

w x/m
B4 wHIREHEEXRE

ANEFETH, FEPRRE S AR RGPS, BEA) Y
S MAAZMHZ . AR, AE T R
AR T E v, A YR T A 4 Bk lf 8 s 1 B )
PRI, 107 1) b 1) 22 4 DR 28 oAy 3ol 5 R B8 5 1Y)
PR, K|V | AR v, IRERERIE 9 s, DB RS
w AL I, B RN S 7R o QR BE 20 0 w F v,
RS IX N, WIBZASEERY S A A kA R g ]

RETE. A, WIRBIA M %4, BIEa
53708
ym A

0 2 % >
w x/m

@Swﬁ%%%@

MG R NES, ASCHE T = Jn R A sh Ak
BEECA AR Ny
fw, 1, vc)=ci+a’—wO (11)

L. e, dHFH, Tﬁ%THh%ﬁé\ﬂw%
oo st QDIAFEMAESH, &f(w, 1, v,)=
%ywaoﬁ,%ﬁimﬁhmaLW%ﬁhh%k
iR, Ed=0, Blw— 0, FUCH487Ew T
] by fE g AR /N, FEISYIT B 4R Al
wWR. WL, SEdBETEE R (0, +o), B
v WIE/IN 28R ZE8AE 1 1) b Al 8 1 1) 4 %

O

A e R U B B, UL 5 22 o,
SRERERRELS (s 1 v R R, TR
EER BRI A, T e < 0.

2 (1) FR TR R IR AR L v, A B
12 YRR, {ELE B w A S R E v, 22 ] B
ZHIRIBER . KT, SRR T, %7 0H
w I — G (L, A LB R S v, R,
R B R . I, 75— OB, B
w L AR v, ML AETE MG R, B w R i
FAIRT U v, BTSN, DL A 2 A R
B, IR L, X J5RE Bt (1) 475
HE, B R BRI R (12) R

f;mp(w9 l, Vc): Cm

Ko wly R FEEAE Y REL
)T wew + piX—Ti, FEAEAH X v, X}
PR w2, ikt 727 — o, i har+
RO, FEOEXREE v, 2k F0 AR 50
AT UG 1% ke AR TR ) IR AR A B, B K,

+d_Wo (12)

RS, XHEEHE— T RTINS, Y
S Wy 1, v)=0H1— 0, A5
o deteltey (13)
VvV, T CK
L(13)dr, Wi1— 0, ARz, 53,
_ c(di + ) +d (14)
v, ~ cK °
B SCHERTT A, w5 v, AN JC R a6

R, W ECHESTH, BEc<0, d>0, 7ERX
(), R THRIEZA AR B, LT3
KHRA:
x>0,
v, —ck # 0,
dc+y>0, (15)
Wow 5 1/ R BIMGOETE . TULR R MY LA
PREL, A 6 s
W w5 v M2, e T (1) iR
25w R AR L v, ID6 R N SRR ) A
c, d, x, yWEARRBOR/NAT 52 R il ok
R, WELFHMENS ,  F AR R R 2 A X B LR S B
T, T A T R TR ) RN R F R A



952 REIRFR

145

Be6e wSvHXHR
rﬁ"%o %{Ej"jm%&ﬁ#, EI]:
f;mp(w’ l’ Vc)>00 (16)
W A A R, B A SR
&, Al B
B\ E2: 4 MPC #3540 %1 B %18

AT I T MPC R, 57 B 108 ) 2 A I
FIALW, PHE G EE BA TR, BT AR R BAL
R HOR PRIE AR A B 4 &FIE . TR SFAL
o BaBot Hbrek g, A8 aCARZetE Pt a) T
FroRf
3.1 BEEWISHFER

A SCRH A IE s AR, RS &l 45
AEFRAOLE . LI AR DL R EE AR B, AR LR A
EEm S R BE AP YN N Eemll ESE N DIIBE
JE., Xz T v, m7) R,

Tt + 1) = Fo(ra () + Gag(t) . (17)
by Fo( (0O ) IREMRE, kR
x(1) + cos (p(1))x v(t)x At
y(2) +sin(p (1)) > v(r) * At

Fyi.( Xuin = °
(ta0) o (1)
v(t)
(18)
G NI, Fikh
0 0
10 0
Gkinf At O o (19)
0 At

IR, AR B 5 A 42z s A .

x(t+1) x(t)+cos(p(t))xv(t)* At
y(a+1) | () +sin(p(r))xv(r)x At
o(t+1)| p(1) + w(t) x At :
v(t+1) v(t)+a(t)x At

(20)
S [x()y (e (v(e)] R R 2 i
[o(t)a(n)] SFtilit.
3.2 NMERHIEIT
321 = FE#RE &R
B TAENA BRI, 435 4 J5 O e R
B, T BRI

f;bs(acle (t + k) =
2Lk wi = w, ) k(= 1)+ ks (ve = v

. (21)
N N N i
Krh:w, = z’]\ll Wi, l, = zle li, vf=2i]\} v

KA BSBERFY ) =ITCER B ke, /e, 5350 R
= ICER wilv, FAE ZE . BARRRCE (AT AR A
) T HEA T IR R, A {8 R R s R BRI X 120
EQIVE S IR
322 BEARERE R

R 1A A A T A s PN B PR bk 1) R Y
PERAEALE, BT T B AR R A A pR
S (E T k) =k X[ Xtk + 1) = X (2 + k) T

X (1 +k+ 1) = X (£ + k)]

(22)
Rk WA R X, (1) 47
DI E ;. X, (2 + NS HR
323 HahBERERHK
XA RS A PR AL, AR SRR
Faa(tH k) =k x (d(t+K)) . (23)
A ks MR EAGE REUE; d°M Frenet A b5
AP AESSHLMRE I,
324 #HERE &K
TEIE A PR MR BRSBTS KA 2
i 25 A, S afe 51 Y e 4 . I IO A I
SRR B 5 ) AR pREL, ARORUE AT T30 i %
Sk, Bt (24) s



% 6 1 NKE % EFHHS TR RERNRTMLITR 953

ok k)
A M SET R

A R (6 + k) Rt + kI 2022 B 42 1) 38 B 2
7, HASB/NRIR Y TR 2 E B AR 2
ke Ry TP AR AN B PRI
325 MIBARETHRERK
TR A2 £ 3 P AR AR A bR B, RSB
T 42 T A5OR <
Srowme(E T E) =k x(w(t+k)-w(t+k-1)),
(25)
A ke, AR A AR AR A E R B wrth)
Fw (e+k=1) 43 51 Ry ST I 20 5 b — I 20 09 16 422 £
M
3.2.6 ik EEAREME JHK
NI b By P A AR, O TR
AR AT, X T A A A R A pR AR
Sccstersion (E + k) = kg X (a(t + k) —a(t+k-1))
(26)

(24)

AP ke g AR SR A A 2R R

Li bR RO BB, AR B R A H
i ek gL
3.3 ML EE g R OR R

SR s e B R AR,
T AR AL ]

min S [ S (1K) + S (24 K) + foa (£ 5 )
T peed (ETK) T Fra e (0 F 5) + frcceternion (T K) ]
. (27)
x(t+k+1)
y(t+k+1)
S.t, o(t+k+ 1) =
v(t+k+1)
x(t+k)+cos(p(t+k))xv(t+k)- A
y(t+k)+sin(p(t+k))-v(t+k)- At %)
p(t+k)y+tow(+k)- At
vittk)+ta(t+k)- At
qan(t+k)=qu(t+N, - 1), k=N, -, N o
(29)
Om/s <v(t)<10m/s . (30)

-Im/s*<a(t+k)<1m/s®, (31)
Ay + L <d(t4 k) <dp -2t (32)
2 2
@ >0, 0<p,, <7
. (33)

T
@<0, 5<B,<n

-0.56rad/s < w(t+ k) <0.56rad/s,  (34)
—ouERARN(7), X(10).
AR 2 A (16)

RAE(27) ~ (34) Al 43 Mg 3, &t s hib)s
1) 440 iz gl 2 A A (28 ), Ao A5 AR 000 4% o] it 2
(Model Predictive Control, MPC), Fiill &%k H 4=
ARA; WA 33) I AW, THERXTT A 42K
A Bl B R BT, SRR R . AR (7)
= (10)FIWr, 152X B =R S50,
(16) FIWT SR/ XT 2 A7 4 4 e £ 114 [ - Al i Ak
iy AERARE(30) ~ (32) A (34) I T4 4240
H S A5t . i A7 3k LR OE B8 AR P AT 2y
W, gl Q7)) T AR T

K (27) ~ (34) Wi 4R 2 S BEARL A AL Ak
[, A SO A Yalmip T HL46 8 F IPOPT K fif #%
.

F1 RKiEE

EA7S i S Bk
TAEHL Intel Nucl 1 1
HWOGTEIR R A RS-LiDAR-32 2
B4k Point Grey ~ CM3-U3-13Y3C 1
KW TR Continental ASR-430 3
GNSS Asensing Ins570D 1
CAN BIFTRH CANalyst-II 1
| 4 QEG e
4.1 {HESH

9T B Uk b A B MR T vk i IR S A PR
P, 8 Matlab #5548 705 E3REE, SR BA KA
Fe il Uturn B5 2k, 90K LRISEIE RO R BL .
AIREATET . fERRAE (0, 0) &b, WEA
ARG, EWILL2 m/s MBI UG N E 5%
PR s, A, WE—SIAERRY, FK
BeASm, L6 m/s (N ik Sz sl K7



954 REIRFR %14 %

% SR A | B SR o
B TI, B EIREREIR | JETR R3)
ff. HETFER IR LRF RIS EHA . 5
IR 5 B R 8 0 2 3 3 LRI
LR

=% 5 0 15 20 25 a0 3
50 . ' ) " i Bt I /s
0 e mo AT
30 — RS 4
Ex 250 . . . . : :
=
10 200f |
0 §150— E—
100 [EREERN
0 20 40 60
x/m Sor \
B 7 EEFEHTE 0 5 10 15 20 25 30 35
P FUR A /s
A XA G 1 A A R AS B B AE 24 o 10 STHRZA
N, L B O B B . B 8 R T4
4 . : . . : :
WrATRe i MR, MR AR s, R E AT
Nﬁ 2r 7
FRFE MR 150, MEELRIARfuAL , RIS 428015 £
ol
TERERE . K] 8~9 BARBETE AT b 7R B A sk i 1o %
2ot
2, (EJE MBS LR ek 7o % R Bh S B ) h
-4 1 1 1 L 1 I
WAL, T AEAE L b A R B . (0 T
WmE0 R, BB F SRR ST KRR 2k, Bl fEETL
ATLUE 2 A 5% A 25, BV RFEERE I
BRI PT AT o B 11RO T A s AR L,
R L LB A FE, A RERLIN . F 1285
T A O ) AR AL . K13 iR R AR RERT
B B R AE I 28.8 ms, SEIFERT A 19.6 ms,
0 A IE T A% S0 1 A B R G L 0 5 I I
R 12 EEZTL
" B 0035 T I:ﬁmzu-r
L 4 0.030 AN
é ' ;%:0..020
-100 5 1‘° 1‘5 2I° 2l5 3I° 35 0'0100 5 1|0 1.5 2.0 2'5 36 35
05 T /s i

B8 BiimT B 13 BELERER



%61 NKE % EF Y= T ERBEE N RSN 955

42 EFERW
421 BIHBIRABTEHE

H 22 3 R GE i 7 6 A B W 14 s,
MAEHAE R AR AL 0] 43 S RN AR R | P SR A
P B | IR D AT, ik E A
BLAE B A4 11 R W B iR 2

Lidar Rada Camera GNSS

RHSEAN: =TRRmED
[ AL RN J

P

1 CAN BZ (RXMT)

I
I
| 1
it i
I
|
1

B 14 B3hBHRFEHE

BSE A S AR, e S A S R
G, AP A RE A EE RS BOLE
K. ZOREHRE . BHEk . GNSS LA K T HLE4H

A, WLER 1. E X e R A R A A B RS
L JAFRIERSEEAGI , X1 5 B9 S AP 15 s o

B15 BHERHLFLRTR

422 FEHEXBL M

W SRS Y H B2 BT 5 TS5 Ak
R, WE 16 R, TR EE—FREK
INFIFERCE B L, BEARCREK R 2 km, HIEEK
BN RGE RS, AR A, HREE A
RIEEK, TR, WME17T~18 N, FER
Yk BN IR SIS R . I (0,0) kil K,
W B SL e AT b e . U AR R S8
W32,

o
(J
1

& 16

R2 RESH

ZH fH
AN, 10
RN, 6
SRFEITR] 7/ 0.1

Xt T 3 B s AT Mo R Sk R A
6.5 m/s BRI IR EE AR IR Bl U AE 45T 60 m
Wb E —FERA, L35 m/s B EEARERA TRl M8
TP HTLEL, e sl e o B A SRy A ORI I A 15 5
K19, A 45T 2 9 B i A R 9.2 m/s
Jo, DRAFIZ U HE T R . I O R A A I 2

K E R EIN

100

I R A
— Sk PR A2

R —

50

YIm

-50

| L . | L L . | L .
0 100 200 300 400 500 600 700 800 900 1000
x/m

E17 HEBESEELRERZ
BRefig 4=, A A SR AN WL S R, JF
PEATERER . S FAYELRIAT W ST, aniE 20 s,
AT, BESREMETRRE, WENEITHE
B o123 m, FREPERRER X ] T2 . K21 F1K 23



956 REIERFR F 1435
o SrreE)
2 4 6 8 10 12 14 16 18 ;IOHT?/ZS 24 26 28 30 32 34 36 38 40 42
B 18 SREriEfEin= E21 FEBTL
3 N 2R A o) B R S E AR L, EEE 10 s T S
BFHEAT T REBRARAE , Bemt 24T, dEASE N4 o ]
W, FLHETFAMEAR, o T IRIF A fo & iE v, xo
Tl e JZ AT TR (4R Y A 17s

fanl&l 24 s ) o 7620 s G B4, Finf %
Ty, BIEDEEER . fE26s)E, PR
M PR, 58 S Sk i Pl B . TR 22 Ry 4
Ml fa e Ak, AT LR B IR BT 22, %
G, W] TIZE A —E AT T . R ORIIE
ARSI A HME, et g, BRI
TOr B AR | R AR AR A ERRIREA
FELETRZAE ARG L

-10

-15F
20}
€

£ o5t

-30F

-85

-40

300

250
200
€
S 150

100

50

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44
i /s

B 20 STRE

B zits582

A SCEE R BN ASEAF Y TR T B Agi@ g 5, WHoE
T SCEAREE T R F s, T —FhhE
R A 1 5 B 2 T B Rk B S R G
FOMERE AL, g5 G RTRL TN R 0 JE L, K

0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
i [fl/s

B 22 fREfAaEi

PR T T S S S T ST S T T T S S S S S S S S
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
fif 1)/

E23 EETK

0.5F

I3 5/ (mis?)

-0.5F

......................
0 2 4 6 8 1012 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42
7 LLH 18] /s

B 24 fmEET

I8 B A R B AL, T AE A R R AL . KA ET
TEPEFEAR A SARDCLY T, A 1 Al Rl (Y
AR () SR e o A7 IR W 30 51 A R I
1 19.6 ms, WA R T LR . AT
B, T EARE . 1E Simulink F 04 AT R ) 7
FPaE, TR, e, R4 bR fL sk
MR, BEADENTG, #3 T ROS+
Matlab/Simulink B IR & #A-F5, IFHElE-F& k
HEATHLI AL B BRI, Bk TR A AT AT

AR BT AP 2 M RFERT , R AT
TR GOAE T S A PR T T B, SRSk



%64

XRKRE F: BT = wReER NPT RHR

957

B B AR Al Sy e R — P . BEXE
Z YIRS, ASCER I YRR BE T LU B

S %3k (References)

(1]

(6]

(7]

(8]

9]

[11]

DIJKSTRA E W.A Note on Two Problems in Connexion
with Graphs [J]. Numerische Mathematik, 1959, 1 (1) :
269-271.

HART P E,NILSSON N J, RAPHAEL B.A Formal Basis
for the Heuristic Determination of Minimum Cost Paths
[J].IEEE Transactions on Systems Science and Cyber-
netics, 1968,4(2) :100-107.

STENTZ A. Optimal and Efficient Path Planning for
Partially-Known Environments [C]//Proceedings of the
1994 IEEE International Conference on Robotics and
Automation (Vol.4) , May 8-13, 1994, San Diego, USA.
Piscataway NJ:IEEE,c1994:3310-3317.
MONTEMERLO M, BECKER J, BHAT S, et al.Junior:
The Stanford Entry in the Urban Challenge[J].Journal of
Field Robotics,2008,25(9) : 569-597.

FERGUSON D, STENTZ A. Using Interpolation to
Improve Path Planning: The Field D*Algorithm [J].
Journal of Field Robotics, 2006,23(2):79-101.

DANIEL K, NASH A, KOENIG S, et al. Theta*: Any-
Angle Path Planning on Grids [J]. Journal of Artificial
Intelligence Research,2010,39:533-579.

LIKHACHEV M, FERGUSON D, GORDON G, et al.
Anytime Search in Dynamic Graphs [J]. Artificial Intelli-
gence, 2008, 172(14) : 1613-1643.

LAVALLE S M. Rapidly-Exploring Random Trees: A
New Tool for Path Planning [D ]. Ames: Iowa State Uni-
versity, 1998.

FUD At T Frenet A4 R RAER H 325 3R B I 5
IEBEFELID ] 22 - 22N B TR, 2019.

WANG Shajing. Research on Automatic Driving
Trajectory Planning Algorithm Based on Frenet Coordi-
nate System Sampling [ D ]. Lanzhou: Lanzhou University
of Technology,2019.(in Chinese)

KUWATA Y, TEO J, FIORE G, et al. Real-Time Motion
Planning with Applications to Autonomous Urban Driving
[J].IEEE Transactions on Control Systems Technology,
2009,17(5):1105-1118.

JEON J H, COWLAGI R V,PETERS S C, et al.Optimal
Motion Planning with the Half-Car Dynamical Model for
Autonomous High-Speed Driving [C]//2013 American
Control Conference, June 17-19,2013, Washington, DC,
USA.Piscataway NJ:IEEE,c2013:188-193.

201l R BIIIE FLI) 22 A 3 A4 BRI IR IR AT ST
AR

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

KUFFNER J J, LAVALLE S M. RRT-Connect: An
Efficient Approach to Single-Query Path Planning [ C ]/
IEEE International Conference on Robotics and Automation,
Apr. 24-28, 2000, San Francisco, CA, USA. Piscataway
NJ:IEEE, ¢2000:995-1001.

RONG Jikun, ARRIGONI S, LUAN Nan, et al. Attention-
Based Sampling Distribution for Motion Planning in
Autonomous Driving [C]//2020 39th Chinese Control
Conference (CCC) , July 27-29, 2020, Shenyang, China.
Piscataway NJ:IEEE, c2020:5671-5676.

HORST J, BARBERA A. Trajectory Generation for an
On-Road Autonomous Vehicle [ C]//Proceedings of SPIE
—The International Society for Optical Engineering,
2006:866-877.

TR, B, JE E, AF R T WE I 4 AT IR 4 B
AR AR R A2 [T ] 35 MO i (T i) L 2020,
50(6):2247-2257.

ZHANG Jiaxu, ZHAO Jian, SHI Zhengtang, et al. Path
Planning and Tracking Control for Parallel Parking Based
on Clothoid Curve[J].Journal of Jilin University (Engi-
neering and Technology Edition) , 2020, 50 (6) : 2247—
2257.(in Chinese)

FAROUKI R T. Pythagorean-Hodograph Curves [M].
Heidelberg : Springer, 2008.

HAIJIAN B,JIANFENG S,LIYANG W, et al. Accelerated
Lane-Changing Trajectory Planning of Automated
Vehicles with Vehicle-to-Vehicle Collaboration[J].Journal
of Advanced Transportation,2017,2017:1-11.

PIAZZI A,BIANCO C G L, BERTOZZI M, et al.Quintic
G/sup 2/-Splines for the Iterative Steering of Vision-
Based Autonomous Vehicles [J]. IEEE Transactions on
Intelligent Transportation Systems,2002,3(1):27-36.
SIMON A, BECKER J C. Vehicle Guidance for an
Autonomous Vehicle [ C]/Proceedings 199 IEEE/IEEJ/
JSAI International Conference on Intelligent Transpor-
tation Systems, Oct. 5-8, 1999, Tokyo, Japan. Piscataway
NIJ:IEEE, c1999:429-434.

GLASER S, VANHOLME B, MAMMAR S, et al.
Highly

Autonomous Vehicles on Real Road with Traffic and

Maneuver-Based  Trajectory Planning for

Driver Interaction [J]. IEEE Transactions on Intelligent
Transportation Systems,2010,11(3) : 589-606.



958

REIREFR

145

[21]

[25]

[26]

CHU K, LEE M, SUNWOO M. Local Path Planning for
Off-Road Autonomous Driving with Avoidance of Static
Obstacles [ J].IEEE Transactions on Intelligent Transpor-
tation Systems,2012,13(4):1599-1616.

SCHNELLE S, WANG Junmin, JAGACINSKI R, et al. A
Feedforward and Feedback Integrated Lateral and
Longitudinal Driver Model for Personalized Advanced
Driver Assistance Systems [J]. Mechatronics, 2018, 50:
177-188.

FAN Haoyang, ZHU Fan, LIU Changchun, et al. Baidu
Apollo EM Motion Planner[ Z ].arXiv: 1807.08048,2018.

KONAR A, CHAKRABORTY I G, SINGH S J, et al. A
Deterministic Improved Q-Learning for Path Planning of
a Mobile Robot[J].IEEE Transactions on Systems, Man,
and Cybernetics: Systems,2013,43(5): 1141-1153.

LAI Dongcheng, DAI Jiyang. Research on Multi-UAV
Path Planning and Obstacle Avoidance Based on
Improved Artificial Potential Field Method [J].2020 3rd
International Conference on Mechatronics, Robotics and
Automation (ICMRA) , Oct. 16-18, 2020, Shanghai,
China.Piscataway NJ:IEEE, c2020: 84-88.

YU Haiyang, WANG Xin, SUN Weichao. An Improved
Theta*-Based Trajectory Planner for Autonomous Vehicle
with Obstacle Avoidance[J].2021 4th IEEE International
Conference on Industrial Cyber-Physical Systems (ICPS),
May 10-13,2021, Victoria, BC, Canada.Piscataway NJ:
IEEE, c2021:613-618.

EZ 'Y

XA (1997-), 5, WITEA, it
WA, EEWIE N H s,

Tel: 18123089338

E-mail: 328619040@qq.com

[27]

(28]

[29]

[30]

[31]

PAUCA O, MAXIM, C F. Caruntu, Vehicle Trajectory
Planning for Collision Avoidance with Mobile Obstacles
[J]. 2022 26th International Conference on System
Theory, Control and Computing (ICSTCC) , Oct.19-21,
2022, Sinaia, Romania. Piscataway NJ: IEEE, c2022:
607-612.

LI Bai, OUYANG Yakun, LI Li, et al. Autonomous
Driving on Curvy Roads Without Reliance on Frenet
Frame: A Cartesian-Based Trajectory Planning Method
[J]. IEEE Transactions on Intelligent Transportation
Systems,2022,23(9) : 15729-15741.

FIORINI P, SHILLER Z.Motion Planning in Dynamic
Environments Using Velocity Obstacles [ J]. International
Journal of Robotics Research, 1998,17(7) : 760-772.
CHAKRAVARTHY A, GHOSE D.Obstacle Avoidance in
a Dynamic Environment: A Collision Cone Approach[J].
IEEE Transactions on Systems, Man, and Cybernetics,
Part A : Systems and Humans, 1998 ,28(5) : 562-574.
B, IR K, 4. Frenet AR AR 78 A ™ T D akE e 5
PR TN ZE Sy S AR R [0 ). J PR TR 22 i (A 4R
Fh),2022,36(4) :59-67.

YUAN Chun, GONG Cheng, HE Chengcheng, et al.
Local Path Planning for Unmanned Vehicles Based on
Frenet Coordinate System and Convex Approximate
Obstacle Avoidance Principle [J]. Journal of Chongqing
Institute of Technology (Natural Science) ,2022,36(4) :
59-67.(in Chinese)

BIEIEER

MERRE (1997-), 95, PuJIFERIA, Al
WA, RIS DT H S SRl

Tel: 18148124170

E-mail: 1610018662@qq.com



