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Narrow area sampling and trajectory optimization based on
probabilistic roadmap

Xu Daye Hu Likun  Wang Xiaoyong Liu Hengjia
(School of Electrical Engineering, Guangxi University, Nanning 530004, China)

Abstract: A path planning algorithm combining Lévy flight and probabilistic roadmap methods (LPRM) is proposed.
The Lévy flight method is applied to narrow area sampling, random points in obstacles are walked to free space by Lévy
flight, and the collision test is extended to ensure that the sampling points are located in the narrow area, which
improves the sampling quality and efficiency in narrow areas. To avoid the generation of invalid points, the map is pre-
processed before sampling, the obstacles are inflated and their boundaries are extracted, and the number of sampling
points in narrow areas is calculated based on the boundary information, ensuring a reasonable distribution of sampling
across the map. Further, considering the actual working condition of the mobile robot, the path trajectory is optimized
by using segmented Bessel curves to conform to its kinematic constraints and improve the mobility of the mobile robot.
The simulation experiments compare three algorithms, LPRM, traditional PRM and bridge test, under different
environment maps, and the results show that the LPRM algorithm improves the planning efficiency by 35.1% and
32. 2% respectively compared to both in a single narrow area environment, and its planning efficiency improves by
32.9% and 15. 5% respectively in a complex environment, and reaches convergence 400 and 100 sampling points earlier.,
the planning efficiency and success rate improved significantly, with shorter overall time consumption and better paths,
which can reduce the energy consumption of the mobile robot itself and improve the overall work efficiency.

Keywords: path planning; trajectory optimization; narrow area sampling; probabilistic roadmap algorithm; Lévy flight

75 B 85 :2022-12-10
TEEWMBEXARE IS (61863002) T H B

AL H SRz L T EAARFMEEAR — 1 —



Big 5 B &

0 3

B PLEs ANTE TR A 7 E B R F S B AT 2
PR S ANASCRT LA REAT 38 i 40T S5 AT 55 78 & I 0Bk 7 114
W5 R A N R AT R A R AR, N T IR
BHLAF A RE i SO BT & IUE 55 F B s R0
BAEMRE L., @RBERREEFREMEN2RGE
B SR MR A8 BAr s R A2 W WA Dijk-
stra SEIEN VA w SR M R B LR S LY (rapid
exploration random tree, RRT) M & 2% [ 5™ (probabi-
listic roadmap, PRM) il Bk & 18 & & ¥ (jump point
search,JPS)4F . JR)Hf I A% AL 4] 32 2225 AL AF N 2 A0 19 =
WA AT S R R BE A AN TR e A
R O R T A,

HETRAEM RRT PRM 2550 3@ i 75 25 [] b B LR
FE ARG R B H R R R — A M R R TR
S [A] 0 Tl D 52 Ak 2 T] 9 B A5 B 400 6 A AR 5, 1B TE i
Yo A7 X B AR R R 2 AN 2

W T E RN R T EMERE SRR
ik, Boor EUHE M T R F R ORFEAY PRM HIL LY
Rl B SR M A 76 B R 2 (R) T ELE O B A B A AR
M MR, Hsu U3 WBF 3K 8 35 (random bridge
builder, RBB) , & F B AR 76 [ 6 ) LAl A 2, R
R TR DS xR EREEE DA S #r,
Al A K B AR RE S, Shu HUVUOK BB S
K-means+ + R R KA L5 & - XA #F 17 1 32 55 45, ok
G T8 5 AL R A B G R R T Y 3% 8 R, Cao N
s T ) 1 o A R B HEAT B 3 R RE L DR IE A JE N R B
SRR R R R T L, SOk (1358 i 18 B b 2 o
FATE S 78 08 SR AE S A BN X A, X A G N R AR R
HEATAT SR B R R . Chai 551 45 A R T BF
Bk A A PRM SR EE BN BEIS T H SORERE A |
25 1), BN T B A 3 GE 1Y SR R AR L B8 A T ) IR Y i
W PE, Chen %42 i — Fp BT 19 PRM SR Bf 5R W, X e
159 v B SR B it i A8 7, A G P R R S OF AR
2] H 2 )R X B e SR L), R AR
I A AT 23 )Y X8R kSR AR R AR Y X RS
LN T h B P AT G A SR

IR B 2 3B T Y WOHE SRR D T ORI AR R Tk
7 TE A I SR R AN B AT R AE B A ) A [ R A R
Xof SRAT SR A TE B AE  TE N HEAT I, B TR 2 TE R
SRR B I T R R W R R S A 2 B
Y, PR IE AT T B AL A B 45 T A 1) AR T AR

AR SCER AL T — Fh 2 5 i 2t TRAT 170 M 56 i 2 R 1
(Lévy-probabilistic roadmap, LPRM) ,iZ& kB S H
Fplae N 7EBLAG 28 8 1 4% b BT B AR 40 1 T 2R D
R TAERCR . RIS RAT 5 Mg fige e e 7 3 b SR A IR

il

— 2 — HEHABRTFTMELAR

20235 ¢ B
H42E £ H

R PR TR ] AR 0 S 4R AT A R KOt AT FOE I 38 1 i
BT B SRAE AR T — 20 8 o Sl 45 30 3 ) T 2 5 Sy
AR AR R AR THRE R AE U A AOAR S T R Y
She TN AR R S 2 R ) 3 A 5 e B DL R il 2 %) 2 L
Sl v AR BEAT AR AR 42 e AR S AL AR N AR B BL S L AR IE
HT AR skt

1 LPRM &%

FLTRAER PRM B BEAT A9 AL 28 A B A L R 2
ARGEE ) AR RN T < ST e I AT BEAL S 2
SR IR 5 B SR A T IV SR 3 S 2 R I R A R R
(7] RSL A0 2 5% S ABE 4 f 2 1] v A 2% T A SR R AR 8
ZHITEOUT AR B BR AR LR AW E T 1.

TEF 1 PR BB A% 3R 8 v L A 58 PRML 15 9 R B
SRR PPN B [ s ] 28 0 N SRR R A, R B
Tk FRB A SO IR AS . N T IR TR A S 2
Fi8 I RSE 75 20 4 PRI R 47 T Ak B

K1 54 PRM & kR

1.1 HEFALE

T BRIERS SHLAE N A IE 1T 4 &, o 0 358 b 11 kA 7
TAEALAE I (C . =1,0bs =0) , T 11 JE 25 2 40 B 452 U,
P B s ik B T AS 2 i R ERUA =X (D iR,
I 3E 2R S5 R 0 XA R AT R R oR 224 i LR
B RN 2 fron o AR SRR T 00 2% AR R B, 6 76 53 05
B HAITE Z 0 R,

B(A) =A—(AOB) (D
KA A NHE A PEBRY L AES ONE Mz R
5B H—AE YIS TR AL E R 5X5 pixels,

IR EE7FuR Y10

LT Hr SRz L T



20235 ¢ H
B4E HoH

1.2 FEECITFEERFERE

A RATIR T ML 2 5 — FhT7, H 32 2 e T R A8
L SRS R AR RATAT A 5 BTG R0 b 1) 4 T 1) i
IR W 2ESREMRNEE KM, %7 N8
0y LB A8 R 4 9 [ SRR R SR T SRR SR B UK
— A3 4k AT B2, Mantegna 3590 A2 L BE HL A K
Step 4 :

u

Step = (2)

T
Lo |?

Ao B o VR S 4 TRAT RS M Y S B AR SO I S B 2
BBEN 1. 55w o AR ) Y IE 270 A BEHLEL

{u ~ (0,06")
(3)
v (Oql)
Horp i o 8N
F(1+B)sin(7;£)
o= |— 2" W
e 1+
27 gr(Tﬁ)

AF . ()N Gamma FREL,

1 TR IR A B R 2 R AR SR AL AR N, G
TR ARIE B 2 R T 118 B 2y 236 5 W 0 B 9T A SR R B i B
PeT M BE R BE HRBE R T25 JE IL SR A SUR B4 5 I
2 2RI 7 T8, DT AE Bt B 49 J) B 7 A AN b 1Y
R TRV 3 U 13 04X 2 6 G I ) B R A 4 A 1
B0 .

R, 45 3C 42 M S 4 R AT 78 T R HE SR I, B IR I 5
B 1R HEE A AR TR A 4 N AR BB HL S P, Ll
) BN WS 4t R AT o6 B HE 17 3 4t /AT, B 358 ) R 4%
WSS P, IF BE— 25 5% A7 S K Al 4 0 5k, i R 6
P FAEER, HARSEWNE 3 s,

P, =P, +aXStep (5
Ao AP KRB bR AT 0. 01,

P 3 e d T SR AT Y 8 X

g 9 D&

3. if P, &€ Obs then

4. Step = u/ | v |

5. P,<P,+aXSteps

6. if P,€C,.. then

7 P,<extend P, to P, equidistantly;
8: if P, &€ Obs then

9. add P, to Closed list;
10: end

11. else

12. P,<P,;

13: end

14, end

15 i=i+1;

16: end

17: Return P, ;

SEUE L RAE AT R b

By A TIUAL BT AR A GH R RE S R R R
Closed list ,

fth R IERAES P

1. fori=1tok do

2. P, = random Gmap);

Je I SR T

IZ AR WG 18 TS YE AT I 1) 5 A0 K BE AL M B, AEAE [R]
R BRI AL R L SR AT LE Ay B 1 T P
Hh A (H 5 i R A I — RE AR A AN TEZE T8 N 1 TR A
Ko DRy G Sk Y S A I o DR SR A S TR
W iR — W AT 2 R R AT A IR S S K I AT A A
T A T U T2 AR TR AE AR AR AR I G
—AEIEAT T 3 YR I, E S A e SR A A K Al e gt
o T AR Y SRR T AR AE LRI )R

R IR TOR 8 AR v 20 & RECE I T R AERS ],
FEAR T R s AL as AN TAERCR, R A S DK R e 1Y
TEBBCHEAT AR AL o ol JHE AR AR AT B 05 4 B /N 5 b L 5 O B
A7 BN A, AT 2 = SR SRR RO, BIEN K R
R

S,

a:exp<1+§><5}(l)o) (6)
Kb eSS, 23 2 2T 7E R A5 T AR AT b SRR A )
AR s Sy b P B 52 2R BE

i P 1 95 i 0] A 2 S e LA A R

x (A) = ZHammingDist(a,v,a;+1) 7

y (A) =2 (A" (8
P (AR i P R ) R ] T B B RS T 2 5 9 1)
PURH IR 2 2 AR ¥ (E A 3

A :M (9)

AP A g AR S 09 b IR B s om 43 331 Sy 66 R B9 4T 4K
S35 HammingDist () 158 48 48 W 47 85 95 %1 13 BH #E
BRI a, RoRHE A B0 5.
1.3 BBk

B ALas N LU%e =i B UL, 25 04 7 B 0 38 FH R i
Tz M H T IE R GRAE  R IX T LA 45

DL HLAR AR B Boxt b in 2k 1 B, 22 il i

AN TMEEA — 3 —



B S n A&

Fem AL PR o L H L PR EE AR )RR, DA IR B
HLF 38 5 Bl B 42 e 75, 2 X A B b T i S0 45 [
W23 e A R A LA A7 0K 0 B9 il o DA b e R B RS
YT BRI R T 5 1 By e e UM A AN HEAT AR

F1 ERBRXMBFAX L

Ham & o b i
AN 1 RS M B T B
b7 5 8 5 4L % ‘
e * AN KB e
‘%—i——————l—
N p—
1 4 A
U 6 5 5 4L B b, {H 75 5)
=~ . e
A S B 5 A L

RS0 £

A4 7 10 7% 38,

ERAME & {FLEE B 4 L 0 T
ESULIR .9 NN o B A
- Rk

645 PRM 551k SR B 1 Bl AL 1 5 5000 R0 1 19 42 353
B PR 1 AR AT, Y B 5T S AL AR A il T B
e AT I B B BT, 453 o AL 0 45 B A T 3 0 T ML
HIE AT REFE RIS AT Y [A] , AN G I IZ By 2p 5 5l ) 2 i i 2
I, PRI T X e AT O Ak A B 5 A A i A A il R
i 2% 34 22 H 45 5 E A7 HR B

M REREN B, EH kAT 2SN e 55
B 38 2 240 T SR A T B K B R R T R AR

DUSE IR B 2R i 2% % SR Y, 7R ST DL JE R iR 4R
X LPRM 5535 B0%0 ) fif A% 00 47 57 1 A0 38, B AR AL 28 A
BATHI RS, n B DLZER 2 A =X (10 fiR . &
B D1 2K i 2 P 4 22 B AR 0 400 B AR T R R A 4K
B MELLEAT A SO AR, B AR SO BER FH B I
22 R M2 X BRAR HEAT -3 AL B, R T H R R AT T TR AL
B[R T AR S 2 RAT R SRR R W A TE N AE L T
JE SRR B SRABE A BRIE T A 38 LB AL B T AT 1

P,(t) = Z”‘,c;,u—t)"*'z'P, 10)

B R M AT .

P,(t) = Q—tHP,+2te(1—0)P, +1°P, an

— 4 —  EHABRTMEHLAR

20235 ¢ B
H42E £ H

KPPy P, 40k DUZEIR M4 i 2 4l 255 € [0,
L F T ol il £ i 3

S T AR o B DU SE IR ih 2R AT BT iR A L L
o P B AR 1 T e B 38 AR O D B Rty R 1 ) AL 4 )
G P, UK P, P, F P, Py B A B DT 28R il £
B, WA 4Ca) BT 7i 45 M 28 22 3o 5 A D) 4k 482 B v o 2 i iy
28 B\, A HEIY N — 4T W S

B4 BT Ak

1.4 LPRM E&iiiE

ASCHTHE LPRM SRk R i El 5 fiw .

DXt FRBE H 18] BE 47 B AL BE, B K BE A OF HEAT A R
FREL,

)W B AL 1k R R SRR F SO R AR
PTG

3) 25 B AL A I 30 A7 AR K

DI M B 5 24 BE R B S 4 CAT B K RBOR
1734 AT,

5) X6 7 A 0 e 2R A AR A, AN A A U Ak 2 kAT
FELE AT A5 0 3E AT A K Rl A 3, 2 3 2 KR I AU A
FRFEEER RZEF RT3,

6) Y15 Wt AL SR A I 45 308 1o A 5 S0 A a5 A SR A
%E.
7OV B B R B R A R A R A
i A SRR B BREKRENES.

8) B o L 5 45 A B R T T R 40 s A% 1 R 5 8
S 3 A DS IR FE i o5 EAT B0 O Ak L 5 38 Sl 0 3
HomAPLb )5 42 58 & M 4k 2 BUb S AT i1k

DEE R IR AL E AR .

2 FEXW

G AE LPRM B3k 9 A 80 M, 0 B 9256 7 MAT-
LAB2020b [ #E47, 5295 FF 5 BC & 0 Windows10, 4k 8 £+
Intel(R) Core (TM) i7-8700K CPU @ 3.70 GHz, RAM
16 GB., [Ali R T 1A B A 0 b b P81 A 3 3 L 20 B B3 T
6 fif 78 800X 800 pixels Y 3 Ft A [l b R ET , I 545
PRM B3 AR 038 5 32 b AT 6 L4343 i s T B9 L
BB K 3 436.1 597 Fl 5 404,

LT Hr SRz L T



20235 ¢ H
B4E HoH

FFih
MO
BRI
BRHA
/ - ’/ - v N\
I L I
| I |
I L I
| I |
B |l |
| RN |
| & | #AEC, I
I | : |
Lo [ weskrgo L 5!
|5 | v Ly
| | RHRE b
| |
| | RS
I | _’ (":("l+("l
| | N —
| | B PRFEAE]
| | BB
A 4

: Y : | ke
| N2 |
| BEAC, |
| |
| |
| Ay
| |
| N
\
N e

4 Path

| B ERR

Kl 5 LPRM &%

(a) i (b) ZEEHLA

K6 SEER IR A

(c) EFulE

2.1 FEHEMEINE

TEMT S M B P, SR AE B N M 100 B AL 3 =
200,3217 500 WH LA 7 Fros, N =200 B} {118 17 45 3
nE 8 B,

Je I SR T

B 9 H A

~ = PRM —-~- Bridge test

LPRM

40 b

20 |

SEHEFL RN E)/ms

200 SRAE AN

60

FENEI%

100

1320 N - = ~PRM~-~- Bridge test LPRM

1300

1280
1260
1240}

S AR KB pixels

1220}
1200

1180 L

100 150 200 A O

K7 B K PR aE T 45 SRR

L rZI L

LET LF
I_-ﬂ I_-
(b) BRI

8 ] B b ] da) 45 R

r—J

"aril

(a) PRME (c) LPRME %

TR B P IR BR T, SRAE 5 B0 A () B 3 B 1
T RHEA — B, BRARIE A 46 40 . (0 LPRM 532 19 7 2 30 4
BF ] AH btk PRM B 3k A0 AR W L S ik o w2 A T
36.5%.14. 7%,
2.2 FEMEIRE

TEAETE LB L B RSN N 150 B i &
500,217 500 W EE R NE 9 iR . & 10 iR A N =300
mt 3 ML IIZ 1TSS

TEZSE b P R B R, LPRM 53 3 5 8 W0 R 50 v: 78
N =200 Bk EIBS. T FAH L PRM BE5E R T 60205
TE 77 K B A 46 5 18 LPRM &3k 19 F 34 Bk 72 K B oy
1 601. 59 pixels, f bt PRM & #E FUHF I3 3 1k 4 ) vk 2>
T 49.09.9. 32 pixels; 78 #0 % i} [&] 77 i1 » LPRM 8.3 41 L
PRM 5 3k AR M I8 ik, BRI R & 82 7+ T 35.1%.,
32. 2% HBEE RAE S AEOW G I, SR R
2.3 E#MEIRE

FEELAG S X A2 2l TR b SRR BB N ML 200
A E 600,127 500 KL FAE 11w N =300
B 3 P IL I IT A SR E 12 FiR .

AN TMEEA — 5 —



Big 5 B &

= =PRM ~-~ Bridge test—— LPRM

200

150 |

100

SERIPLRI ) /ms

50

100 200 300 400 500 %;’F‘ EAVEN

50

JEIE %

100 |

A
17401 < Rl
17201 ’
1700 |
#1680}
@ 1660
F 106401
B 1620

1600 F

Bridge test—— LPRM

/pixels

150 RRERAEY
SN

150 250 350

K9 A IE M K R B IE AT

(b) HFIAG
SER NI g

(¢) LPRMEL7:
25 % e

(a) PRMEL:
& 10

R sh AL 2% A AE EL A P78 XS &2 2 1t IR v, 4R 4 T 4
0 S Al AT 28 T SR SR W L 4 2 B0 Bl o R G R
WREELE,

TEFA) B 7 i, LPRM 8378 N =300 B 4 Tk
S, AH H PRM. B3 FIBF 52 4 00 530k 43 B4R BT T 100 AN
400 A SRAE AT X A5 25 T 0T M PTG 791 A B DA B2 SR AR Hp i
F14) J0E K il 3 3000 X 30 ok B SR R A R A R IE T AR
Rl 0 R 2

LERL R R F AL & 7 1, LPRM 533548 [t PRM 45 2 il
B R R o AR T T 32, 996,15, 5%, Bl & R
FESABO G, ORI RKR TR, B4R LPRM &A%
B DR 5 A T B AT 3 WA I IR L H R T3 4R RAT
B AR FBORME AT SRR &, RN T K
il 45 0 3 R R A R A T LA S

TEB AR K B AL 5 T . LPRM 801 1 - 1 B 7 K B
1 844. 26 pixels.# b PRM 532 Rl A G2 46 0 80k pdi > T
270.58.21. 12 pixels, X 15 £ T 5 5 4k (19 7% 18 R A i DA K
Xof A HEAT RO DL AR AL B SR E T AR AR AR AR

Mt 3 AR [ M I R BT 9 0 B ST 0 25 SRR L fE AN TR

— 6 —  HEHARTMEHLAR

SEEIFLRIE] /ms

1 1 1 1 L »
200 300 400 500 600 sppE A BN

ORI

- -PRM —-—- Bridge test—— LPRM

xels

SFHEEE KD

600 SRAE AN
2 e M P BR324 AT I

200 300 400 500

L
'_I_

(c) LPRM #i%
251X

(a) PRMEH: (b) FFUNRE:
B 12 53 2% 18 b (R 3R 55 18 47

HEFREE T it LPRM B M T AR R ER. M
Rl B ) 2% v L 2 R A Bk B 3 0 Kk T A S s B
W B4, ) Hsf A0 S0 e B 15 A K B T
2.4 T ESH

Xt 52 2 it VTR 3k 1 e S5 0 A R AT T S O R
SR ME 13 Fis . RO TTRBLE R 0 35T K,
AL MR B LA A K. LPRM 53
T 3 X B G O Ak BRI R S S R B L R S AR
LS 40w T A i, B s A TR S LA A
EATH ] AR B S AR R IR .

A
1.0x10°-
5.0x10°F
‘B@
= Or
-5.0-104}
-1.0x10°F
1 1 1 1 1 1 ;
0 300 600 900 1200 1 600 1 800
B KB /pixels
Bl 13 i ZE e 2

LT Hr SRz L T



2023FE 2 8
I 428 55088

3

it

B X MU 23R P A e 7 DXl R A TR S BT 1

S0 IR M R0 A28 4 1 A £ 11 — PO B9 LPRM 53 3%
ER:ZZDIRTINIBE SR UNPA R TS Jou (i e B 3
TRATARTE R AL SR M, 42 TR R A, HL AT DA E A7 Bk 7 B GE
AW L A 4 AT R 28 B A 3 Y YR AR AL 4R R AR TE N
P18 R R A5 S0 9 o T A R 1 B R A
i ek 73 B DU B AR 2 A T L R 3 5 A B A
LU R R AP AR A 12 Fy 22 2030 BRAIE T s AT HLE)
Ph. SCE R W] LPRM 3% BEA RO % D A7 A6 B A% X gl
SR A8 L) DR X P i) T 8 v 0 0 L ) kB 7 A O I A
SHHT R T B — P f s B S LS AN TARRCR AER T T
R T 1 TR B [ IR A2 AT REAE

[1]

(2]

[3]

[4]

[5]

[6]

[7]

[8]

2 £ X

DIJKSTRA E W. A Note on Two Problems in
Connexion with Graphs[ M]. Edsger Wybe Dijkstra:
His Life, Work, and Legacy. 2022 287-290.
A KT LR R W, S AT GE AT BRI A S
FIFER AR LT B A B F & 5 R, 2022,
41(1):123-128.

B LSS B SO . BT G RRT-Connect 59k
mF S HL A N B R R [T ] S TR, 2021,
47(8) :22-28.

BOHLIN R, KAVRAKI L E. Path planning using
lazy PRM [ C]. Proceedings 2000 ICRA. Millennium
IEEE Conference on

Conference. International

and Automation. Symposia Proceedings
(Cat. No. 00CH37065). IEEE, 2000, 1. 521-528.
HERE W SBR RTE L AR T Bk B R R e Y
TR ] T E AL TR 5 R, 2021,57 (1)
56-61.

WL IR AT, B — P T N T8 1 )R
AR AR LR Bk [T AT I R, 2022, 45 (19)
83-88.

B A48, ek k. LTt AT S EAE 0k
il 5 B AL B BIL 3B B 0 R BF 5 L. AR AL R 24T
2021,42(3):132-140.

Br i AT, A5, 4 2 BB E R 8l
B A B AR MR BE 58 [T 1. e 7 00 & 15 0 4% 24 i,
2021,35(9):10-18.

BOOR V, OVERMARS M H, VAN DER
STAPPEN A F. The Gaussian sampling strategy for

Robotics

probabilistic roadmap planners[ C]J. Proceedings 1999

IEEE International Conference on Robotics and

AL H SRz L T

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

g 9 D&

Automation (Cat. No. 99CH36288C). IEEE, 1999:
1018-1023.

HSU D, JIANG T, REIF J, et al. The bridge test
for sampling narrow passages with probabilistic
roadmap planners [ CJ]. 2003 IEEE International
Conference on Robotics and Automation (cat. no.
03CH37422). 1IEEE, 2003. 4420-4426.

SHU X, NI F, ZHOU Z, et al. Locally Guided
Multiple Bi-RRT" for Fast Path Planning in Narrow
Passages[ C]. 2019 IEEE International Conference on
Robotics and Biomimetics (ROBIO). IEEE, 2019:
2085-2091.

CAO K, CHENG Q, GAO S, et al. Improved PRM
for path planning in narrow passages[ CJ. 2019 IEEE
International Conference on  Mechatronics and
Automation (ICMA). 1IEEE, 2019: 45-50.

AF M L B B L 8, 7 AR AR kT PR AR R R
HURE 9 B 78 T8 3 B% A2 B R0 LT, S ML AT, 2019,
39(10):2865-2869.

CHAI Q, WANG Y, HE Y, et al. Improved PRM
path planning in narrow passages based on PSO[C].
2022 1EEE International Conference on Mechatronics
and Automation (ICMA), 2022:41-46,.

CHEN G, LUO N, LIU D, et al. Path planning for
manipulators based on an improved probabilistic
roadmap method [ ] ].
Integrated Manufacturing, 2021, 72: 102196.

AQUINO A, GEGUNDEZ-ARIAS M E. MARIN D.

Robotics and Computer-

Detecting the optic disc boundary in digital fundus
images using morphological, edge detection, and
feature extraction techniques[J]. IEEE Transactions
on Medical Imaging, 2010, 29(11): 1860-1869.
SHLESINGER M F, KLAFTER ].
versus Lévy flights (M ]. On Growth and Form.
Dordrecht:Springer, 1986 279-283.

MANTEGNA R N. Fast, accurate algorithm for

Lévy walks

Levy stable stochastic
processes[ ] ]. Physical Review E, 1994, 49 (5):
4677-4683.

ZEHE AR BRI . SE. — TR X I B 0 M
Pl S 2 PEBE R ()], TH R HL TR . 2012,38(7) 1 10-12.

NOROUZI M, FLEET D J, SALAKHUTDINOV R

numerical simulation of

R. Hamming distance metric learning[ CJ. Advances
in Neural Information Processing Systems, 2012,

FARIN G. Algorithms for rational Bézier curves[ ] ].

HAARFMEEAR — 7 —



2023 H
B 5 H & F4eE BB memmmmm

Computer-Aided Design, 1983, 15(2). 73-77. E-mail :825953870(@qq. com

SASE I GRAGVEED L B2, EZEWF 05 [l W WL
NEH BRI A S A TR BESE .

Rk ORI ORI AR S LA Ay E-mail:hlkSemail @163, com
BRI,

£ & @ 5t

— 8 —  HEAETIMEEA LT Hr SRz L T



