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Abstract; Aiming at the security risks caused by unconstrained path planning in raster environment by the traditional A * algorithm and
the problem of long calculation time,a path planning method based on regular hexagon mesh modeling and improved A * algorithm is
proposed. Firstly, we extract marine environment information from electronic chart data,use regular hexagon mesh division to establish
marine environment model of path search space and use cube coordinate system to simplify coordinate operation by uniform numbering of
regular hexagon mesh. Secondly, introduce “bootstrap quantity” to improve the heuristic function of A * algorithm and reduce the
number of grids with the same estimated value to optimize algorithm search efficiency. Finally, analyze the influence of different
extension domains on algorithm efficiency and path planning. We compare the simulation experiments of the A * algorithm in the envi-
ronment model based on raster—based partition and the environment model based on the regular hexagon grid partition,and then compare
the simulation experiments of the improved A #* algorithm and the traditional A # algorithm in the same environment model based on the
regular hexagon grid partition. The results show that the modeling based on regular hexagon mesh and the improvement of A * algorithm
can increase the algorithm search efficiency,reduce the number of turning and increase the path security.

Key words;unmanned surface vehicle; A * algorithm ;path planning;electronic chart;regular hexagon mesh division

75 B 89 :2020-02-16 &[5 B #1:2020-06-18
E&TH . HHKAKRFE4S (U1803262)
EEEN R R(1995-) , 5 W05 A BE 7 1 b SR B BRIk i s g TRR I AR5 O 1) R SR AL



.38 - HEPLH AR &R

530 &

0 31 &

Je K 1 (unmanned surface vehicle, USV) /&18
@R 7 X E A XA K mALAT i JE A1k B RE
PR AR AN B Y — A BUEL R 4TR, 7E 22
RTHESA T R R AT, PR AR AN R i
P EE B A 43, L S B H A2 L O 0 AR R 1
L% ) 16 e 285 R 2 2 WA 40 DX Sl O A7 ) BR5 A5 B
TR AR SR ZE S L — S R AT B A
T A E AU T A 2 v R 68 22 4 T S i sk i A e i [X
BOf HAff s R fer e . HATE A 2R 8 kN
BT AEM RS, FER A Bk BER
PO WORREE DO A BIROA N SRR RS IR
HR R A f i AR B A S A R SR

1R85 A+ AN TS I BR AR IR 2 S ORI 15 i A2
Mo Z TR R BRAL  E NS E A
() 5 T AT AL . SCHR [ 8 ] 2R JH AU 48 2R 11
T RS A+ Bk DAkt 2B A AR R 1o
Arb, A [A] A A T IE S ) B AR 2R [R] s SR T 2 [ 4
R R T & Bhr 5 S RS L A X
BN AR T 46 05 T BT A Rl SCHRR[9 ] 48
T —Fh R FACE B A = BRI LRI ik R
JRUTR DA% ER A 7 28 11 A 8 i B, ) FH 68 T AN Ay el s
A BEPGR F AR R MATIEAR . SCER[ 10 I XA 4 R
B AT R BOL I 7 AL, S A+ R TE S H AR
SUBCIE I REREAR PR [a] B AR s 50T, 76 H bR aUBGE
At BB A% Jmy 35 A S5 1 R AR E B A BT e A ) e 22 B mp
FIK HbR, SCHR[ 11 )RR A = BIL M EERE 1 51 A
FATE TR R 5 bR 505 1) m] 48 R AR, i B AR A
ARy BR TR b FLEE AT AR EAS BRI m/4 (R E A
FEXT R B AR HEAT - T AL B TS R B A S TP
TURTT &, DAL SCHRAT A+ B & T A+ 5
PLRYPERE , (E 1ol A A% 12 2 37 PR B AR AR fef 45 [ 2
132 B 1E J5 % A% JLART 4 S5 1) 24 54 (] B, 72 g6 1 5
T 55 B 2 ] P B 25 5 e O R P B AR A AR S
R i ) A B A R 4

R R AR ) LSV R A A 1 S
i A P -1 PRI CHRE | SR FH AE 7S 300 DA Sl 4 3 57 T3 3
IR GG " X A = 55 G & R BT
AL EE RECR A E Y REETT A « Bk
A8 R AR DL SR B A2 1 P RE

1 EFIMEEREIREN

o F PSR IR PR S B USV 22 Ry AR ML
R JHIEZS T WSS 53 3 57 6 T HL 96 P ) 2R 055
PR B ST HL 1 PR R EROR v ) v bl A R
FIBERFHI (5 B, AR5 R IE 7S 00 A% 3l 23 BEA T W A%

b, 7 AT RTA T DA R AS T AT AT I A 2E A A B 5 A
Y3 3 1 7S I R K] 43 X6F e 08 TR 1)V R B A
SHEAT TR A AT L3R o A MR R R 3505
1.1 BEFEEHERK

F, -V T T LB (AL T 200 1T v A ) 4 R T PR A A
B,S-57 H 1 44 I8 ISO/IEC 8211 [ Py i 5
AR T] IS R TR I TRV E) USV
FRFRN 2 e | 5 BT 06 [ AT A AT S U AR A
S—57 HL PRI SO LAY IR S R A SRR AR D S S
355 , A 1SO 8211 1ib A% L 16 I E A7 AT, 152
TBUH, 18 [RI SCPF rp i R 4510 5%, 1 vector 2548 A7 6
FRIEIE SR, map 4R AEAif 25 (R0 5%, RS Vg v A B 5
R A,
1.2 IENBFEREL] S5 E I IREER

3 3 AT I PR P Y T PR B AR R R R R A
JUAT I AL B, (75 22 R0 B AR 48 R B R e 24
FIFH P I 55 8 X0 TV PR A DA T IO AR R 43, e 48t 1l
JUfA] 6 2R fRT BB IR B AR IR | D) 18 8 A 4 Rk A 3L
R N T R AR BOR PR AR B il it IR N
T A K] 3 19 7 2 T DX 3R 43S o T R/ IV
SEMIE 7SI TE WA A 4R P Vi ] v B2 TR 08 1 e
58, AT LA —A~ A 2 A B KRl L G o B 5
BEfRy ., AP hA BEARY  WARIC A AR TTAAT , &
W], RS ARG R AT RA T BT 1 R S IE N3
TE A% 3 43l 57 A PR B AR | e o X3l kg mT A T X3,
TR DA AN R AT X, 4% 500 143 159, &7
PIACE w7 x il S B ) B ol y Bl RRABFR R
Xt —A R i 5, L (0,0) 2 (142,158 ) , — > R A%
RIS —ANT5 5

B 1 ENAH MR 5 E IR
SIASL IR AL BR R IE 7S 108 I AS Al A 117 i
Al AR AR AR BRI 38 A R IR AR R ( o,y ) XTI
ST AR B 2R AR A ( q,r,s ), FEHIRUNT,



F i

AR ST ARSI AR 0K THTAE S A AL -39 -

F T AR IR A B e o 37 7 PR AR A

{x:q+(s+(s&1))/2 ()

y =3

H 37 7 1A AR BRI 4 R R R AR

q=x-(y+ (y&l1))/2

{=—q—y (2)

s=y

G d 37 TR AR R A T ) IE 7S T S Ak bR B
FEanE 2 fis .,

o

X

(0,0,0) | (1,-1,0) | (2,-2,0) | (3,-3,0) | (4,-4,0)
(-1,0,1) | (0,-1,1) | (1,-2,1) | (2,-3,1) | (3,-4,1)

(-1,-1,2) | (0,-2,2) | (1,-3,2) | (2,-4,2) | (3.-5,2)
(-2,-1,3) [ (-1,-2,3) | (0,-3,3) | (1,-4,3) | (2,-5,3)

(-2,-2,4) [ (-1,-3,4)| (0,-4,4) | (1,-5,4) | (2,-6,4)

y

B2 ENABRAELTRERTER
T PENE AR B8 1E 7S 8 S 0] 43 I 4 2 1 B )
F& PREEAR Y | TE 7S 3008 A 1) — B0 A 48— M 13 1k 3
B 4 S B R 1) 50 5 1 7 I A PR v
FRGA A 57 5 R ) B AR B AR (R] AL

2 BEMRFE
2.1 AxHEi%

TR A = Bkl e /BRI, SR ITH
WEM RIS . A+ LR AR B AR ] —Ff
Ja R A REE HAL M R BCER R N

SGi) =g(i) +h(i) (3)
Hrpr, g(i) Fom WAIEG T S35 8 i, 7 &2
PREL R (i) Fm DT i B AR s Al A

A FAL T AN B S G - open A closed 3R,
open FPRAF T A UM A 5 ZE 1Y 5 1, closed KA T
I CIBUN R = R7 S N oy Ul N

(1) RS A open %,

(2) 7 open 2, # 2 fAE &/ N5 B EEN
YT R A 0 R S R A R A,
D] HE32 SUIA closed 2

(3) 3t J7 S 5 Y 8 AR Y AL, AR AR BT
MATFT I HANTE open 2,

(4) THBRARAR AT s g (B, A0 SR AR SB35 SO AE
closed & g [HHE /N,

(5) HUBTAH QBT KA g B, R 5 A9 55 B A
BB KRS R TR R, B AR AR S open 3,
¥=z(2),

FEGEM A+ B R AR T R 5k A S BT FE
AR DL R e fr ik Biad 22, IR 4R T — il gk 9
A B IR K R BORIE 2R SR W7 T A = vk
it
2.2 RBEREHH B

TEZSIIE A% Z 8] A 52 PRIE B 5707 R A AR & v
BB A —2 RIS u(q,r,s) A v(q,r,s) FIE
MRS D(u,v) FRA -

D(u,v) =

‘u.q—v.q""‘u.rz—v.r‘+‘u.s—1}.s‘ (4)

T A= LR WA D, W RE A 2D A A M
A ELA PO 8 2R, (E R AR e 5 0 MRS A 3 T
SRR S A 5] SR XS Rk ek B AT et
T ATl /D B AT A [R] A0 4 100 s 5, 30 % 30 B 1Y

PLEgte.
B S S EMRS ERMEL N L, TE i 8H
Prmi EWMEHZENL,,
A S B HARS E RYERICHE R
p. =/ (x, —x)" +(y, -y)" (5)
WA B HER S E BIRK G R .
pi. =/ (2, —x)" + (5, - y)° (6)
L, AL, Z BBl 0 B kT .
0=
drecos (0, —x,) (x; —2,) + (y, = 5,) (¥, = y,)
PP
(7)
AR p () TR,
P =y (8)

R A S B 5 0 IELRIEE A S — ny — n,
— o, W g (i) ARG AIRAN.

g(i)=Z;(D(j,j+1)) (9)

h(i) =D(i,E) - p(i) (10)
2.3 HRRMH

TEIEANIDE AR BRI AR 580 A = IR T
— T RCRH 6 ABITT 3, AR R T5 1) = 6] e Ak
/3, IR ) % A% T RE AN 2 o HL I e 3 s B0 2 A
U7, S ARALIXAS AL, X4 R AR AT 2
] SN e — J2 DR 2RI A5 n S RIS — J2 RIER R
T8 AW R ATIE T — DR AT 5, SN g
JERDRE SR A 0 SRS — R R R =R BT



- 40 - HEPLH AR &R

530 &

36 RIS T — B Y AL

A B AT R UBCS AT R R YORE
B RN AT A n MR T AR RIZ, N,
PN YR R

_ x(x + 1)
N, =6 >

(11)

Hfr x=1xe 7,

A RS B0 5« BUE X R R E] N, B, dn € 1
FRi7R o

A1 TR EHE TR ERG £ R

MRITIk Jridi— Tk k=
M RZH x 1 2 3
TR AN, 6 18 36

3 KBERERSH

RS UE IE 7SI TE IAS AT g & BEME AT A = B33k
PEAL T B AT AT X A AT 1 Pl 1R 11 43 ) R AR
B8 RIIE 75 0 A 1647 30 43, JHG vl ol A 32 4] 3
14 DA% 2 A AR A B AR 5 0 FH TE 7S 5 T8 A ) 43
PR A R, B B AR 1, B R A S
B4 (112.521 000°E,21. 635 000°N) , 754 #& v %1 43
PIPREEAERL N A R IR AL AR R (99,6) , TEIE N HTE M
MR 3 PR ALY R A R R AR AR Dl (114,5) [ S2TJ7
WA FR Ry (- 15, - 62, 114), &K 5 E i & N
(112.901 000°E,21. 669 000°N) , 7EHH#& 1 %) 73 19 #6
ST R R AR R (89, 115)  FEIEANHIE M 4%
K53 PR EE B RL T B R 2R AR O (103,115) 5207
TRAEFR K (63,166,103 ) , i A + B3k #4745 B
S
3.1 EXNBEMESHEER S KR

Xof B T AR V5 J0) 4 A0 1E /S T IR Jal 4 1)
TG EIB A AT B AR R, A7 L S 0 45 2R 43 o an 8] 3
FE 4 Fis

M4 BN MR S %I

GETH U7 FLSIZ 6 ) A2 2 RO T LS AN B
Mo PR S S 1 DO, GE T R ANER 2 IR
K2 ESNAT ML M KR o 5 AT

AR SR NivasubiAC kS p S 40 43
EZEISEIS 146 142.74
R W 26 24
g ] 1 R/ 1 620 1 080
BRI (8] s 1.40 2.79

H2 2 WL Y, 3T IE I A K] 2 A5 70 A
FUAE A 3 S o 55 780 34 1 B30 14 3l D R 8008 D
27.93% AR A /D 49. 76 % |, B AR S OB i
AT s E e 2R T B AT R AR R,
FETFIE 7SI A% K] 2 A5 20 1) B30 M BB o 4, (R 4K
SRAFAE 25 B 22 1 Il L,

3.2 BEBELRYT EEXE

FESET IEZS T 6 K] 23 50780 ) Sl 1) X A =
AR R R AT AR IZ R B S FIE 6 43l
JEXUZ 18 AR = )2 36 AR B 15 B S g 45 1

B5 18 ARMRY 58

H6 364K kT
it 6 SBIRY R 18 ARIP S 36 4RI =k
Py LS00 1) AR SR8  Feih RNk 3 PR,
K3 ARRBRY e T W H AT

BRSH 6 <R 18 43k 36 &F ik
Rk 146 145 144
TRBL R 26 14 12
o 1] R A 1 620 480 435
B E /s 1.40 2.57 4.62

HIZE 3 ATLUA B AT R AR )Z2 4 ok 5
VA ZF TR B A SRR P 25 R BSCRI G 7y JEF
Wb ARSI T IE S I TE RS R A R Ol
FH 18 QBB R 28 B0 AR A LU A 125 A8 R )
T2 S BRI g SR dd 25 /D HLAS R (R TR



5511 ) e NS R T IR AR J0 A K T A S A A <41 -

4 HRIF

DTG A K T 5 72 B0 R 75 50 B0 A+ B 4
Rl 4 e 1 2 A B L T TE S 3T IR A 1 7
PER—R0 A = SR AL 7 5, 0y B SE 15 3 L
Tk

(1) T 1E 7S P 90 A% 2 ASUAR Ll A A 1 A T 1A
ST A8 RV R LA B R A2 0 TV

(2) 705 TIE A2 48 2R ) (9 T 42 7 LR 1 i
AT R 22 2 LBl 7 g R B O P A

SE
(1] ZR&¥. CAOKMAEMEMRI[T]. FEiEEH 505 & ,2015
(6) :36-40.

(2] fof M MEHE 2 M. FERE ARG T KRR
[T]. KW F R4 ,2019,45(3) :114-120.

[3] GAO Ying, YE Jianwei. An improved genetic algorithm ba-
sed on normal distribution for solving the traveling salesman
problem[ C]//2018 international conference on virtual real-
ity and intelligent systems ( ICVRIS). Changsha: IEEE,
2018.10-11.

[4] BEDIN D,IVANOV A. The use of a genetic algorithm for
parameter adjustment of the multi—hypothesis aircraft track-
ing algorithm [ C]//2019 26th saint petersburg international
conference on integrated navigation systems (ICINS). Saint
Petersburg : IEEE , 2019 :27-29.

[5] LI Meng, YU Lin, SONG Qing, et al. Research on general-
ized traveling salesman problem based on modified ant colo-

ny optimization [ C ]//2019 Chinese control and decision

conference (CCDC). Nanchang:IEEE,2019.3-5.

[6] SHAN Yuhao. Study on submarine path planning based on
modified ant colony optimization algorithm[ C]//2018 IEEE
international conference on mechatronics and automation
(ICMA) . Changchun ; IEEE,2018 ;5-8.

[7] BReHy, W 4 SR BT UG AT BIRMBEIILEE A
LRI T]. AN E 2018 ,35(4) :319-324.

[8] %= B, ZM%E, RS, 5 LT U A« FEMB I
MAH AR RIS (1], SRR S B, 2019, 55
(21) :226-232.

(9] &AM, 4 o RHl, 5 JETAGE R B A = ST
LRBEFE[T]. WM L ,2018,33(2) :16-22.

[10] £ 4,38 K5 B 0k A« RN AR A
BEAERLRI[T]. 3LV, 2018 ,38(5) :1523-1526.

[10] AR AT, 5k 59,45 0 R R AR T3 A = 55
EHLE NI T]. BT RHE,2018,31(5) :33-36.

(121 &3 000 U BREE B BET Hy 30 1] A S AR A £ 7
RN BE AR FT[T]. MAREF 2= E AR ,2015,37(7) : 116 -
119.

[13] Wz, 8K, i, . 36T i 5 S fL i BN
IR A 4 Jmy B AR A [T ] P AT, 2017 ,40(1) 24752,

[14] WANG Yanlong, YU Xuemin, LIANG Xi. Design and imple-
mentation of global path planning system for unmanned sur-
face vehicle among multiple task points [ J]. International
Journal of Vehicle Autonomous Systems,2018,14 (1) .82-
105.

[15] 28, BRiky, XaRE. BT A « BRI I OK g
PEAERLII[T]. BHER AR 5 TR ,2019,19(29) :201-206.



	计算机
	页 1

	计算机
	页 1


