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Path planning algorithm for ground unmanned vehicles based on
topological constraints in unstructured environments

LIU Dong-sheng, WANG Jun-sheng'
(College of Information Science and Engineering, Northeastern University, Shenyang 110004, China)

Abstract: In allusion to the research problems of path avoidance and multi-vehicles path conflicts during the path planning
process of ground unmanned driving in unstructured environments, a shorter time-consuming path planning algorithm
based on the A* algorithm under topology constraints is proposed by using homology and de Rham cohomology to
accurately describe the topological information of obstacles. The algorithm realizes the topological classification of the
global paths of multi-vehicles in unstructured environments, thereby providing a new research idea for the collaborative
planning of multiple ground unmanned vehicles. Furthermore, combined with the topological separation characteristics
of paths on the C-space dynamic generalized Voronoi diagram (GVD), an efficient algorithm called C-space-GVD-hg
augmented A* algorithm for global path planning of multi-vehicles under topological constraints is proposed. Finally, the
unstructured environment with multiple obstacles and narrow areas simulated by the Gazebo simulation platform verifies
the effectiveness of the proposed method and its superiority compared with the existing methods.

Keywords: path planning; de Rham cohomology; topological constraints; generalized Voronoi diagram; C-space-
GVD-hg augmented A* algorithm
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i=k-+1

1

S;)

Ic-

7

H,_1(R" — Sk) & Hp—1 (R —

WEHERT A H,yy (R — L) S5) = Hyy 1 (R"— S1) &
=1

Il

p
Hp (R — U Si) 2 Hy o1 (R = S1) @ Hy o1 (R" —
i=2

SQ)@Hm_l(Rn_- Si)gHm_l(Rn—Sl)@...@

2

@&CZ%

Hy 1 (R" = S,) = @ Hp_1(R" — ;) = Rr. O
=1

EI1 X T n 4ERK KA 0] R A 1 & 38 AT
e 45 n 4k O, B AF 0 S AR S0 B e K
P ARA A W — m 4 0] 5E ) P 8 S, [F] I X T
k= 1,...pWiE Sy C OnfffR[Sy],....[S,] #mk
5 H,, 0 (O) 10— 45, T 45 b & AR g
(R"—0) — (R" — )ik SHRIWET i - H, i (R
—0) = Hypr (R — S) [FIH.

B 40, Cc ORS, C S, EiE SR
JCEAH G [ER 5 S 3 - Hpy 1 (R™ — Oy) —
H,—1(R™ — Sy) [, HH Oy 5 Sy, [M K [FHE S0 75 5
IR IR 50 H o (Ok) & Ho 1 (Sk). UL S

H"=™(0,) 5 H,(R",R" — Oy)
b b2
H"™(S),) & H,,(R",R" - S})
Hy(R"R" —0) % Hy (R — Oy)
L2 Ll
H, (R, R" — Sp) % Hp 1 (R™ — Sp).
%‘%"LIEED%T H"_"L(Ok) — Hm(Rn’Rn — Ok)
R [E)AE) L S5F . B s B O G, T SR 3 RT A A 1) B S

(14)

Yo, H™(0r) = H,,(Oy) &7, H 2518 %
(R™, R" — Oy) FTXf RLARX F K EEFR ... —
H,(R") = Hy(R", R"—04) S Hyp 1 (R"—0) —
H, 1(R") = ....HH,,(R") 0= H,, (R")"A]
M H,, (R" R" — O) = H,,_1(R" — Oy,). EiV]E
AT S0 H,, (R™, R" — Oy) = H,,(0y). &&:14)7]
Wit . H*™(Oy) — Hp(R", R" — Oy) NIFHImk
Wt [FEEH™ ™ (Sk) = H,,(R",R" — Si), il sk
(14) 5 VAN X3RS He. [T AT R3S 24N XA 46,
SR H, (R — Of) = H,, (R — Si). Hi
SEFL 10 A K1 R — 553” — S, TR (RT3 [ A7 LE R A
H,, 1(R"—8) = k@Hm_l(RN—Sk). A R"—0Y5

P

R" — Oy [A1JR A2 Hyp—1 (R — O) = @ Hpppq (R —
Or) = R?. X H,_1(R" — Oy) = Hy (R — Si).
A H,,_(R"—O0)~H,_,(R"—5).
32 BEEIMETRTEMNWIE

2 € H"Y(R" = 0),[w] € Hp 1 (R" = O),
YU T 2 R AR 4 5 SR L n:H™ Y(R" - 0)®
H, 1(R"—0) - REER" — {0} Fn — 1/EX
9 € QYR — {0}), W6 - (R - O) x
O — (R™ — {0}) % S (5 [a] W 5 5 4065 26 T 0 72
(R™ — {0}) FIEREIBS 43 5% 5 BIE (R — O) Fi
O L7 (HiE 5, B

fR"—{O}ﬂ: IR”—O jé O = fRn—é vs, (13
Hefr(m—-1)ERyg € 271 (R"—O0) HER 0 91
O LB AL EHIHEHRAHNT [ v

BEn — mYERFRIE S, 4 HAUE S TAEE M
a € [0,1], MEBEBNEIERIE v1,v2 € TN [BIFFAE
—ZAH 15 $(0) = 71, 0(1) = v HS N d(a) = @ I113%E
SEIBEE ¢ I, FK y1 vy HA AHE N RA L &
2HRIE DA AL ALy = TS RERO HER A e
(58 [7] m 4E 3R B (r), Rl 24 e 2 8 /NI, AT RAE R4
S5ER B, (r) ME— M. B RAAAE G HAS 4 m B
X dyg, HEX T A B.(r), 3T 3 (15), FI  Stokes
ANRA TR
[ e {0, B.(r) (S = @; o
e(r +1, B.(r)(\S # @.
3 16) BUR T 52 [ m 4E R B (r) € 1. 36T 3UFE
AT H B m — V4RSI I m 4ERK I 25 (0] 2R 42
PN A B 1) E X
hs(v) = | vs. (17)
NS s FIRER SFFREy € 171

1
U



#1241 XA 5 AFEMACTI T AT 4642 R 490 @ RA L B AR S ik 3109
M IEFTE S Bk NI B IR [0 53 58 B, ME!,  pr(L), ..., pr(m) 35l R os 7, W B #45H EIIT
HA ARSI e = [o,...,2,) Mo’ = K HEA#

[, .. ol R AT A A = T x SAEEN 5_

2n FBR IR 2 RIS 0 B, x B! [ — N n 4E R n

. R TR AP {0, ), R TA gy oy (D "D Grlw—a) 3 sen(p)dx
ST Y 1 B % TR, VD2 1) TA g, ) RS = pepIE)

{dzy, ..., den, dol, ..., da), e,y T DNENERRAL oy N+ N AT,y AdTor@) A+ - A dpr(m—1),

(1076 2 H 1, 3Lt D125 16 TA (g o7y 10T 2 1 T,
FI TSy HEFE Y A m Fln — m, HHIEE 5 5 B
{d:cl,...,davn}20 Al {daf, ... da)},, HomHn —
NI TCEMWR. FER PR T As =
[81,...,$n]T E(Jlglﬁ
. 1 Sk
Gk(s) - An—l (8%++S%)n/2 (18)
Hr A, Romn — V4Es A ek 0 & i AR, HAE
Gamma B ' R8N
o
2 b)

V!l

9(n+1)/2"

n/2
(5 +1) =
r(z+1)

An—l =

19)

% (n—1) R0 = zn: (—1) 1 Gr(s)dsi A ... A

dsk_l/\dskﬂ/\.../\cf;lﬁs =z —x,x c E,,
€ F, HkHIsNS # ot xtniEdoE
Ap = Ip x S C By x B LB [ do = 1.
X FPN2 N8 TA {2,00y T HIpEHRE = fdxo(l)/\...
/\dmg(p),ém'Z = 1H]L,ﬁd1:0i = da/, ) ém = O,
7ﬁdﬂccr W = dzoq). y\jﬁiﬁdx;l(l),.. U(p) 21
SN AR p — m < Zn <n—m,BiETFR:

1 / _1n—m—1
0= Z D Gute — )i

Z Sgn(a)dx(,(l) /\ e /\ dxg(m) /\
UET(ka)
(m —1)!(n —m)!

dl'o_(m+1 /\ e /\dm;(nfl) +

> sgn(Qdaey A - - A dzgm-1) A

CET(I™,)

Ay A+ A\ dx’g(nfl)] : (20)
Hepomr, ={1,2,...,k— 1L,k +1,...,n}; T(IT",)
om0, EFEA. Mo ARSI, sgnoe = —1;
Yo NEHESIE, sgno = 1. PP (1TM,) KonK 4k
G0, PR AT ERE AN N n — mAm
WS4 I AL TR B 43 T I (1), ., pl(n — m) Al

F Ny 0Ap = yp x S, L HT Stokes 22

IAB dd} = JAB dgd) = LMB I = yBxsﬁ - LB fs .
(21)

(1) T sen (p) JS Gr(x —x')dzy, ) A -
/\ dx/pl(n—m)a
H

vs=> D, H=

k=1 pepn—m(nnk)

/\dxpr(m,—l)a
fERT AR R 21) /32 (17) (k507 2 321 v A
10t 8N S B L hs (1) 37 BB FRAFIR S =
_@1 S, FAE LR g (+):

SYNdzpry A -

hs(v) = [hs, (1) hs, (), hs, (] (22)
33 BREHRIMIETIZENHE
331 24ERBIRHFRALE
M= 2,m = 20, fAsgn(p) = 1, P°(I1%)) =
{{1.{2}}, PUI12,) = {{}.{1}}. %8 = [51, 5],
2 =m +iw, S, = S + 1Sy, WA
Vg = HE(; S)dzy + HE (x; S)dz, =
1
2mt||z — S|

1 1
%Im(z — SCdz).

RN A7) "5, 2 46V 1 b SR R M i B AR &

hs(y) N

((151 — Sl)dJZ’Q — (1‘2 — Sg)dl'l) =

1
hs(7) = % ( dz) 23)
VAR ?UJ:ﬁ_fi%ﬂ“ijauchyfFF a3 o8 3 R S,
R
1 1
As(7) = 5 L o= (24)

PR, 3 T2 a6 2R 0E RPN 20 B 2, I BRAR Y =



3110 ¥ % 5 & K #37%
! _ DSl — 1 21 SIIE4 4 HAY Y 3 5L S IR B %F R A Voronoi
2cner = Lz = b ASLE= Lo p 108 iy b B SR R,
FNERME. TR ATV Kk = 0,£1,..., BUFR 1 T X4 K| B3 58] B4 T
HE BRI/, AT A5 hs, (v) OSSR BIFES  3AMHARIE SRR = M TR AN R A AL
= GRS,
Z; |Arg(zie1 = S1) — Arg(zi = Si) + 267t EIE12  XF 5| B4 54 Voronoi X 8 i 1T ZE R
(25) Ja K45 2 5 HME— X 1) Delaunay — f .

332 IEBBEEHIRARE
M = 3,m = 208, % Fsgn(p) = 1 PLI13))
= {2 {33} P12y = {{1}, {3}}. PI(IL25) =
{15 {23} X Fsen(p) = -1 PIIL2) = {{3},
{23}, PHIT2,) = {{3}, {1}}, PH(I125) = {{2}, {1}}.
Ls=x—ao WE
H{Qg} —|—H€’2} dxy
Vs = |Hiy + Hiy | A |das| =
H*%2} +H{21} dzs

1 dl’ x (x —x')
Etfs W/\dl. (26)

RN (17) T 4, 3%&%4%%%“*$E£%hs(v)?'ﬂ

/

dl’
hs(y 47Tf j w,” Sdl. @)

X BOLIIN S, = Zsi’si ={si = 5"}

=0
I =1,2,...,p4dl = [day,dey, das] . dl = [da],
daty, dag)T, ry = si—x, riq = 87— ||t] AARIEIR

u—1

Wy b B s, KBRS, # s, = Zuz(sl,sfﬂ,w)
i=0
FHEi(s) s 2) N

1 t X Tt txr;
- dl. 28
i s~ el ) A 8
ST 34K IKT R RE PR E KirEY, A

T H Mayer-Vietoris IEA 580 —  20(R3) Erva—d>
QR 25 curl Q2R 5 vy, 3(R3) — 0, 5 M= (27)
%ﬁﬂifiiﬁﬁr,*ﬁﬁﬁﬁﬁﬁﬁﬁﬁkm S 43 5% i
PP G T, Gk (27) 3 oT.

4 FHILRT C-ZER GVD _EHIERAIK
4.1 C-ZE4rET™ X Voronoi [&

Voronoi [X 1573 JyiB 4k S AR IR A S I, 24 H.
A8 H LR 35 ST 3 I IR AL, BT 2.4 5 BT iR Xt
KRR e B9, A JE 1B 4k Voronoi X 35 %45 (R THI
B 5 B4y, 2 B REE CF T A 51 #E S) M Voronoi B il
Delaunay = ff % [ 48 (T 11 B 5E BE 12) A7, BRI,
18 1t Delaunay — fi %43 £ ] Voronoi FME— H.JH |
ol e )

EBR SIER4 4R H 7 A S5 A 1) B0 5 1, 5
RS AR T & 5T A B S7 A, Rk, 220 A8 S 1)
Voronoi &5 Delaunay — ffi X i — % . [

FRTE A AR ZS (, y, 0) FTAL %511 J C-2% ], 3
TOCHR (171 %5 H 6 F T C- 7% ) PR 2 2 4 el 58T 1)
)2 Brushfire 53%, F I MHE H0 1E M (2, y) 5 BENEE
So(i, j) TG B RGP A% M & Cp (, ), K 15 2
2455 )2 C-73% [ BRI R 2 P, 9 FH T e &R oy 2
GVD.

4.2 C-Z[8-GVD-hg & A*Ek

TR HEE I, R 3 S 2 A T A% 1B D9 hg 385
A PR, T B 3 2 A s A T, 2 4 2 1)
hs S Gy = {G, hs} WA 3 A M FT7s. BLAE
T A BEL H he Z0H0T C-3 A1 345 GVD it 18] L
R B RIS AR SRS, R R R T A R AR B R A 40 5
H,

5136 # Pr = {{ci,hi},....{cg, RI}} N
Gn = {G,th}J:cl M cq 18] Y A SRR R R4S 21 1) —

Gehs = S his 2k R 1, W 3 2 b

i=1
tf hs ERIIBE P = {c1, ..., c,} A

) b+2mi 5
R lrhs \ NS |‘; RxC
I ‘KX OSSO N
T (A AN SE . SSSSRNIE
| T 4 X SH IR HEY S —vg
N b NN
- II’ NN _.|.<J_|__|_‘,£ :I:
B o+ T TSN
v A “3 \‘v R-—:\- - I\||
| G, =1{G.hy} f‘-_ '___E'__‘_'_‘;\I :
G b P O
: Fax| i3

3 R?RFNASRIGT AR E RIS

Bl C-A[-GVD-hg 3 A* Bk

BN SR G R vg b miv,; BARERIR AL
Npatn; hs IRRVE 2R 1EF1K AR B IFESIR O, &
FIZR C; 8 P15 3R K5 S BRAA 1 3£ F; isVoronoiCell
FH T 21 W7 i A% /2 75 7 Voronoi B I ; stopAtVoronoi A
T BRI T AT B AR bR B A resign; B AR
path; AR AT A 6.

B Npaen 25 B 425 pathSet.
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XA S EEMIRE R LA T 6 R E LALE % 2 X H ik

3111

step 1: #R ¥ 0 1L C-73[H] Voronoi & .

step 2: HRAR AR B0 B Mk B0 46 4 R H
)75 Brushfire 5125 58 R EG PR 5 14,

step3: R & T AF BT I N /DT Npaen T 5
FEIR. 5 vs+ vy ANTE Voronoi B E, W HEAT step 4 HH 11
A* 2 SR 5 %F J& T Voronoi B _E 38 2 BEAT step4
) GVD-hg 8 Ax 2, S A& P2 AT P A I B
N AH B path, I AR 95 3 (24) 1 5 path B hg 18, #7
gt ¢ B HAG™ € AWK hg I B 5 ¥4 Foxs B
I path Il X\ pathSet, [LIF NV + 1.

step4: ¥ hg 3415 5 {vg, O} ST XT L JE K bk
B fs HEE TCAHIINTE B 513 O, Al 715 5 {vs, 0}
JRBRAMME A G A R 4RI B P A B8 1% o
AT B8 A2 H O AR 73 I 5 16 3, 3 7 45 A O Sy =
5% resign B H H.i% 7 path; 75 W B O s AR e /N5
FN S AT B Veurr. A stopAtVoronoi N F H. vy, 75
Voronoi B _F, 2 (44 2% 45 W3k 17 GVD B4 &
TR veurr & K, PR veyer TN K JEARHE 0 (24) 3K
Veurr TFANABIL Y 15 Uneign HI o 8", BB X T veign 7
FIESY . GVD _E 1 A* ByEAFE Voronoi & PA
K Vneigh CHE I J7 TG T, BB BN — 4R8I0 A

R vneign BISEBRAIME g. 47 gneign JB T F HI
EAKT g, W Z0E vyeign: 77 WPRE SEF ) g I B F
J5 4 Veuer TEN Uneign HIHT B S AR IGIE H IR AESE R
IR [A] path.

5 MERIESSHT
51 hol#I A*BARE

1) 24k he 2000 N 5 B AR BRI B 45 R an ] 4
FIT7R. 45 5% K/ 1000 x 1000, 43 3% 4 1 m/Pixel
B3 A [ SR T 1 2 EM R 1 1], 308 20 26 AN [F]
hos AL JIT X6 I 1) 3¢ 6 6 458, L B3 K48 2R T] R 225 ms,
R XM F0(22) J (23) H he B AR

4 24FHERRE hs BEHORTHREREHELR

R1 2HEFEEAFERINY KBEEN R hs 18
BT h h% % R h hg hG R h hE
1 —1.8960i —34742i —29643i —2.1429i  2.2309i  —25654i —2.3396i 17928 215711  —3.1435i
2 —1.8960i —28090i —29643i —2.1429i  22309i  —25654i —2.3396i  1.7928i  2.1571i  —3.1435i
3 —18960i —2.8090i 33189  —2.1429i  22309i  —2.5654i —23396i 179281  2.1571i  3.1397i
4 —18960i —34742i —29643i —2.1429i  22309i  —2.5654i —23396i 179281  2.1571i  3.1397i
5 —18960i 28090i  —29643i —2.1429i  22309i  —2.5654i —23396i 179281  2.1571i  3.1397i
6 —1.8960i 2.8090i  3.3189i  —2.1429i 22309  —25654i  3.9435i  1.7928i  2.1571i  3.1397i
7 —18960i —34742i —29643i —21429i —40523i —2.5654i —23396i 179281  2.1571i  —3.1435i
8  —18960i 28090i  3.3189i  4.1403i  22309i  —2.5654i —23396i 179281  2.571i  3.1397i
9 —18960i —34742i —29643i —2.1429i —40523i —2.5654i —23396i  1.7928i  —4.1260i —3.1435i
10 —1.8960i  2.8090i 331891 414031 223091  —25654i  3.9435i 179281  21571i  3.1397i
11 —1.8960i  28090i  33189i  —2.1429i  22309i  —25654i —2.3396i 17928  21571i  —3.1435i
12 —1.8960i —34742i —29643i —2.1429i  22309i  —25654i —2.3396i  1.7928i  —4.1260i —3.1435i
13 —1.8960i  28090i  —2.9643i —21429i —4.0523i —25654i —2.3396i 179281  21571i  —3.1435i
14 —1.8960i —34742i 331891  —2.1429i  2.2309i  —25654i —23396i 179281  21571i  3.1397i
15 —1.8960i  28090i  33189i  —2.1429i  22309i  —25654i 3.9435i  1.7928i  21571i  —3.1435i
16 —1.8960i —34742i —29643i —2.1429i 223091  —25654i —2.3396i 179281  —4.1260i  3.1397i
17 438720 28090i  33189i  4.1403i 223091  —25654i  3.9435i 179281  21571i  3.1397i
18 —1.8960i —3.4742i —29643i —2.1429i 405231  —25654i —23396i —44904i —4.1260i —3.1435i
19 —1.8960i 280901  —2.9643i —2.1429i —4.0523i —25654i —23396i 1.7928i  —4.1260i —3.1435i
20 438720 28090i  33189i  —21429i  22309i  —2.5654i  3.9435i 179281  21571i  3.1397i
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2) 34k hg Z9H T Sk AR AR 7 L 45 R
5. ARYE 3.3.2 1 A I BRAS M2 B, T 3 R PR
(M8 KA PR PR IE.

(b) ALK
Bl 5 3HZEFRRE hs EXNARERRER
52 C-ZE-GVD-hg I A*HEHE
521 hs AR THIWE B
BTk (18] KL L El6 45 T C-23[H-GVD
TR R B BB Ho BN Ry I Ry

(c) TARINAR AR
El6 AEMERTHMETASRNEREZAL

2) EWIIEO = 0. Z&1E0 = nLA K5 D AE I
Jerk(t) Mla(t), B 7(c). E7(d) 53 B 55 3 go 17
B HIET 117.24 s F194.71 s f) A* Al C-7% [A]-GVD-A* 5
P B B HAR X3 Oy Je Oy 43 )% A 4 8] 22
DL 5 A A KRR B £ X Js. St B (X 45 O
(ITENTE o(t) B o (t) INER XI55 59 C4* B CYor, i
B 7(c). E7(d) 5 ] CA* FRIRI X IR A o(t) B o (1)
B Oy DX AR 5 M JBE A3 B vy FL Ok, e LT X35

M 51 Fl sy R BIIE g1 A go; E 6(a)s B 6(b) H
FRAT Ly Lo 0 W FE RN 2RI IR & 1B A B B 6(c) 1
Fely 53 AR 7R Ry Ry 7E his(13) B hs(Ly) 29 T H
K E UG BB FT R2b B AR B 6(d) T s
IR hg(ly) VRN Ry BB B AR, W62 hs(l5) =
hs(ly) + hs(ly) + hs(lz). FHEIE 11ATHIO _LALKRT)
W HUAN W hg W EARIUE. SEBR T, he 29T 1%
IR A o 22 ZE o R R At 1 3 1 7 vk, e
Bl 6(c) ATz 1137 50 T A e i 4% v 5 il 8 16 6(dD) B
IR T R AR ER.
522 C-Z[H-GVD-A*Hik5 A Eikxt b
1) BEVIEEO = 0. &1k0 = —m/2. Inhnidk
Jerk(t) = 3m/s* Ll a(t) = 1m/s?, Bl 7(a). 7(b) 7
RN 51 B gy A7 38 FH B 66.19 s F157.92 5 [1) A* Fll
C-7% [8)-GVD-A* Bk (4 B 45 K. i 545 R w] LA
F i, 0T X 4, 8 7(a) H O+ Y8 FEl Y TEB #L &I
(103 FEE it 2k o (¢) B 3 1 B S AR 3 1 7 (b) v O ©r
FI 7 ) — DX 300 58K [RTBF R £ o (¢) 4R mT T X
35 P B 7 () BT A1 3 A B v, DT 2 Bl 7 A PR L
it ot BE 5. BRSNS T8 7(b), B 7(a) o (t) Hi £
S 5 B T A T SO R v A D) 48 AN IR
BIAE, T 2 34 0 ZE AR TE B A DX 3 e A Tl ) XS

(d) HRALIRIERAE

C3, 2 T4 R TVor 5 R m BN FELE A kA C- %
[A]-GVD-A* S35 1) 2 BRI 8], K52 438 % 22 Av
/INF0.2 /s IS TR 5 R B T) 7 S~ 2 e (], AR 3
Kl 7(a) P 7(b) BT X N7 R 55 R [A] T4% = 38.18 s Fll
TVer = 37.95s LLJKCFIE 58RI (8] T2 = 22,425 F
TYor — 36.41s A K1, - B 18] 06 T 27 s 18] £ o5 EL
53N pas = 0.587, pyor = 0.959, K I C-=%[6]-GVD-
A* BRI RE R I
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Kol i) . o, AR T AT S RV A B Al R R B T
BTG 1) ] b R A 4 41 3 AN AR B B AT AT s 3
UK, F I de Rham - [7) 1 1 #5255 L[5 8 1 R 44
DL % %5 3 Poincaré 5| BR45 T BR AR M 70 KA AL &=
S 2T S B B A PR OR, R TR AN S A
718 € P2 & de Rham _F [7] 1 fJ Poincaré SH{HZ H T
7% [6] #' Delaunay = £ X 11 Voronoi B [ X A8 % Ml —
XTI Zs de i, I 5 A B R VL A S hs ZIRR
Voronoi & _F {2640 73 BERRE, 45— Rl B N
I 4 J5y A2 BRI B30 — 2 4 C-2S [H)-GVD-hg 38
A=, IS Gazebo 45 2 (1) 3E 45 #4 AR 5 ol TG
NG 22 [ A R 45, Bk | VA A R 5 0
BITEF LR, 22 25 P R 4 i) 1e) AN AN 75 i
VPR PN A% AR v 5 I L, 3 75 A TR 22 4R A
SR F FR A i i, AR SRR H R SRR B 2 R 4
HME B g — Pl Ag R T7 8, LRSI I B 255 Ho Al ]

177715 A B 58 I ) 14 R 3R B UO-220 e ok, Xk 25w
(X 3N 7 AT et
22 3 Hk (References)

[1] Pivtoraiko M, Knepper R A, Kelly A. Differentially
constrained mobile robot motion planning in state
lattices[J]. Journal of Field Robotics, 2010, 26(3):
308-333.

[2] WangZY,Zlatanova S, van Oosterom P. Path planning for
first responders in the presence of moving obstacles with

uncertain boundaries[J]. IEEE Transactions on Intelligent
Transportation Systems, 2017, 18(8): 2163-2173.

[31 ZuoL, Guo Q, Xu X, et al. A hierarchical path planning
approach based on A and least-squares policy iteration for
mobile robots[J]. Neurocomputing, 2015, 170: 257-266.

[4] Shum A, Morris K, Khajepour A. Direction-dependent
optimal path planning for autonomous vehicles[J].
Robotics and Autonomous Systems, 2015, 70: 202-214.

[5] Dolgov D, Thrun S, Montemerlo M, et al. Path planning

for autonomous vehicles in unknown semi-structured



3114

xR ¥37%

(6]

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

environments[J]. The International Journal of Robotics
Research, 2010, 29(5): 485-501.

Bhattacharya S. Towards optimal path computation in
a simplicial complex[J]. The International Journal of
Robotics Research, 2019, 38(8): 981-1009.

Candeloro M, Lekkas A M, Sgrensen A J. A Voronoi-
diagram-based dynamic path-planning system for
underactuated marine vessels[J]. Control Engineering
Practice, 2017, 61: 41-54.

Wang Q, Langerwisch M, Wagner B. Wide range global
path planning for a large number of networked mobile
robots based on generalized voronoi diagrams[J]. IFAC
Proceedings Volumes, 2013, 46(29): 107-112.

Ayawli B B K, Appiah A Y, Nti I K, et al. Path planning
for mobile robots using Morphological Dilation Voronoi
Diagram Roadmap algorithm[J]. Scientific African, 2021,
12: e00745.

Wei H X, Mao Q, Guan Y, et al. A centroidal Voronoi
tessellation based intelligent control algorithm for the
self-assembly path planning of swarm robots[J]. Expert
Systems With Applications, 2017, 85: 261-269.

Ma H J, Yang G H, Chen T W. Event-triggered optimal
dynamic formation of heterogeneous affine nonlinear
multiagent systems[J]. IEEE Transactions on Automatic
Control, 2021, 66(2): 497-512.

Xu L X, Ma H J, Zhao L N. Distributed event-triggered
output-feedback control for sampled-data consensus of
multi-agent systems[J]. Journal of the Franklin Institute,
2020, 357(6): 3168-3192.

Zhao L N, Ma H J, Xu L X, et al. Observer-based
adaptive sampled-data event-triggered distributed control
for multi-agent systems[J]. IEEE Transactions on Circuits
and Systems II: Express Briefs, 2020, 67(1): 97-101.
Hatcher A. Algebraic topology[M]. Cambridge:
Cambridge University Press, 2002: 102-127.

Bott R, Tu L. Differential forms in algebraic topology[M].

New York: Springer-Verlag, 1982: 13-42.

[16] Bredon G E. Topology and geometry[M]. Berlin:
Springer, 1993: 267-269.

[17] Lau B, Sprunk C, Burgard W. Efficient grid-based
spatial representations for robot navigation in dynamic
environments[J]. Robotics and Autonomous Systems,
2013, 61(10): 1116-1130.

[18] Albers F, Roesmann C, Hoffmann F, et al. Online
trajectory optimization and navigation in dynamic
environments in ROS[M]. Cham: Springer, 2019:
241-274.

[19] Wang X, Yang G H. Fault-tolerant consensus tracking
control for linear multiagent systems under switching
directed network[J]. IEEE Transactions on Cybernetics,
2020, 50(5): 1921-1930.

[20] Deng C, Yang G H. Distributed adaptive fault-tolerant
control approach to cooperative output regulation for

linear multi-agent systems[J]. Automatica, 2019, 103:
62-68.

[21] Zhu J W, Yang G H, Zhang W A, et al. Cooperative
fault tolerant tracking control for multiagent systems:
An intermediate estimator-based approach[J]. IEEE
Transactions on Cybernetics, 2018, 48(10): 2972-2980.

[22] Deng C, Er M J, Yang G H, et al. Event-triggered
consensus of linear multiagent systems with time-varying
communication delays[J]. IEEE Transactions on
Cybernetics, 2020, 50(7): 2916-2925.

fEE =Y

XA (1995-), 55, i, M EFHATH Jo N\ 25 3 B A R K
HIF 5T, E-mail: 17865193659 @ 163.com;

TR (1982—), 5, MI#H, LA, NFELAR
Gt FEd ] B SR da ) LA R 2 W 2 A s o S

5%, E-mail: wangjunsheng@ise.neu.edu.cn.

(GTiEmit: £E#H)



