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A cultural algorithm with spatial Fuzzy set to solve Multi-UAVs cooperative
path planning in a three dimensional environment

ZHAO Ming,ZHAO Lingling,SU Xiaohong, MA Peijun,ZHANG Yanhang

(School of Computer Science and Technology, Harbin Institute of Technology, 150001 Harbin, China)

Abstract; The Multi-UAVs cooperative path planning has a complex search space in 3D environment, while the
cooperative of Multi-UAVs is very hard to deal with. So a novel cultural algorithm based on spatial fuzzy set and
differential evolution is proposed in this paper. The proposed approach uses fuzzy set to present spatial grid points in
3D, so that the key way-points on path should be paid more attention. Then the spatial fuzzy knowledge, history
knowledge and cooperative knowledge that contained in the belief space of cultural algorithm prune the search space
of Multi-UAVs path planning. Moreover, this approach uses differential evolution as the population space of cultural
algorithm to generate the optimal solution, while it satisfies the constraints of multi-UAVs cooperative. The differential
also extends the belief space with the unknown information of spatial to ensure the population diversity. In addition,
the cultural algorithm exchanges the shared information, so that it accumulates the knowledge and revises the
searching direction. The simulation results show that the spatial grid points based on fuzzy set enhance the efficiency
of key way-points selected, and the cultural algorithm could explore more unknown space out of spatial grid such that
it avoids the search fall into local optimization. Cooperative knowledge is also introduced to satisfy the requirements of
Multi-UAVs cooperative to planning feasible paths for Multi-UAVs cooperative quickly.

Keywords: Multi-UAVs; spatial fuzzy; cultural algorithm; cooperative path planning; differential evolution

fifi#5 JC AHL ( unmanned aerial vehicle, UAV) 7 IR ERRAT 55, Il fa ke S0 A T 2
RESAW A UAV REEEA Em e B BRIy HLIMETE R R 45 75 45 € & A 3870 B Bl
[FIPERE , REAS LUSEAIRKUBS FSE B O 0 S 52 D RJE BRI, U 46 s 33k H AR s, 7T LA
830l DX A L I i A2 25 o 249 SR 45 R B

Y #e HEA: 2014-06-06. =12 04 20T 47 K AT iR 20 32 ] B B A~ NP
EEHR: FRARBFERS (61175027, 61305023 ) ; 1 e 2 #5 H Eaé%lj’]%\,«jﬁ%\ﬁﬁn:_ 'MMME, I
AR 25 3% 4 35 % 45 ¢ Bl ( HIT.NSRIF.2015069 ) . %élﬂﬂiﬂ , *%Xﬁgﬁj{ , ﬂfﬂﬁ)\*ﬂ/ﬁ‘ﬁ%%ﬂhu %éﬁaﬂ:
EEGMN: B BI(1979—) B WLHI5E SERIME S Z—.
AVPELCI966—) Ao SR L B0 T WL R W M) B DR SEA TRZ  d

DA (1963—) , B, #dz , AA: R, N NN g
e T AP FR ML 7 JR1 25 ) % 1 7 4 1)



St

30 - ®oR T

AP NEE S

i 47 3

21 TE M2 B AR R SRR , HH B E A B
PLEEZEIE Voronoi ' 45 J5 & 20 A" Bkt 2
FH R A0I R X0 75325 , 205 1% R & R B B3 S5ty
AT T RS B PR 2 A A PR e 4 R
SIS 0 ) A R KRB I A Rl LI DA B i w g B
AN T3S0k o 2 A 5t A7 A a8 K B9 9k 3
AERBEE R A ARG T T 2 WO, Bl n s % A vk
F DR s AL ML F-00 , 38 5K A 1 30 7R
N N LB B LY AL 1= 8 27 . B IR VAw o i - R
F R T A2 FAR L[] 2 20, 7825 1) o 1] 25
Mgt 7 1) CAT IR B AR b ah, 4 25 4 ik Ak
o7 FH T 22 HLAT 20 R0 R AR i A 240, HLARAS T 8%
TR

KA R = A BT T (1 Z2 WL E R L
R TRV, A SC R Se 4t —h = 4 25 [l AR 26 R 5 12
2 i) st A BOR {5 B 2R ol e TR RR I, AR 32
SRR AR A 123 A F SCAR R 6 I R A 7 A B
23 [R) 5 B ROR 5 8. D s A B R B R A B 46 U
MRS, BT B R I =4 38858, W2 IR 1
HEACARAE AR AL ST R 5 26 R A R 2 [ D)
BE T SR PR AR A 0 22 43 UE AL SRR R P [R5, 7E
SR A 1 [ B HR 228 1 A 0 235 [, I FH A R 23 (] 14
YU TR s I, ol B0 500 A A a2 Z2 B 0 I )
a4

1 ETREEM U EEER

FIFIREIE & R UAV YRR 2 [], v] L3R4S
AT 23 [ B ] R B SR A . TR R A
PEATIRER  BERE ™ A UM EL Y L, DR B A F) 5%
SREBRAS AT A S0 ) AR L DA 0, e A = 4
2 [ F A a5 3 1) L2 T AR RORY O 2, R £
BN UAV ATHY = 4E2s ] R 0T 47 023 (6] 3
NI

SCASER ) R AU R R AR 3 R o
PAS i A AL A P BRSO B v A < SCAb” d

BREURTE fb o e v 2 T BRI B 45 B R 2 5
A& HHERFEAT N 2T A SR I SRE R IR 5 42
R[] P S 6] s e T RE AL I U RO R REE AL ; 5
s () R R AR P A7 AR B SCAR . ol 25 ]
G &2 AT REAL , 8 8 (5 PO 5, 45 5
iR A PR 7 A

SR ST R A Z2 LRI AL Sl 1R AT, ] 4
PRI =242 [ A i AR DR R, ) FH 2 [8] A
FRSR TR B2 O B SC BB AR A SRR 25 (] AR Y A=
Jo 5 AR 2 (] i 22 70 A PR 2R s ) v 8 R R 40
5 TR P IS PR A 5 SR ) 5 6 SR 345
=z (8], LA S 2R i AL , ARSI 1 R,

AR 7 8 TR

B
i
Lt |
B} TGRS
FEEER
= AR ] (
]

1 FEEMB X EEESE

TEP 1 p =4RG2S AR R GERY R R 6 X
LA AT LU AL AT 55 A 8 s T e 4
PAFARRIR R DRI PR R, 765K figg i
e e BRI 2 18] 7 A A B [ SRR D sk AR A
MRS I, 2200 AR AR 2R 0 A2 Db IR] 240 SRS 1 R
FARA A AT 25 ) R R 2 1) 3 o A 36 15 P I
PEATIR AR M B 255 £ 2 s 1) B R DL
PEACTRE A4 ST 5 4632 D SO K R 7 A B G A £

3. DL (75 0 e 5 2 0, AR N3 f A AL
P 2SR A PR
2 ETHEMENE ST FEAM R
2.1 HEHREEEH
YT Py, 2) AV A S

ASCHEERAC AT, Al i i P 5 UAV B AG 5F F AR 2
[ = FEER AR L P 5 U XA B S 2R, LA



5510 4] A, SR = 4E 2 UAV D[RRI 9 23 TR A SO A 5k - 31 -

K i PS5 HIIY B B G R AR k. TR L, X T
AT AT AT £ ISR SR B R
2.1.1  EFMBCRLRE

UAV $UTAE 55 19 J5c 5 o B 2 i kA5 31 H A
SUZ I BRI B8 1 2 (R) P e e 5 R SR H AR
SR B 2 R S R TR B 32 T Dy A
BEAR AN SRR B, 5 /)N, e A e SR )i
TN

0’ (d(x,x) + d(x,z)) =10 - d(s,t) 5
pi(x) = A
——, (d s T du,[)) <10-d,.
di,., +d., ¢
K.« AE IEU'?EI’J%/\)#T s A UAV 1 H & 5

t APATAES B R d HIEE. R E « 5 s
FT ¢ B IR B 2 AR T B A RR I 25 10 A5 I 3% a5y
RIERE N 0.
2.1.2  ZEINEU AR ISR R

16 UAV PUATAE 55 0 IX 38 3 77 78 2 A0
RS I B 8 5 & T A B AR R IX ORI
ST BE AT IS B U o B B R S b AR Y
KRR Z A B, v SR s B BT, sk
a8 B PR K

0, dico STos
" (d -r
(x,0) /]

z ( /n, Ty < d, 4 S 2ry;
- =1 d“: 0)
Mz(x) = '

1, 2ry < d,q S 3ry;

n re

z —|/n, d ., > 3r,

=1 d(x,o) - 27‘9

e 0 RO d ) AR x FHZEU Y
PEES s, MEIEAR s n MBS IS RIX AL
2.1.3 HJESRIEE

SYEIREE N PUATAL 55 B 0K UAV AN BEHE 31| 1
AT 35 S840 , 25 B) Hb R 05 5 MO 19 06 22 ] DL 6 i
IS TEAERR « y oz 7 0] b 2 s el (R S S R A
FEEIROC R, A e S & 3R

0, min(d, ,d,,d,) =d,,;
Inin<di ’dj 9dk) - dm
o . ’ dm <min(dl ’d‘ ’d/r) = Qle;
Iu'3<x> = rmn(d,j ’dj 7dk ) !
d

m

s H]in(di 5dj 5dk> > 2dm‘

min(d, d,,d,) - d,
Aid, d d 730N TEARRR R x y 2 J7 ) b 53
A2 IR RS ;d, o UAV BMhAAY 44 e, L b 3 f
RIS T ) RS A th 2 an &l 2 .

ZEA UL L 3 Bl G R 0SB R AL, AR A4S 58
B [ RESK A 1 2565 S8 8 B2 oy
px)= (a-pmx) +B - w(x) + (1 —a -Buy(x))/3

K o B 71 s SR LAY HL 0 IR 7, A B R

3 Fh s X 4 1] A A S I R
12 i J&
%%%%ﬁnﬁ XSt

S I

0.2
0 20 40 60 80 100
B S /km
H 2 EHREE RS
2.2 EHIERZ BRI

A A AT LA B A SR A IR Y R B A
fitt G AR A A Ry 2T B S 22 A R R
A

1) FREEFATR, RIS SR A ) B B e A 5. T LA
FIR A — FR ) O B AR 2 ) RA T A I
P, ..=L(x)=1{Pk ,Pk,,--- Pk },l e [1,---,n].
Pl s A2 LA BRI ) S HE B AR A s n S il
AE LI A A B

2) Pr s . PR TR R AR AR i LR,
K A7 e 1 FB 3 B b At ) A 7 TR ) i B
AN

P story [Pyt + 5% < { Pt

Kb P ATTREZRE T RIS P, 0 24T
IREMRNE S PAF I EERFRE s s% MR B R LE
191 EPEA PR BN AT Eh A3 1 B pR A

¢ ﬂ)/Zﬂn

3) B[R] AL jﬂﬁxﬂ 15 22 HLAE B A B I
RE, Al FZ AT 2 BT 55 5 AT A AN [ A 55 79
SRR BE2E SR AT HLAR.

(ﬂm=§zww—mu>

S () H x SEAESS i E ISR EE 5 A

HCAAT 55 S 2 2 25 19 B0, T W %5 D ]

A P RE

3 %M%@ﬁﬁ%ﬂ%i%ﬁ%

3.0 ETFHMML AR SR
P*@%%ﬁ%&#ﬁﬁxjy%ﬁmiﬁﬁ

FHP-T AT, TA UAY % 2581 FL A 1 2 1 1

Al T PR W O A 14— e 12

S, TN R B AR B

N
Pi :/‘Zi/ Z[LJ
j=1



St

©32- ®oR T

AP NEE S

i 47 3

T P B T A 3 v M R PR ke SR i R
R AL, e T AL S R o A B R TEAN R 1Y
WA T e O B A L, SR o 3k S8 S B e 42
ER I R T — SRR AT AR
BT U B AR A 5 25, A =S TRl A |
A S5 A% I T, A R T BE B AR A b R
P - TRV 00 3 R TRRR SR BT 6 T g e L)
FHRE Py - PRI T 5200 DRSO MR AR 180T 278
P = L(1 -g/Gen) * P, + (g/Gen) - P history +P}§jm~ J
N (g7 Gen) B FTACKL A7 SARKRY L 491], Bl
Lt BRSBTS, g sl HERR AT A bR ARk 1
W5 Py, 9 LEFIE A JC 025 35 A 1 52 1R
AR S TSRO , AR 1k A5 125 B S 48 R B ALY
.
3.2 ETEZIHUNESER
A 2o 5 B2 PSR A s 1] AR AR s )
ORI, BB A an T
1) FREEShAS TR S 1 AT e 4 1 Y B s
A998 R s ) FE A R v, P A A AR B A 1 I
AL B VAR 1) 2 [1) 235 400 Ok A JHT O AR, 7 R 1)
R 5 0 FEL B AR 1) 2R s TR
x=x, +int( (U, = L,)/n),
y =y, +int((U, = L,)/n),
z=z, +int((U, = L,)/n).
UL 358 x oy oz o E A IBUEE L n D K
S PR . Ay R B 45 R T A s P R A 1R
SE RS SUR Y BIE A SRR A ROBUR AT
ST A BB AT Rom
Xy =x, t &,
Yo =Y *+ 0,
zy =z Y,
n =rand[2,U].
g YT A ARE, A AR S B Y
RECH O I, BEHRIIR AL AR L B AIE R R ;2 6.
y S AR B ET B s n H— R 2, H/NVT
M ERR U AL
2) Py SRR R Dy S e BB AR BE AL AR
PR B R DG A PR PR S D7 T8, 23331 R 2R K
Phistory = {phistory} +5% - %presult} ’
Do = min(fitness(p,....) )-
T 2 p oy 9T AT B 10 A [F) A AR Y
HRITAA S p TR
3) WE(F S BT, 24 25 o R A A U AR
SRR R PR [ B A 30 R R K LA
B AR ) AR HEAT L85 72 ST B R 15 B

(VY g%\ =0)

B, RAE A R E RE, SO A A ) P [RME
HIEIR
3.3 FhEEEIAYE 4 1 E AT A K
Z2 0y AL R T SR R A 1 AT R B 3R
WG A ST B AR S AR BRI A LB, PRI
ARSCHESCHR[ 11,15-16 ] Ay EaE I, 8 —4E=s [ rh
S AR ARECRS 25 0 AR I 25 0 B ED R AN
o, +F - iy —in),
(i k) =+ F G =)
ki + F - (ky = k).
s m RGBSR S AR RN E 0k S
HSTE YA R By F O A UE — R
FELO, 1] 705 BBl P9 A AA 5 SR 0o o 7= AR AR B A
AT O B R e A PR R VR I LAGR B
x! o, it flw,) < flx,);

x, , else.

g A Y RTRREA AR UKL, £ (o) D3 7 BE PR
0T RS =3 Ta] BB A B )45 Sk 51 R

R AR SR Y 38 R e RN

S(x) =fiu(x) + - (Lu(x)) +B - (1Vo(x)).

AP, (0) 8 UAV A B AT, 36 e IO

T B RATIN B BRIMISAR AR R 5 i (x) 2T

L b OGS AR KUAYSRIB L s o (x) D9 2GRS oG

SHEERAR KA DR s « B 235010 LU 1, e =2

2.

4 HERGpH

ARSORE SCHR [ 16 ] 19 52 35 25 SRAE My s A FE LT
PR PR A% 3.20 GHz .8 GB INAEI) PC AL |,
FIFH Matlab ( R2011b) {7 ELARPFFREE HE 4T 5256, 40 4iF
LB AT RN B I SR SO SRR AT T
[l
4.1 MUTEMRIFTITHESEE (3558 1)

BEE LI HFREESH N2 1| FiR , UAV 5 Bz
[ ZR H T H br g e 1 45 5. 6] i 152 S0 50 B 1R
23 (] 22 5 A I S B8R  FIRE KN (Pop =20) i
FEAREL(Gen=500) ZZ XK (F=0.7) HHIHF (a=
200) LB F (B=150) Ji AR K (5% =10%).
SIS LSRN 3 4 FR, Hod B 3 (a) N HALE
RN EE 3 B 3 (b) Ry B A A RS i e st 6.
Kl 4(a) ~ (c) A B TE FUEUW XS FEAS [R] 40 A
AU B R A SR

M 3 3RAF IS5 SR 0T LA ootk 5 i 35 g
AR A L2 28 UAV AT AT B9 RAT I, [l i, 43
DS re AR, 5 AR S5 5 b A Rl et A

' —
xg+| -



5510 4] B, A5 —Fh =4E 2 UAV D RTE R A9 2 ISR SOk 33

K 4 rRONRIRL A s B2 SR R LA B B
AT R ) P [ 3 il P B, AT 5 A =2 1] L
BOA S SURURIAEAE , DRSO A B30 HAT B0 B0 P
Al fiE

R1 ZBRHMESH

T H 2R
=273 [A] YR 180 kmx220 kmx50 km

[78,20,15] [93,31,12] [31,20,13] [112,32,15]

UAV '8 [134,26,17] [45,52,12] [26,73,13] [67,34,16]
[21,85,15] [32,62,13]

[70,181,12] [15,133,13] [19,151,12] [160,192,13]

HArfi®  [101,120,26] [160,113,12] [160,61,11] [173,140,12]
[182,65,14][ 128,206,12]

uAv 5H [5-8] [2-1] [1-2] [4-9] [8-4]
PRk FR [6-5] [7-10] [3-6] [9-3] [10-7]
. [ center;[ 120,70,4],r=23] [ center;[ 110,140,4],
5 X 8
B, r=26] [ center:[52,103,5,30],r=30]
25 [] )
b x:(s:10:180); y : (s 210 :230) ; z2(0 :5:50) se[1,10]

142 ¢
140

—~

B 138 F
v 136
:‘E_?

134 |
. 132 +

130

E3

0

S 0
200 \60 e y

(a) ZE TR SRS ALI ) b R

0 100 200 300 400 500
x(FHEIEARED
(b) SRSl £

Bl A B {7 B SR 06 45 SR AN S ik 0 S e 2%

() JF LA

(d) P

E4 RERROREHENE

42 SHEHMXUEENIILL S (KK 2)

PRIESCARTT I R SE T GA SRk e RS Fh i 25 a) a0F
P FHLHY , IR IHCAS SC ks 55 0 1 SCAR Sk MR 2
)R BB ESCAR TR HEA T 10 LU SE 5, SR 4 2R A
5 I 2 s,

MIELS 0T LAt b il SO St BE RS A1 250F
FUE &2 AR EE IR AR SRR Y
WA e R NI R PR REREE T DE 39k
ASCAC R 25 R 2 N FR 2 T AR Y, ARASH] 2 6] B
PRMESCICRIEAF A BIAE 55 R 280, X S h T BE ALY
ST B4 00 f A 38 1 22 1) 1 QR

185

180
i

)

VP38 1

170

175

— bR R
I
0 100 200 300 400 500

(LKD)

5 DE SR E RS & b8



<34 - /S =S B A N S ¢

i 47 3

®2 MXEEOESKOFOHITR E LR

o PR SCfsis JEBOWI =S bR DE SURRE
(TARARAN) AT (RN (A
551 142.504 1 190.498 7 135.313 8
1452  201.6525 257.127 3 193.131 8
1155 3 168.172 4 165.290 1 158.684 4
155 4 220.468 7 TR 206.320 4
F%5 2262026 Jesk 219.635 5
1155 6 171.378 2 173.195 0 165.161 3
1557 142.892 2 TR 134.361 9
f£%8  210.650 0 223.661 9 200.881 6
%9 137.005 5 Jexk 130.144 3
f£45 10  186.590 0 TR 170.351 3
B AT
e/ s 1 245.900 0 1 341.400 0 720.100 6
5 % #

1) SR FH SO B33 68 o 38 AU ) ) 8T 0 A7 4 A s
B, S TRIRERIE B, 3 S B AN P ] 15 B ) 4
SRR s 0], BRI MR 4 3R 23 [ PR Rl
TSR JF IR AR KRR T 2RER.

2) AR AR ] 22 2 HE AL i folHGE
TR LI TR, 45 SR AT BB A A4 L o1 i
AP G R O 2 )5 W R B R R R A
PRI, B R i FAE.

3) A SCEF XS Z2 AL DI (5] s il 17 25T, 3 7 PR K
HOI A BRI B i, 3 1 AU 38 % A P b ) s A
FIRE ) SEB S SRR 1A SO VR A R

5% ik

[1] SHIN H S, LEBOUCHER C, TSOURDOS A. Resource
allocation with cooperative path planning for multiple UAVs
[ C]//Proceedings of the 2012 UKACC International
Conference on Control. Cardiff;IEEE,2012; 298-303.

[2] mhigs, BIFF-. 22 JC AL FT AL 59 36 ) 4 7
LI AFAHLTE, 2007,24(5) :37-39,149.

[3] YANG K, SUKKARIEH S. Real-time continuous curvature
path planning of UAVs in cluttered environments [ C ]//
Proceedings of the ISMAO8 5th International Symposium on
Mechatronics and lts Applications. Amman, Jordan:IEEE,
2008 1-6.

[4] PEHLIVANOGLU Y V. A new vibrational genetic algorithm
enhanced with a Voronoi diagram for path planning of
autonomous UAV[J]. Aerospace Science and Technology,
2012, 16(1) . 47-55.

[5] MENG Bobo, GAO Xiaoguang. UAV path planning based

on bidirectional sparse A" search algorithm [ C ]//
Proceedings of 2010 International Conference on Intelligent
Computation Technology and Automation. Changsha.
IEEE, 2010:1106-1109.

[6] MITSUTAKE K, HIGASHINO S I. An A™-EC hybrid path
planning method for waypoint traveling problem considering
terrain [ C ]//Proceedings of ATAA Guidance Navigation
and Control Conference and Exhibit. Honolulu, Hawaii;
ATAA, 2008, 7133.1-14.

[7] DAILYR, BEVLY D M. Harmonic potential field path
planning for high speed vehicles [ C]//Proceedings of
American Control Conference. Seattle, WA :IEEE, 2008
4609-4614.

[8] NIKOLOS I K, VALAVANIS K P, TSOURVELOUDIS N
C, et al. Evolutionary algorithm based offline/online path
planner for UAV navigation [ J ]. IEEE Transactions on
Systems, Man, and Cybernetics, 2003, 33(6) : 898-912.

[9] ALLAIRE F C J, TARBOUCHI M, LABONTE G, et al.
FPGA implementation of genetic algorithm for UAV real-
time path planning[ M] . Springer Netherlands: Unmanned
Aircraft Systems, 2009. 495-510.

[10]FOO J L, KNUTZON J, KALIVARAPU V, et al. Path
planning of unmanned aerial vehicles using B-splines and
particle swarm optimization [ J ]. Journal of Aerospace
Computing, Information, and Communication, 2009,
6(4) :271-290.

[ 11]RAKSHIT P,KONAR A, BHOWMIK P, et al. Realization
of an Adaptive Memetic Algorithm Using Differential
Evolution and Q-Learning: A Case Study in Multirobot Path
Planning[ J]. TEEE Transactions on Systems, Man, and
Cybernetics; Systems, 2013, 43(4) . 814-831.

[ 12]ENGELBRECHT A P. Computational intelligence; an
introduction| M].2nd ed. John Wiley & Sons, 2009.

[13] REYNOLDSR G. An introduction to cultural algorithms
[ C]//Proceedings of the Third Annual Conference on
Evolutionary programming. San Diego, CA: IEEE, 1994.
131-139.

[14]SUN Yang, ZHANG Lingbo, GU Xingsheng. A hybrid co-
evolutionary cultural algorithm based on particle swarm
optimization for solving global optimization problems [ J].
Neurocomputing, 2012, 98. 76-89.

[ 15]ONWUBOLU G, DAVENDRA D. Differential evolution for
permutation-based combinatorial problems [ M ]. Berlin
Heidelberg: Springer, 2009.

(161X, Jh/Nel, ShiE%E, 45 I Z 0 UAVs B3R H
FROPBCH) —Fh g — A 2 (1], A S ke, 2012,
38(12) :2038-2048.

(/w8 K o)



