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Abstract

Multi-robot path planning is the premise of the cooperative work of group robots, and it is characterized
by the pursuit of multi-resource minimum consumption under the premise of collision prevention and obstacle
avoidance. Aiming at this characteristic, a collaborative non-dominant sequencing genetic algorithm is pro-
posed to solve the multi-robot path-planning problem with multiple optimization objectives. An improved
multi-objective optimization algorithm is applied to overcome the deficiency of multi-objective optimization in

weight selection, and the total path length, smoothness, and time of the multi-robot are considered. At the
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same time, a collaborative algorithm framework is introduced to solve the problem of multivariate groups;

here, each robot path is regarded as a sub-population. Parts of the sub-populations are selected by the non-

dominated sorting genetic algorithm ( NSGA-IL) with elitist strategy, and they evolve into cooperative coevolu-

tion. Each iteration update outside the elite solution set eventually forms a set of control path. Simulation re-

sults show that the proposed algorithm can effectively realize multi-objective path planning for multi-mobile ro-

bots in a known raster map environment.
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N T BRI, B — UG AURPRE B A A
RIS 15 LLRE HAlOR, X 5180 (3) Slas ARk
PR BE AN () B AR P18 BE AR DAy AR A 1>/ H s b
B RN TR IR RS, BN SR 5. SR
KA A IOAT it 18] D — SEAH, BT ATl E A5

fift, RIS, 5 SRR R S 5 ] — 1 T A SR
Hh, ARG, K HEA KT E MR

3 AN B LRIG %

3.1 4RE5

Jeta iR gmi iy X B T BRI S S T 2R
B, T HLA A RS G0AS EZH PRl DU A bR
TG EE AT R A B RS R LA RS B R AT S B S
W00 S T BT B, AR SRR AR AR MG 17 5 b AT
AER Y. RN (9) B A | BRI — kg
W, Wp;(j=1,2, «, m) HEAWET S, paS pwn il
S MG 5 EAFHIRS 09 5 5 FL p, 5 pug o) S AIAB RS

X;=[pusPas s Pin ] (9)

N T BB PATENRCE, TERER SRS 28
TR ETHRE TR T BE AR S K . B AR AT g i 7 X
WCR BRI BIRES, dnEE 6 T, MRS 5 24 B g
TR A5, KA SIS o0 4 41, 3524 117, 8,9, 6,
3, fiF19,6,3,2, 11, £ F13,2,1,4,7f, £ L{1,
4,7,8,9). fEWEF— T ST, SRk E AR
TE 2GRS 5 B A6, SR B, MIFEA EiX
A PREALIE— A FTA TS AR R — Gy s AR IE
o, WSetEds B 57e B AL —41, [RHAh B
BIEJT A5

7 8 9
4 5 6
1 2 3

6 B
Fig.6 Path coding

32 XXE5ERETF

LN HVEFHR AL P A EERE T, 1T
AR, ERERER LR MR
ARE e Y ARSI AR R — AR, 78 55 U2 e i e (i
R B A A AR A TR AR

WHAAH parent; = [s, Pis P2s s Pipm-1) 5 gjlﬁ
parent, = [s, ¢, ¢y, "y Gm_1)» &) ATILXE T, 75
PSS G AR T R IBORA R 35 P R 38 S, IRBE PG (2
TR p, =q;, MIEATE 5SSO R AT 58 -
child, = [s, Pis P2s 5 Pis i+ys s Qigm-1) » g] 5
child, = s, ¢,, ¢,, =, Gis Piv1ys "5 Pom-1) » g]. s
AR R, B 52 SCHE AR 55 A 22 AR TR 9
MIBERLEE—A> A s 5 g BT 3 AR TR 19 R
X2 FESOUR TS AR R BER AR K, AF T
LR A SR L E 7E AU A I B L i [ L6,
SL/6 ] Z [ AR R A

AR S AT LUAR R SEVE R Pareto R HOTRRBE ), — K AR
it 72 SR PR R P A — D AT L, A T AT A



23] TRK, 55 T HRZ BREE N 2 LA Bk 143

P T 0E BB R DA A 3 B A AR
B RS B HARUE T AR S AR BE NS, (R RS Pa-
reto ff IR AES) A RAR IR, AT REBEAS SO () i fie
D0 - BOAR ST AL AN FE B  AR 5, TT BEHIL Atk B 2 )
FATRASAAN—BONTET 3IATR), L
B, MR IEIEE P WO A Qe G R, BRI
SR RES S EUL SR I R R A AR A, HURE AR XS
TS, TRERRESI R, T HAE S5 AR T 1T
3.3 HitRiE

BN EZ RTINS EAREIN =X b UKRFSRUSI F

S| BIEMHIA, B T FHEALEL pop, EEAQK
RIS

FE|2 Wlafers TR P, REPE(3) () 5
EUGENAE, FXE T3 p i A AR BEAT AR SRS 0 5F R HE
F. BEHUET 3pop/4 fE A SEFR A HERLEL N.

HIR3  ARYE N E e TR B T AR A
R, SR B TR RES & e B . AR L 2
FORAFRRTEE T, Wi (2) ~(6) iR A B R4
TRIEOE.

B SRSV W AR LN PR VA= RS K< ahrt R DR
PRBEATAE SCRCHE R LS BE REHER , DA S i A8 0T
SRS . I COUHAR BRI TR, SR A
SRR, 1B TR M.

FE|S HIRGFAR, B C=NUM, X KA 7S
PRtk N AT AR TR

FI6  WURA TS, B0 kB R AR
B, WSS I, JESRAHR 3 ~ PIRS.

4 Pirsabr

MFISCHER A, R R BB R B
Pt Hiri) Z 0l ds A2 00 BARm s iR, prh ok B
e HA SRR AT SE R 3BT, b BRI R Y
AT, ASCO5 EEAE A Matlab 2014b, WIARALT, Bk
EAKEN 25, TRIHEMLEL pop =200, 38 XX HE )y 0.85,
AR AR 0.15, ZITHRARFE L PR AT 1 (¥ KA Ay S BR b
RERLE N (1 172, (A R s A #0253tz 3 H LA
NHYE AR, BURRE v 4 1

RERG  EAPIHLES ATE & EAPREE b bR
TRIUEA SCH 2 h U Rl AL R DR . R P L A A 53
HMELRELS, (0.5, 0.5) S, (14.5, 3.5) A #E H AR &L G,
(19.5,19.5) . G,(1.5, 14.5). EIAMBRFIEMER, R
FEBGHER NSGA-TT (improve NSGA-TT, I-NSGA- 11 ) #4745
L, 8 — A SR, FEPLAIR— A%, W& T P
DA SCR AT O B, BENLAIR — %, W& 8 Fros. Xf
FLE 7 S8, Zp#rde 1 R, nTAIA SRS T-NSGA-I
BENERNEBRR, IR IGE BN, A E
PRSI AR P ) R AR 8K 2t SR ik ) i 2SR
fi#, BA—E st

20

I I 1]
18 I H
16
14 ! 11

12
10
8
o
4
2 [
= [ 11
0 2 4 6 8 10 12 14 16 18 20

7 1-NSGA- I Fiuk A ML
Fig.7 Path planning by I-NSGA- I algorithm

20 T T T 1717 T Ts
18 11T H
16

14
12
10

-
.

0 2 4 6 8 10 12 14 16 18 20
P8 CO-NSGA- I 3k g2 A&
Fig.8 Path planning by CO-NSGA-1I algorithm

K1 KT 5K HET L
Tab.1 Fig.7 and Fig.8 data contrast

NN

Rk JEN(S:S i SN FE s
I-NSGA-TT  56.183 8 37.4373 36.627 4 -
CO-NSGA-1I  48.170 6 9.282 9 30.792 4 5

RERG2 @l WAHLE ATER IR IR 1 3 7]
PERUEA SCEL B AT AT (B HILE A 205 RS 0 23
S,(0.5,0.5) . S,(6.5, 34.5) i HAr A G, (39.5, 39.5) .
G,(37.5,5.5). W9 Fi7R, 40 x40 ppipas & a5 1
ZAMREREE, SO TG N THRIE", BREIL %
AR 5y W R v el B AR i e UG, B Anf&T 10 2 A1
22 SO SRS T I PR T B LA N AR R BE IRAL 45
B, AR Sy 79.254 8. AR TR ZREREE, FIH
BT SR A B0 B AR B AR LI AR M B e

40 e
30
25
20
15
10
> [

#

P

0 5 10 15 20 25 30 35 40
K9 Pt A BRI
Fig.9 Two robots’ path planning



144

=R 53k

49 3%

B9 JEAT BB — AR SCECRR , T DA A SO
%, MU T ZHLas A 2010 B bR Ae iR, i B
Rl A L AR KR 57.699 7, LTI 10 AR ELI %
. 9 PP HLE BRI S RO AR R 23k, BIRA
PLES AR, PIAHLAR AR SRR IR . BT RE
BFERT 43 102.421 6, 10.667 7, 57.699 7.

40 e
35
30
25

.

15 20 25 30 35 40

0 5 10

B 10 L A H H bR AL

Fig.10 Single optimization target path planning of single robot

PURALES A 1 R R 3, RIS EA B EE L
B e AL S I 9 A%, FURSTRIY 3 A HAREA BT A
F. PHHLEE AR BB, BOE N R, K RE 4 B
102.421 6, 10.667 7, 44.721 9. W] WA 083 2 P18
NHBEAE], At AL AR AUZ 558 Q4] T 1
S R O ELZE 4] 1 rf T-NSGA- [T B sk i, SIiE%
BB B R AN BESRAF S A X PR U P [ E AL 1 0 B
5 i,

FERGI3  BEREN 2 FIHE BRI 7L
TR DL —E A, (R AE R 2 X PP RS T BAE
5 R X A B AR AP JE M A AR ke, HLBY
EXTF AL A T R A SR, R, 7E4E 63 h
RT3 AMHLAS ATE S RS IR 5 N A7 1.

£ 20 x 20 RS BREE R, 3 AP Ao AR B 6 S,
(45,3.5). 5,(15.5, 5.5). S, (4.5, 7.5) % H ks /i
G,(14.5,85) ., G,(4.5,9.5) . G,(15.5, 15.5). 23 CO-
NSGA- I Bk AFE 4T — IR, B ARME—fE, Ti—4

AESCHCSCHE R, 40 10— BEJY 1 Xk IO 45 LA 14 R Sl e
. AR SCBOAR e 3 A USRI, Anlal 11 fsk
2 . BT g 20 WE =AU I B AR 40 S0 X AL
AT, 2,30 Hrp, B 11(a) FHLERA L S5 HLE A 2 #Rk
R E R, BT 11 (a) B 3 288812 B K
B AR P EATER R 1 AR, IF L)
OIMT AR LA, DB kLA N Z R RE S, A — i
FERELE. ASCH AR — B B Ak, RIFE e R
MEAEEI; , A — TR R [l g, — AR SR AT A2 E
SECMAKE” . X P HLE B RELRI, MR B4, Pl
WAL SE EAF, Hlas A2 a0 T (RIR(13.5, 7.5) ) % f¥
AR, BRIXAETEAERS bR ARG R R s A R — A
{ER i BB BLAS A ETC I 113K %, SOTEPLAS AN RERE L
BTIRZ. I, B 11 (a) e a K i, BFERAK,
SRR B LL(h) R HLAR L T BB TR, L
W2 O TIESRI IR B PUAe, BT RERE. D, P11
(b) BEA2 EABI IR, IRy, BRI B 11(c)
L1 (a) 2L, BARETE S S B ] 1 H R
EARE L (a), FRAEFEELATE 11(a). S5 11
(b)AILL, P& 11 () Bt Eam A aniE 11(h) , (HR7E G
KERTEII(b). i, B11(e) BV i gy, S
K—, SFEm iR, s hi2, | 1 R g
LRAEE, R UEVIEAZE ML A Z 0 r i, /)
[Fl—f 224 Z A HLas NAER] — (7 E.

PAPEL LLCh) S, XERERg 3 A4k H bR e st £ 4n
K12 frzs. g 12(a) WwalLIAEH, B () hlas AR
BHEREARR/ME. A REZ Bisftie, HZ4 Hiz
Z I A E T JE , BT 3 A H BRI s ZEAs T A ) i
Bk, I HEMZBRA—E R xEE. £ Hiz
PEAIBR AL Pareto fif, 73T 12 Rl KA
Rt , HEPAIUE HARARAEA W as , JCHE BB B
DO BT, BT HERTE R ik AR B N R E T
Wesk.

2 BARZ T L 3 AR 3
EHARE. L2 hafIE W, 3 i o AR SRR,
ENTEBRAS  SFHEE . B =Mt AR LA M,

20 T T T T 11 T T T T 11 20 T T T T 11 T T T T 11 20 T T T T 11 T T T T 11
18 I 18 I 18 I
16 16 16
14 14 14
12 | 12 BE 12 |
10 o i | 10 i | 10 i |
8 8 8
6 7 6 ] 6 ]
4 ] 4 ] 4 ]
2 2 2
1

0 2 4 6 8 1012 14 16 18 20 0
(a) BT ERAE

2 4 6 8 10 12 14 16 18 20 0
(b) R FERS e

2 4 6 8 10 12 14 16 18 20
(o) AR I B A H-F

BT — 4R ER AR MR ]
Fig.11 A set of non-dominated path plans



23] TRK, 55 T HRZ BREE N 2 LA Bk 145

54 40 26
52t 35 24
., 30
I~ 50 % s - 9
M 48} el b4
NGl <420 X 20
5 461 &5 B
gel e 18
aar “ 10
42r 5 16
40 14
0 5 10 15 20 25 0 5 15 20 25 0 5 10 15 20 25
AU AU AU
(a) RS 25 (OFS eI EiE (c) S Tl i £
P12 & 11 (h) xbpz Ayt 2k
Fig.12  The convergence curves correspond to Fig.11(b)
b PR T LIRS SEPRT K, BEE PERE A, MaX 41k 20 I TT T TT T[T
SCCARR P 28 S G Y TR R A M. WEPRFORA AL, A 18
VAN | S PSR MU Rl B .
F2 B ARy B bR R EUE 12 . ==
Tab.2  Objective function values of the path in Fig.11 10 I
8
TH REN S A T fo KNI f5 6 7
K 11(a) 40.799 0 5.497 8 19.656 9 4 ]
[ 11(b) 41.627 4 4712 4 14.313 7 2
K11 (c) 41.384 8 4712 4 22.071 1 0 > 4 6 8 10 12 14 16 18 20
8 . B
BEAMA SO 4 S 2R . ARSI BUAE T L o
ZAAR SRR AR AR SR B e, T ELAT I AR ] B TR fE 18 l
b5 NI A A F AR WE 13 iR, B 13 (a) FE 16
13(b) PI R ACHR Ny 41.627 4, V-1 EHR Ry 4.712 4, &4 14
RS 914313 7. 3 AMERESbRoE A, (LR E 108K ” o |
FREIIE AT DX SRR VERE (i 4 BEE I, AT Ut 8
CA 3 MU BT HE R , i m] LSS I RE i 6 .
B, LEAnEALES A Z [ R BE R /IME S 2 v dadw, gk 4 3
SRR CA ARSI B INE AR IS, R R 11(b) iy :
FR B 4. 0 2 4 6 8 10 12 14 16 18 20

5 g

TSRS, ASCHR 2 IEHLAR A A B BERES I [F)
PIRBEIR, DABRAR MK | RO B . RSB R Ak H b
IVEZVIR PN SRR I po gl A L E S G g (it Ny AR 2
EHEZRS Z HAR UL L&, $ i CO-NSGA- TN 53k AF:
DTS WA SEEL T 2P AR N B AL L B
AL, Rl oA m Sk vERE , INA PRI L (e, 5

CEPUN

(b) 122

B 13 AR REAY AR B A

Fig.13  Different paths for the same performance

ASNRSSERE AT LA A )™ R A T 5, et s X578
SR DiEACRERY, AL LS Bl A2
AV 52 Z st LE , T H e AR 221 I YRR PR Y
B SCE B AR A e SR 0 S Pl SR D 7 EA 7 2 5.

[1] WuZP, Tang N, Chen Y L, et al. AUV path planning based on improved artificial potential field method [ J]. Control & Instruments in

Chemical Industry, 2014, 41(12) . 1421 - 1423.

[2] Zhang H, Rong X W, Li Y B, et al. Path planning based on sliding window and variant A* algorithm for quadruped robot[ J ]. High Technolo-

gy Letters, 2016, 22(3) : 334 -342.

[3] Zhang Y, Li S, Guo H. A type of biased consensus-based distributed neural network for path planning[ J]. Nonlinear Dynamics, 2017, 89

(3).1-13.

[4] Huang J, Chen H W, University S T. Research on global path planning algorithm of mobile robot[ J]. Instrument Technique & Sensor, 2014



146 RS 49 %:

(12) . 80 -83.

(5] £, 0, &k, & dolbB R Iplas Bl e AT T]. MUEE 540K, 2017, 36(5) : 711 -716.
Wang L, Li M, Cai J C, et al. Research on mobile robot path planning by using improved gentic algorithm[ J]. Mechanical Science and Tech-
nology for Aerospace Engineering, 2017, 36(5) ; 711 -716.

(6] WEK, 2o, ®EuM. ETZRMEE AN TARTENR PSR ABEMRIT]. [FE5%H, 2017, 46(3) : 283 -288.

Huang Y Q, Peng K, Yuan M R. Path planning for mobile robots based on multi-strategy hybrid artificial fish swarm algorithm[ J]. Information
and Control, 2017, 46(3) : 283 —288.

[7] LiuJ, Yang J, Liu H, et al. An improved ant colony algorithm for robot path planning[ J]. Soft Computing, 2016, 1(11); 1 -11.

8 ] Geetha S, Chitra G M, Jayalakshmi V. Multi objective mobile robot path planning based on hybrid algorithm[ C]// International Conference on
Electronics Computer Technology. Piscataway, NJ, USA. IEEE, 2011 251 -255.

[ 9 ] Masehian E, Sedighizadeh D. A multi-objective PSO-based algorithm for robot path planning[ C]// IEEE International Conference on Industri-
al Technology. Piscataway, NJ, USA. IEEE, 2010; 465 —470.

[10] Wang Z, Zhang Y, Yang R M. Mobile robot path planning based on genetic algorithm[ J]. Microcomputer Information, 2008, 24(26) ; 187
- 189.

[11] Davoodi M, Panahi F, Mohades A, et al. Multi-objective path planning in discrete space[ J]. Applied Soft Computing, 2013, 13(1) : 709 —
720.

[12] Davoodi M, Panahi F, Mohades A, et al. Clear and smooth path planning[ J]. Applied Soft Computing, 2015, 32; 568 —579.

[13] kFHER, #h/DIT, (0, 5. BRECIET 2P AP RIBR AR T i (T]. TR RG240, 2018, 24(2) : 410 -418.

Wang D L, Sun X Y, Fu S, et al. Cooperative path planning in multi-robots for intelligent warehouse[ J]. Computer Integrated Manufacturing
Systems, 2018, 24(2) : 410 —-418.
[14] Faridi A Q, Sharma S, Shukla A, et al. Multi-robot multi-target dynamic path planning using artificial bee colony and evolutionary program-

ming in unknown environment[ J]. Intelligent Service Robotics, 2018, 11(14): 1 -16.

[15] BuEh, KA, KR 2Oyl AR SE IR L], 58 556, 2019, 48(1) : 22 -28.
Xia Q S, Tang Q H, Zhang L P. Cooperative path planning and operation collision avoidance for multiple storage robots[ J]. Information and
Control, 2019, 48(1): 22 -28.

[16] BUHT, =2E3C, FFFME. SOk AL S R R sl g AR LR IR [T ], g st TR 223 ( B ARRMERR) , 2011, 35(5)

637 -641.
Zhao J P, Gao X W, Fu X H. Improved ant colony optimization algorithm for solving path planning problem of mobile robot[ J]. Journal of
Nanjing University of Science and Technology, 2011, 35(5) ; 637 —641.

[17] Luna R, Bekris K E. Efficient and complete centralized multi-robot path planning[ C]// IEEE/RS] International Conference on Intelligent Ro-
bots & Systems. Piscataway, NJ, USA: IEEE, 2011 3268 -3275.

[18] Yan S, Lin F, Xu H. Multi-objective optimization of resource scheduling in fog computing using an improved NSGA-I[ [ J]. Wireless Personal
Communications, 2018(1): 1 -17.

[19] Konak A, Coit D W, Smith A E. Multi-objective optimization using genetic algorithms: A tutorial[ J]. Reliability Engineering & System Safe-
ty, 2006, 91(9) : 992 -1007.

[20] CaoJ, Li Y , Zhao S , et al. Genetic-algorithm-based global path planning for AUV[ C]// 2016 9th International Symposium on Computation-
al Intelligence and Design (ISCID). Piscataway, NJ, USA. IEEE, 2016 79 - 82.

[21] Liu E, Yao X. AGV path planning based on improved genetic algorithm and implementation platform[ J]. Computer Integrated Manufacturing
Systems, 2017, 23(3) : 465 -472.

(=Y

JTiR & (1995 - ), B, WL BRSSO N T RESRLA.
% (1967 -), B, M, o, WAl BRSSO LA, LRI, 20 eI



