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Abstract: In an unknown environment, the swarm robots have no access to obtain the environment information of
multi-target search in advance, and their capabilities of sense and communication are limited. Aiming at improving the
efficiency of multi-target search and obstacle avoidance, a boundary scan obstacle avoidance strategy (BSOA) and a target
position estimation particle swarm optimization (TPEPSO) are proposed in this paper. The former simplifies obstacles into
two types: continuous obstacles and discontinuous obstacles, and provides useful guides for the robots to move towards
different boundaries based on specific situation. The latter is applied to estimate the target positions with the accessible
signals, then the combination of the received information and the PSO helps to approach the targets successfully, which is
the realization of target search. As simulated in this paper, the searching efficiency has been increased by 5.72% ~ 21.58%,
and the total energy consumption has been reduced by 4.30% ~ 19.11%, according to the comprehensively comparison
between the two and three other methods: the simplified virtual-force obstacle avoidance method (SVF), the extended
particle swarm optimization (EPSO) and the adaptive robot bat algorithm (ARBA).
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Fig. 1 State transition relationship

3 BHLBARG IS

H AR R T E FE 00N R ] Rk Na s &
B e H AR K, ARSI A BaE A R T R,
DA A8 2R I ) FH A B AR, A SR —Fhid A
FAH A 38E [ SRS N H AR AL B T R S AR
= AR R AR,
3.1 P AEIhER

SO EE YRR EE R H AR R, Mg AR 3h
SRR RN N

%i(t) = [[Vi[®)]| x C‘OS 0:(t), 4)
¥:(t) = || Vi(t)|| x sin6;(t),

K Vi(t) = || Vi(8)| x (cos b;(t), sin 0;())Fnthf
ZIMLES N R IEE, B ||Vi(1)]] < Vinaxs tITZIPLERA
RATEX(t) = (2:(t), yi(1))-

FENL a3 NTEHE R HAsHE, X R G2 N RS
YRIHLEE NATFAE AL 135 2

Loy

L 0<d<d,

| furll = ) 0 (5)
0, HAth,

b £, NI, || for | RS BRI HIR N, AL
RN X R A R QPR BS; ool KE R /1 R 3 R 2L
1y 938 ikt s 1 255 6 O AN dy = 2L, MR
NBERFYIR dy = LY.

WA N SHLE N Z [BAFAE JF 77, BERSHI0 S X HL
BNAFEN G| 7. = IeIRAS FINLEs N R, 52 H Bl
WL NHE 7, BLBERE I HL3s N 52 BhG i 5 51 .
TRI R 0052 IR AL 7 5] G P 2 B s 201,

B ot B f oo N ESHLES N R 5038 I ML N
X AL A% N R I 0 K 400 77, e K| Fort ||| Forz ||
W 2 (S, SRR A (for) = 01, (for2) = 02. R;
P2 AR ERN f; = for + Foro, BIEIRS TR
JEVis(t + 1) = Vipay * (cos f;,sin f;).

3.2 HisfrEfhit

TECA A5 B B ARALEAGTF, ESE— A4

H AL B AG TR 7 3 555 (TPEPSO). /2 7E M 5+



Fam

FRE: KA F RS AZ HARE R AR 753

WAELLT, AL A5 AR T,
~ G (L) AEREHLAE NALZE H AR, H AR N R AL
TEVEAR R, G~ (1) Jovk BRI AE#EAT H AR
R, WX ARG 5 SEENBER R £5H
WS SIREE BN (1, Ly) Z (A B A B M AN FI B ES, 2y
ST IR 10005 5, X BB 1 5 BT H1E
FFENEE B NP3 HARE 5 N I, LN SR 3
ATHE, BTSRRI Ty 5 1, 2 MR s 8O R
Ty~ G (1) ~

Tein — 1 Lij — I
d + d 1 9
T — I I — I
I < Iijy < Ieq, € <5, (6)

s I, A HLEE AR RIS FART, (015 5 38, Hif
i Ly S5 I AHAD.

Yy
fi
.fvTZ
.__.:_‘c:HI
R, (%), 9,
(0] x

(SN EA ot Pl s
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Table 2 Boundary scan obstacle avoidance strategy
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Fig. 5 Flow chart of multi-target search in unknown
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tlirgo Xi(t) = tllrglo[(Ag + Ast) N, (31)
Tim X (t) = Jim (A5 + AsX, + A7)).
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Table 3 Search mode

BEEGC @k WRIE
BT BSOA  TPEPSO
BE BSOA EPSO
BA BSOA ARBA
ST SVF  TPEPSO
SE SVF EPSO
SA SVF ARBA

PIR LA, T EIAET . HLas A Hbs. R
FENSE, A SEBL B IRATTR.

&4 HHOEE
Table 4 Parameter setting

8 ach 4 WE
RN 1000 x 1000 I 10
N 2 ~ 100 Iy 10
t 10 c1 1
Inin 1 () 1.2
Viax 10 Cc3 1.2
Lt 100 w 0.5
Lg 100 o 0.1
Rem 300 c 3.9
Q 10° Lo 5
m 0.1 Gmax 6
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Fig. 6 The process of multi-target search in an un-
known environment
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Fig. 7 Iterative steps and energy consumption of
multi-target search
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Table 5 Search efficiency and energy consumption of
six different search modes

B BIEAOBHL

HIEREE(x 10%)

N
B g T BK BN T BR
BT 272 463 935 3979 50982 10.72
BE 295 495 959 4211 6.231 11.02
20 BA 277 564 952 4439 7.799 12.05
ST 371 665 973 5263 8455 11.79
SE 436 713 966 5820 8.791 12.23
SA 410 701 973 7.286 1.254 17.95
BT 192 241 333 6431 7.747 10.55
BE 203 253 416 6.553 8.044 12.59
40 BA 194 269 350 7.010 9472 12.01
ST 223 295 412 7.795 9.956 13.20
SE 236 316 483 8.063 10.53 15.63
SA 278 390 520 9.569 13.07 17.98
BT 162 201 230 9.015 10.14 11.50
BE 173 211 246 8475 1051 11.98
60 BA 18 206 255 1035 11.48 1395

ST 190 233 277 11.05 12.68 14.77
SE 201 244 332 11.07 13.11 1745
SA 231 280 381 1130 13.78 19.07

BT 160 184 212 11.82 12.83 1443
BE 166 190 228 11.32 1340 15.51
80 BA 169 194 222 1292 1452 16.67
ST 179 212 242 13.77 1575 18.10
SE 191 225 270 1423 16.60 19.77
SA 219 251 327 1390 16.03 20.73

BT 153 175 193 14.02 1553 17.21
BE 164 185 235 14.65 1632 21.22
BA 167 191 245 16.03 1821 23.07
ST 175 199 225 1644 18.79 20.85
SE 177 210 254 16.84 19.71 23.49
SA 203 240 285 1480 18.84 2257

52 fiE4Enr

ASCHEH T — Pl S 1 Bk [ 7 15(BSOA)
— 5 H AR B AL T RORL T 5LV (TPEPSO), M H 5
FEE IR T AL R HU 52 7 BB B SR (SVEF) 3 kL1
FE(EPSO) HI&E MALAS Nl 5775 (ARBA)ZE & Lb
5, AT FIBSOATY 2 2% Z 2 |121.58% & RE FE ik />
19.11%; TPEPSOAH Ht. T"EPSO, ARBAT 2% 2% % 43 5|
F1515.72%, 11.35%, S REREST I8 >4.30%, 12.73%,
BAEWLE NS BEE DI, AR B i R AR
6 4

AL FEAR N HAL Fr T B ) AR B S A 1
YR, 1T 2 B R, AR R L S B SR,
TR RS, LA NI R 1) HARS 5
5 VM B EUER R, FIH BFME S5 B E,

100

H 5PSOBLLS &, 193] H b for B AN F ok 8 5
1£(TPEPSO), 1% 7 IATELRIEAS FE N J& 3 s L I T 42
W, R B AR R AR, X Tk s, RS
WAL, FEUAANE 7 o ) R — i i miig ),
3B S B R SRS (BSOA), SRS IE AR 231
FElIRTHE T, P 7B 8%, 20 JaaE, SO A
PR IR R AOR AR R SRR TAR S .
Jrd 77 B ARSIt —FmT DAz ag TR 0
R T REHLA AR S B bR =72, Blanis 1T
KGR T8 XPRE « FIFR AR, (AR —
YN ITAE IS RIS ARATELE, T H H AR 1T REZ B,
[EI AR A A, 22 H AR R 15> T2 DALEs A TR
I HAME T X 7 A E B Ao R, B R8s e L
Iz M S D Re, R4 i ) AR A a) 2% LR AR U diX
PR T ) = 4R BT al = 4E 3 (A, ZhAS BARIE R, [F
RS R |k — 25 e .

SECHk:

[1] ZHAO Jian, ZHANG Xinti, LI Jiaming, et al. Research review of
crowd intelligence 2.0. Computer Engineering, 2019, 45(12): 1 - 7.
G, 5k 2B 4, 2R A, 45, B A0 R2.01F 70 45008 T N T 72,
2019,45(12): 1-17.)

[2] NEDJAH N, JUNIOR L. Review of methodologies and tasks in swar-
m robotics towards standardization. Swarm and Evolutionary Com-
putation, 2019, 50: 100565.

[3] BAKHSHIPOUR M, GHADI M, NAMDARI F. Swarm robotics
search & rescue: a novel artificial intelligence-inspired optimization
approach. Applied Soft Computing, 2017, 57: 708 — 726.

[4] DIN A, JABEEN M, ZIA K, et al. Behavior-based swarm robotic
search and rescue using fuzzy controller. Computers & Electrical En-
gineering, 2018, 70: 53 — 65.

[5]1 EBEL H, EBERHARD P. Optimization-driven control and organi-
zation of a robot swarm for cooperative transportation. IFAC-Papers
OnlLine, 2019, 52(15): 115 - 120.

[6] MASAR M. A biologically inspired swarm robot coordination algo-
rithm for exploration and surveillance. IEEE 17th International Con-
ference on Intelligent Engineering Systems (INES). San Jose, Costa
Rica: IEEE, 2013: 271 — 275.

[71 ALTSHULER Y, YANOVSKY V, WAGNER 1, et al. The coopera-
tive hunters-efficient cooperative search for smart targets using uav
swarms. Second International Conference on Informatics in Control,
Automation and Robotics (ICINCO), the First International Work-
shop on Multi-Agent Robotic Systems (MARS). 2005: 165 — 170.

[8] LUAN X, SUN Y. Research on cooperative encirclement strategy of
multiple underwater robots based on wolf swarm algorithm. Journal
of Physics: Conference Series. UK: IOP Publishing, 2020, 1570(1):
012017.

[9] CAIL, SUN Q. Multiautonomous underwater vehicle consistent col-
laborative hunting method based on generative adversarial network.
International Journal of Advanced Robotic Systems, 2020, 17(3),
DOI: 10.1177/1729881420925233.

[10] PENDERS J, ALBOUL L, WITKOWSKI U, et al. A robot swarm
assisting a human fire-fighter. Advanced Robotics, 2011, 25(1/2): 93
- 117.

[11] KWA H, TOKI¢ G, BOUFFANAIS R, et al. Heterogeneous swarm-
s for maritime dynamic target search and tracking. Global Oceans
2020: Singapore — U.S. Gulf Coast, 2020, DOI: 10.1109/IEEECON-
F38699.2020.9389145.



760 B owo#H w5 N

39 %

[12] CHERAGHI A, JANETE A, GRAFFI K. Robot swarm flocking on a
2d triangular graph. 2020 5th Asia-Pacific Conference on Intelligent
Robot Systems (ACIRS). New York: IEEE, 2020: 154 — 162.

[13] PENGY, WANG N, DIAOYY, et al. Swarm robotics platform for intel-
ligent interaction. Virtual Reality & Intelligent Hardware, 2019, 1(3):
316 —329.

[14] ALBINA K, LEE S. Hybrid stochastic exploration using grey wolf
optimizer and coordinated multi-robot exploration algorithms. IEEE
Access, 2019, 7: 14246 — 14255.

[15] SENANAYAKE M, SENTHOORAN I, BARCA J, et al. Search and
tracking algorithms for swarms of robots: a survey. Robotics and Au-
tonomous Systems, 2016, 75: 422 — 434.

[16] XUE S, ZHANG J, ZENG J. Parallel asynchronous control strategy
for target search with swarm robots. International Journal of Bio-
Inspired Computation, 2009, 1(3): 151 — 163.

[17] ZHANG Yunzheng, XUE Songdong, ZENG Jianchao. Cooperative
and competitive coordination in swarm robotic search for multiple
targets. Robot, 2015, 37(2): 142 — 151.

GRZIE, B, 2. RIS A2 AR R & E i RIAI5E
FeifplEl. HLEEA, 2015, 37(2): 142 - 151.)

[18] GHANAATPISHE M, MOUSAVI S, ABEDINI M, et al. Following,
surrounding and hunting an escaping target by stochastic control of
swarm in multi-agent systems. The 2nd International Conference on
Control, Instrumentation and Automation. New York: IEEE, 2011:
576 - 581.

[19] HUANG T, CHEN X, XU W, et al. A self-organizing cooperative
hunting by swarm robotic systems based on loose-preference rule.
Acta Automatica Sinica, 2013, 39(1): 57 — 68.

[20] ZHANG Honggiang, ZHANG lJing, ZHOU Shaowu, et al. Hunting
in unknown complex environments by swarm robots based on sim-
plified virtual-force model. Acta Electronica Sinica, 2015, 43(4): 665
- 674.

(FRerom, w, JAK, 5. TR HE IS IR B R R S AR
LSS A, TR, 2015, 43(4): 665 — 674.)

[21] ZHOU Shaowu, ZHANG Xin, ZHANG Honggiang, et al. Coordinat-
ed control of swarm robots for multi-target search based on simplified
virtual-forced model. Robot, 2016, 38(6): 641 — 650.

(A, 5K, ke, 55, BT R IR IEILE A2 B
PR TR HLAEA, 2016, 38(6): 641 — 650.)

[22] CAO X, SUN H, JAN G. Multi-auv cooperative target search and
tracking in unknown underwater environment. Ocean Engineering,
2018, 150: 1 —11.

[23] LIJ, TAN Y. A probabilistic finite state machine based strategy for
multi-target search using swarm robotics. Applied Soft Computing,
2019, 77: 467 — 483.

[24] TANG H, SUN W, YU H, et al. A multirobot target searching method
based on bat algorithm in unknown environments. Expert Systems
with Applications, 2020, 141: 112945.

[25] RUAN Xiaogang, ZHOU lJing, ZHANG lJingjing, et al. Robot goal
guide rrt path planning based on sub-target search. Control and Deci-
sion, 2020, 35(10): 2543 —2548.
(BERA, F s, TKdmdh, 55 =TT B RPLE A B 52 FRRT
BRARRIRISEE. I 5 SR, 2020, 35(10): 2543 —2548.)

[26] PUGH J, MARTINOLI A. Inspiring and modeling multi-robot search
with particle swarm optimization. I[EEE Swarm Intelligence Sympo-
sium. Honolulu, HI, USA: IEEE, 2007: 332 — 339.

[27] XUE Songdong. Swarm robotic search for target: cooperative control
techniques, strategies, and simulations. Lanzhou: Lanzhou Universi-
ty of Technology, 2009.
(FEOZR. THIT) H AR R O RERL A8 N O ) B L T e, 220
2ZJHETRAE, 2009.)

[28] HE X, ZHOU S, ZHANG H, et al. Multiobjective coordinated search
algorithm for swarm of uavs based on 3d-simplified virtual forced
model. International Journal of Systems Science, 2020, 51(14): 2635
—2652.

[29] ZHANG Yunzheng, XUE Songdong, ZENG Jianchao. Dynamic task
allocation with closed-loop adjusting in swarm robotic search for
multiple targets. Robot, 2014, 36(1): 57 — 68.

(R IE, BEOUAR, 2. BELEs AN 2 B AR R s IR 5 (K30
BAE%Sr L. HLEEA, 2014, 36(1): 57 - 68.)

B R

F X WAL, HETHER T AR AN RS AR AR
A2, E-mail: wangmao_hnust@ 163.com;

RLR #Bz, LERIN, BRI S R RGN &
i, HL2% A2, E-mail: shaowuzhou @ 163.com;

FRAL5R PP, Tk, BT O EENLEE N R G B R
PeAb AT §EF ], E-mail: honggiangzhang @hnust.edu.cn;

REA Fd%, HEA I, H AR O R A S
ZHEHEE, E-mail: lhwu@hnust.edu.cn;

A WA, B i g s e G AR B HLEE AR
Wit BENLES AN 4, E-mail: zhouyou613@163.com;

WA WULATFE, BErw s Mo C AN RS AR e
fEAb5%, E-mail: hnxinjiehe @ 163.com.



