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Multi-robot System Cooperative Source Seeking Under False Data Injection Attack

WANG Biao-Xin' WU Yi-Ming' ZHENG Ning' XU Ming'

Abstract This paper focuses on the cooperative source seeking problem of multi-robot system, that is, by driving
multiple robots to cooperate with each other to seek the location of the physical signal emitter in the unknown en-
vironment. Due to the fact that robots executing tasks are usually in an outdoor open network environment, false
data injection attacks generated by attackers can easily lead to the failure of source seeking tasks in multi-robot sys-
tem. In order to still seek the source in the situation of network attacks, this paper proposes a cooperative multi-di-
mensional source seeking method for multi-robot system based on resilient vector convergence. Unlike existing liter-
ature that decomposes vectors into scalars on various dimensions when dealing with multi-dimensional source seek-
ing, scalar based resilient convergence protocols are designed. The multi-dimensional source seeking method pro-
posed in this paper not only effectively resists false data injection attacks, but also defines a more rigorous and ac-
curate security interval compared to security intervals of traditional scalar information. Under the assumption of f-
locally bounded false data injection attack model, theoretical analysis provides sufficient and necessary conditions
for normal robots to seek the source point under the designed control protocol. The simulation results show that the
proposed method has superiority in cooperative source seeking and resistance to false data injection attacks in dis-
tributed multi-robot system.

Key words Multi-robot system, source seeking, cooperative control, network security, malicious node

Citation Wang Biao-Xin, Wu Yi-Ming, Zheng Ning, Xu Ming. Multi-robot system cooperative source seeking un-
der false data injection attack. Acta Automatica Sinica, 2024, 50(2): 1-14

FUE A (Source seeking) # & N E ML bR E
Yy R AE AL B . 1B FT R YR T SR R
FVRYE TE AL Bl J5 4 i B T80 5 AT BL 2 K

Wk H 9 2023-05-04 % F H 3 2023-08-29

Manuscript received May 4, 2023; accepted August 29, 2023

5 AR 2 4 (62073100), W iT 4 A 26 B A B A 9F 91
(LGF21F020011) %84

Supported by National Natural Science Foundation of China
(62073109) and Zhejiang Provincial Public Welfare Research
Project of China (LGF21F020011)

KGR 2 —

Recommended by Associate Editor LI Hong-Yi

1. AU TR K2 I 2 4% R 22 42 2 B UM 310018

1. School of Cyberspace, Hangzhou Dianzi University, Hang-
zhou 310018

B S SR S AR ER S SR, T2 ALE
ARG EA G, R E AT REEHY,
HT 2 LA N FUT R IE B 2 2R PG
ANRGH LR, LB RN ARG, BHE
HINLEE N R G MENLEE N R GE4E . AR SCRATHZ
I ENLER N RS, Rt 2 A B e B AR 70 A 20
Mg N R, HLas N 22 [ 3 o 388 45 S A T 1A By
TELLSE R 2 LS. ZHLR ARG CLH T 21
R 5, Bl Je ABLE 244 AIZE ] KR HLEE A
IR EAESE. ZHLE N FR G800 5 A 2 B[R] 42 ) B
REFE W FLAE M B PR PO R 00 T e R 2k BLfE s



2 H 7

S 50 &

() TAE, Glhn sl R @A ARSI K i) =

TEIA BISCHR b, — SCR HI R L VR 45 & ) [F) 42
il P SR IR A 22 L N R GE AR ok U IR . AR
JEAT BTGk B e o ) RS V%M B (R AT DA
ORASE AL s N AE i 12 SR IEAT /N T Bl R 3h F B
B3 rh 145 5 98 TR SR B 2. Moore S5
FIBINRAE T R I RN Y T K E RS
K ) RE BT A, SRR g BA R 7 %, R 2 A
GIE YN W WY IR Y NEN iy 7 S o]
LA RE 5 9 TR SR Y B B2 . Fabbiano 551
b0 25 FE AR i PR 58 AT BE 2 B4R 4 X AR AR AN
ARG, S 7 B T ARG T A Ao B T 2 BA
T3, SRS U 4 JR AR AR A B AR e 3 U5 i) AL
Brinon-Arranz %50 £ K Rl AE 52 BRSO, N
IK AL NAT FIAE S0t T RER BIEIB 7
WEAE W IL. BAh, Zou 551l sk kLT HEAL AL
(Particle swarm sptimlzation, PSO) 52K Mg 3
PRI R, SR AU RS BT HIA 1E 2 I
b YRRV .

{E2 BIR TARHZNE 1 S2br B 3 5 T 214
N R GATAT 2 xR P 28 M 85 v, Bk 3 72
2 A R R IRBEVE NGB 5 S B LA N R
Gt FUFAT S5 IR, BRI I I 5% 222 4 <3305 ) et o o
B R R . B # il Oh 2 R 48 A AL
i NREN RS S, AT K3 5 Gt o AR B
A NRIEBIBOA R ERIZATH H Y. IE4EK, Xu
SRR ZHLAE N R G T 2 Al [R5 B B
W2 Moty SRR 1 E SR e AL AP i B b
(1) 77 700 LA w5 P HE M Zhou S5 U9 500 90 48 il 5%
(Denial of service, DoS) Bixf 73 i N2 W& A\ &
SRR, TR 2 B AR 7 R G LR TE R
G &V, Deng M XN B R ZHB ARG T
fiE (Byzantine) 5 s (@0, 31F 17 —F Rl 7
V2 LUK 28 498 v i A ) B0ty XU, . B AR H R0 A
2% Wi 2 Hlas N R GEREE BB TR R 2E IR, (H)E
A SCHR [15] e T W 2% B 5 2 HLas N R Gk
17 FBEAE RIS, JF HIRH 1 & T MSR it
I R] TV SV DA AR 0 135 B I v ) 0 O L ks

o5 —J7 T, AERIEFT YR I R s, A Y
TAERR — o3 il o B AR bR IX — i) B A5 L B %A )
BYET I, PR R L o3 )R P bR B o ok s
LU AR 1) B o AR g T AE IR B L B
P SR DM SL T AT SR 22 42 (X [A] 5 5E B B Ab-
bas S 45 H RSB R BT A, st E
H b3 ORAIE LE 5617 s S IR 5 ki a6 RS
R AL, PRt M R 2 [F] (Resilient vec-

tor consensus) i & T 2 4E A BURASE B LT B
R, il 1 RS, £ R 7R IR HL
7 B 2 A B S M B 2 A 15 22 4 IX ) ze KT 5 b
FOVF I 22 4 DX TR s S GV AL BDIR A A7 T
A X [R) P ) R By, AT Ih B P AR R T ) 2 A X
[i) B AR B O Bl 1) 0% B il . E4h Abbas £
BARDHT T ¥ S 4IRS 355 B AR 4 FE R S B s
A ST S I A SR PR o A e P A SRR S . H R SR
P A & [F) vk — R F 36 Tverberg 43 X 20
Centerpoint 42121 B A 22 4 X 4™ ) [ 18
RER T — AN T 4B IR A A2 A A A, AT SE
AT AL 53 A7 B ULSL (Approximate distributed

23-24]

robust convergence, ADRC)!

© WML AR
FEAR T
FrIE ) 24 4 X T8
PRk R BT
FrE (124 4 X T

K1 SRR bR P SO S E B 2 4z X ) (R TT TR IXIK) Al
SERLAPE [ R A SIS R ) 22 4 IXC TR (3 € X3 1)
Fig.1  The security intervals defined by the resilient
scalar protocol (Light square area) and the resilient
vector protocol (Dark area)!

% ERTARE K, AL EESU TR T
e R [ PR SR W () 00T i, O 2 4R RN A B
PATEAEFIEESF B ARRRBERD —E L
B R AR v N ks (R e AR SO SR 55 1
REORE, S — R B2 1 Bk M ) ke [ ) 3
VeI, o H TZOT R T E AR IV RE . #
BRI AT AR AL R W] A5 o A 7 ME— Y
MG OL T, RVE RGP AR N M B R B
s, BITEIREORIE 2 HLEE N R GE b A HoAt 1
TS AR R IR BT, RIUSCSBNR AL B . AR SO
FEAH T

1) B0 R BN T N B0 £ AT - U5AE 55 1Y
Z AL N RGO AT S S, A
RITEEARR. AT R I B B R R G Hh
W ENRIFRHP RGN I N, PNR S
AL Z 18 R GEE N RE AR B e Rk & HoAh 1k
WO R T H A SRR T RS A L
T3 Bt A b A TR A S e A AR IO M, AR



2 FRHAE: RIS T 2 HLeas N R G R SR 3

Tl AR F) Tk B8 70 B i, DR IR A 5 2 B O A S
73 04 It

2) AR P2 B T 2 4R LR AT S AR
[ S92 PT REAFAE 2 4 DX TA) i e A, i T P )
e [F) SRR Y 5 v v B A [ SRS R A SRR
Y 73R T s 5 (1 22 4 IXCTR) SRS R, SE AT A S B
HLREARAH B Y i ey, P DASE B &b k. R 48
2 WL N T 08 R 1R B o 5 00T BAE %
ANAERE 1R IRR B PR, DR A SR A X 2% A i b T
RE 2 A7 A 22 45 XA J7 0 R . AR ST X Ut 1) et e
(VAREPSREREPEEATIE NIV ES DTN E-E 4 T Buv <]
(Al SR BT 2 e R B[R] -8 7 i LU R 5 I
AR, DRIk T 2 g S ) Sk rh 22 4z X [A] UAR
ERPERE F A T e X R O SRR I L

3) S A G L 1) R [R] S5 R RE ORAIE B
L&) A K VA R 1| o7 o R T IR TSR N i VA
BLAEAE AR RN ELME AR AR (4 ) L, A SCHI N A S
VENEES AR, 12757 RS A bR AL B A L
IS EEAR 2., AT et A e B[R] B3k DA PRAIE
R A SR AL B i s A, AR T s )
R SRR S SCHR K E B 1R M 2 LA N RGBT
PN YE, I AR o M A5 B it e R SR )
PR ST R R T8 0 b B

4) FFXF R 25 Bk T 2 HLas A SR R I SIOE
FRPFEE I, AR SCHE B R B ik o A S
HIRE o AT AR SCR 3R D7 VR e S . 3 i S 7y
AT 45 B S R 0 HUE VG B, 3 0o i 07 S S
AT TARREATXTLE, 7 Bah SRR WIIE T 5 1 [ &
PR IRV 2 g N R GeAE U SO 2 T T A
DU,

5) X R GE b AT REAEAE IS I ), ASCHHE
£ Y B Y P sh os fs P  [) S 955 k
HHEIRYNERZ =)= AP libuk V&= g R C X7 w2
538 5 /N T 24 i I 220D 5 N B BT B TR 82 82 1 BRI
2 HLaR N ZR GUAH Y 52 1 Bl ) S0 A PR AL
SUAER A

1 [e)RE it

1.1 FEEIR

1.1.1 EiEnR

ZEEH N MLas N Z LS AN RS, i
BEHLEE NI AT s e AT 2 [ (S R R R
R, AL G2 a N RGRIEEMN ST —1 G
FIALE G = (V, €, A) Box. HAY = {v1, va, -+,
ony BARTTHER, ECVxV Bl AT

Z ] R R Ok & T A AEAS B R RR IR AR R A =
[ai;] € RVN RoR. Wk (v, v)) € €, MR S v
A DA R v; RIEAE S, BB ag; > 05 75 &
vy NATRARCE] o; ROEHIE R, e a; = 0. 7 5
v; BABJEER G RRAN; = {v; € V|(vi, v;) € E}.

LEAh, 9 1 TR R SR MEIEYE, AT - H]
IEHEA (r-reachable set) Fl r-EHEH] ( r-robust graph)
I

EX AL (AR A) TG = (v, &) &It
f—A B TES Y, RS PEDSH DI v
AN, — S PEADT r AT RE, WIKS N
r- B

EX 2L (r-E8HEE) N TEG= (v, &), iH
XY ffEE—X e T S1,8CV, S1NSy =0,
TRIEZ D —ADTEN IR ES, WG r-&
P
112 GEEig

0 B VR LE ) B [R] SR R R R AR
AN S S BU LAk T B AL 4 e, DMET
Ja SR F AR I T TAE. ERRR AW, E R H
AT R X B (g, o) BIZREBY B AR XSRS
A, Bl

Mg+ (1 =N hy € H, Yha, hy €H,0<A<1 (1)

£EHMMERTE MR Z A, HEH
RS AE 2 U N EGE FE Z TR E| B4R conv(H).
WA, £E65H ANE conv(H) BT
PE

|H] [H|
Zﬂkthk >0, hy € H, me =1, € conv(H)
k=1 k=1

(2)

1.1.3 KEHEIER

ZEZ AN R RIS FE P A A R FE T
TBUPY IR 25 B 355 Hh | RT I 75 2 0 ) 28 I i 3 47 R A
AFT RGN AR IEFELEN, B o HlE A
YR F 45 A1 38 ) 28 A0 b 3 1) 5 0 T M 25 R 4t T i
(4% 1) I Hom st 408 fE A2 B ) RS iE N AR 1% (G
B BRI N A B (1) e 5 8508 B RS 4 i Bl
TSRS R, T DO TdE SR R HAR R IE
1 A (Regular node), K5 HAT WA RAHEE
S, AR SCHEIX IR RN B E T A (Malicious
node). AT HEW®, B IEFETSESIICHNR,
BB AEA A M. B2 hiEE SRR IER
WA AL ARG R L BRI TR
AR, A SO 8 Bt AR L 2 AR S (F



4 H

(8

S 50 &

Uy R &)
/j
MX
O W 7
* A

o IEHTIA

P =z
o BRI

(a) HEEH P AFIEAIIEE R R
(a) Robots in the environment and
their communication relationship

5
ol ok

o

° Uy

(b) vy VHELI 24 X ik
(b) Safe area calculated by v,

K 2
Fig.2

RS IS T A A RS 6 SO 22 42 X 3
The communication relationship and safe area
among the robot nodes in the environment

locally bounded)®, B} 5 4t #h A1 55 1515 s
AR R R SR 2 A f. Flocally
bounded BUH M AE L HLE8 N RGN Z BIHEE RS
PRSP RIE TRl 2T ehgle iz SR .

o] 0 A

SRR R0 GORTEAT B 1 FUEAE 5L A o
[ s 8 52 ) 2% Tk 4 ET N AN L2 AL B — B
BN [ Z WL N RS, Hah J1E Ry
pit + 1) = pi(t) + wi(?) (3)
o, pi(t) € R T A0 (B ¢ (ROIRAS A, )
HAE T FE o 1 Sz B B A AR AS B w(t) € RY
PSRN, 5 T S S A AR R A HLAR I
MR — SR T RS .
FRIXFE— N, Hoh e R ROk
(PR AE S IR R L FE 3R Ak S5 R L ELRE
SRS, ARSI B S B VR R
FEARARG, VB A AL R 4 R FRAS B B KA.
Fo PR3 bR B gt R f(p) - RY — R 2, 35

1.2

B35 1 A A AR (0 8 £ 2 3R .
25 2 3 P AR A SO T 2 B8 A RGO
K, LS B o R A A R 1 15 2 3
R Sfeits FUE LA o.
1P 2(a) BT, RS R R IR R
= B BRAE AT O, o0 TR A2 AR A
Ho. ZHLI N RGBT A BRI R, A
ST B MO B 7 U A e 4K
8, (0 2(b) R X BRTR) LABEAEHL A 2 4
FUE. AR, TP A SRR
SIS HR (5 18 (1) 2 B AT AORRA S S BR A
FRAE S pa(t) DA JHRRE (5 BT K, BB ZE P 2(b)
o, IR AT A AR (1) P A Ak
¥ pa(t) 2 AR AE — 52 B BS. % F8 B P ShFR R 25
fh, B8 AR A 2030 (45 ST AT A TR 31 Ao
RS oi(t) B, FORTE £ DO ARRS 3 46 B Fo
OB AT A 8 BB BS. A SR bR R
EL RIS A o, TN RLAS B RN, 8T 5
42 ) ST TT LU B, 20 4 X 10 B OR JE R T
R LA RR S TS TR T s A
FR LR RIS B 17 () 750
AR AT A B ST,
SR T DA A ST B B 16 5 ) S 0
LA B IE ML 58 N S AR U S S R, B
Jim [|ps(t) — ol =0, Vi € R (4)

2 fERlERst

Bt EENET IR

NRRZHEN R G FIAES P 2 BE R
AU ) ) @, R T s T SRR BREE T
B DL I B 3 A Ak B 22 41 L IR R ) R [
S, AR SCHR A 1) B [R) R O, Rk IR
e

1) fE¢ B0, Wali il e E p(t) BB
REE Gy, 0 R BB OBLB 6 ) 0a(0), T

’ €Z; t
B0 =P+ sty )
pi

2.1

FETT R A A AR R NG [FI R AR R
TRAKIERE R p)(t), Vi e Ni 5 pj(t) &IFAESE
PL(t).

2) BES PL) FAEE m A (m ZET5 84 AR
JEHERET A ) iR ERERE N RN ES
Pl 1 (), Pl o), o, Pl o () (FERLIE 3) 8 A
Pl (), TR ZEXIHS; o (t)



2 1 RS BREIEEANLGE T 2088 A RS0 F TR 5
v, v v, v
% o Us ¢ \ v(, . .\\\ U(,/. \\
‘ N\ \
(%) Uy | / Uy / U
v, ® K Uy Us v ® U3 v - Uy

(a) t 2B 6 ML ANIE &

(a) The information value of

(b) 2B v, BTN
(b) Convex hull of the subset

(¢) ZKBr v, FROTHMNE
(c) Convex hull of the subset

(d) LB o FOTHRNE
(d) Convex hull of the subset

six robots at time ¢ except v, except v, except vy
Us Uy
B ‘,’/o‘ Us @ 2
Us o— \ Us . ® //
>/ ; A Vs -
e | //
d | ~ ~
> | ° A ) e
| v, /Uy o /v
) | ; / N -
(VIS \ (VIR U\ / |
N\ \ \ / \ \
| N\ / / N i/
N -
- Us o~ Uy o Uy vy
Uy Uy Uy Uy

(e) £k v, FRITHEMNE
(e) Convex hull of the subset
except v,

(£) £B v, BTN
(f) Convex hull of the subset
except vy

K 3
Fig.3

Sim(t) = N
Pl ok (DEPL (1)
3) WHAXIR S, (t) T RSN Q, FIHITH
RGBT ¢ DI 0 1) H BIHBARAR p (¢)
Q|

i) = ajq;, Y aj =1 (7)
j=1

q;€Q

conv(P; ,, 1 (1) (6)

4) i AR B SR ZE I AL FE RE T 24 (t) HH
DR 3) i EAA K H R AR pr (1) AR, W
ML RE TR B AR 5 B S AR EE =, %
SRS B H b A bR AR 4 . BT AR (3) H
ui () P THA

u;(t) =

p;(t) — pi(t)
lp; () = PO
pi(t) — pi(t),

xi(t) zi(t) < |lpi (t) — pi(®)]|

zi(t) = |lpi (t) — pi(t)

|
(8)
AR 1) th, BOABA RS BRI LA E R AL, H
e AEFURAT 5% rhil i U R 2y [ 9 BA 45 75 725K
SREUER B (5 B O A BUE B AURE. BT A
B 50 B0 F AR A £ THRAT 55 T SR EORE BE A5 ., T
Fe R TR AT 45 3o i e AR X 4 Xk Ay ok 1 S
SAMA, BT CADG TR AR BRI VA8 A S5 3L
R [9-10] 5. IR 1) tHER pl(t) £ JF A TR
FESH, B S RPN A S AR R
A7 B YR S AL — /N B B I AR B, B R B

(g) ZBr v FMFEEME
(g) Convex hull of the subset
except v,

(h) 6 AN ELAEAZ %2 A X 3
(h) The safe area obtained
by the intersection of six
convex hulls

6 ME B RN TN LA X

The subset convex hull and safe area of six information value

KN BZH LA N i BILRS BE TR E

ERERENE, PIK2) 55 % e XKkt 51
AR B T AR R SRR AR AR AL B 1 R R A
BB THERABREE (ERPEL)),
RN T X R R ORI fE B & it
X5y, B B W R R NE R BV EREEE,
BRET AEEEA NG R EVOVEEFERE. T
DIAER 2(b) FE NG EREME ST AL EZ
AV X3, AR 6 22 10 T8 RO T s T AR At 2 15 B i
MRS . E R ENALE ST AN E 2 1A
A —/NBERTE, TR —/NBUE B R T A AL RS RE
73 xi(t) REUE KA. B LLA2 8 T) 2, (2) THAEAE B
5 pj (t) &SR ) B[R] SR V2 R S B B 24
ST BT R B

A DX T R ARAIE T 5 R 32 T A
T EEPIR. W 3 Fros, 6 D) fR i
G EEMRAEATT SR 6 D74, B THER
LT —MEEE. X 6 M TR R,
FHAS X I 920 5% 2) s i i 22 4 X3, e 3(h)
FR.

22 HTHBEZRHIN

(=] Jt 56 P [ 1 W R SRR T VR AP R 2) RO T

Pl () B S, FPAERE P (8) € P (1) e
& Pit) Ebrm ML RER BT

LR [17) A K, ¥R RN Z 5 EE R

wHE SR E A A E S E R eE LR Aok Rk



6 H 3

S 50 &

AT 43 M, ANITAS H S ) & () SR T VR I8 AT BT i
(78 53 W B2 A

SIEB AL WR PLE)| > m(d+ 1), W S; n(t) #
0; WP < m(d + 1), W P(S; 1 (t) # 0) # 1.

5138 2. M HACK ZHLER N RS HE(E A
HEE LR m(d + 1)- BRI, RET SR
(24 XA N, B S, L, (t) # 0.

JERA. M Z WL AN RGEHIEE N L m(d +
)-SR RE, R4 e X 1 fME X 2, BEHRIN R E
ETANAEN SEEBL N >md+1),ic
R. FIHAT Z IE 5 5 R T 2 A XA, 251t
SIS BB 2 [PL() > m(d+1), HEIHE 1 Arg
BER 22 4 X3 A N 2S. SR M 2 W3 N R IE(E
WANEBEME R A LR m(d + 1)- B B &, @5
WA B ADAFAE— AT S, AR M EA
WRIN| >m(d+1),ieR. WY& iHH %4
XIEFT A A S E P (1) < m(d+1), HRHE 5
1 AI1R 2 A XA —EAELE, B P(S;, . (t) # 0) # 1.
ZE BRTR, {HACUZ N AN RENIEE RN EE
PEIE B m(d + 1) -S4 B ARR, AR R IEH 45 5l B
THE I 2 2 X A1 O

IR 5] B I A A A b R s A S AT R AL
HZHPIRR, hh T2 XEAAEN R BEX
. TR SO BT O TR B A se AT Sk B AR
BB AT SR S TERAE R TR N, BT R
IEHTT S € R #H USRI I ME—IR 5 o, 75
EEEMNE, NS ie b2, 8%
I AR B Y AU e A XA R, BIAL
ANRE G TEW L m(d+ 1) -BHE.

WSt s34

G 3 Ko g — R H A bR S 1
W RO ERE B EZ AR, A [ & [F]
TFURTHERID YR 3) AT LAE 2, pr(¢) 4R i il
o B 558 R G B ES K H AR, Y
i SRR BZP I IR RE D) @y (¢) B 2 H )
Hiu AL R A HE— BER E.

513 3. 7RSI B0 A7 ik — 20 ¢ v, X
TAERIEF T /4, B BIHARER pr ()AL T conv({p},(1)]
ke NinRUi}) .

MERR. A2 XK S; . () BE T RERT £ A
FEEER TN, SR ERE R Y E T %
TP ¢, M TAERIER T AU, RIS . (0)
A5 TP IR 8T RO BB i s A
W, B

Si.m(t) C conv({p,(t)|k € N;NRUi})

2.3

(9)

AL E BE A4S, AR A B S A T
P BL 22 4 X3S, 1 () 690 EL. H H AR R py (1)
e i 2 A DO T R AR bR S 5 @ i tE R Ry, H
FiFHGHR 12, 0, = 1, AR (2), THA
HoALKR pr () AL T2 XIS, () W, H S n(t) C
conv({p},(t)|k € Nin R U4}), BT LA H K35 py (1)
LT conv({p),(t) |k € i N R U}) . O
3138 4. LEALRBRT £, X TAEEH £, pr ()
AT HES {pe(t)|k € R} Uo MR AL, B
pi(t) € conv({pr(t)|k € R} Uo) (10)

MERR. IEWZ AT, 7 IR AT R
FEEIE IR A A S SR AR RS IE B IR AR AL
Z AR &R EARRCE I ¢, IR SRS B
BEA P, )k e R} H LFER o MESNBAYT
IEHET RERRSEES {pu(t)|k € R} I LE R o
HIEES AL, B

conv({py,(t)} Uo) C conv({pr(t)}Uo), k € R (11)

JHAR S W iR f(p) - RY — R XA 4
B, AR V37 5 PR B U5 BRSNS Y R A E—
jﬂﬁ, Rl f(z1, 22) = —1(D(21, 22))", Horp 7, I NIER

H, D=1, 22) = /(21— 01)? + (22 — 00) HEEISERAL,
o (ST AE kLR B

0 0
%=Vﬂm=wuhw:<£;£):

(=il — o)1 — 01 + (22— 02)) 2%,

—nl(z2 — 02)((21 — 01)2 + (22 — 02)2)777_2) =

n—=2

0po, " =nl((z1 — 01)” + (22 — 02)°) 2
(12)

[ Jt e A [ tp [ R TV Ok TS BRI T
HE, X TAREDE ¢ B0 554, A pi(t) = pi(t) +
G,y Ti()/|Gpill = pi(t) + 07 po, 0™ = n*zi(t)/
|Gpioyll > 0, HHIEETT 45

Pi(t) = Xipi(t) + (1 = Ni)o, i € R, 0< N, <1 (13)

R (2), conv({p}(t)} U o) HIIERE— miH

PLHHAES {p, (1)} U o ZePER T, B

[1“’13 M2y - NlRH—l][{p;c'k € R} U O]T €
IRI+1
conv({pi|k € R} Uo), Z pr =1, up >0
k=1

(14)

[F S, conv({p,(t)} Uo) HHIAEE — st a] LA
HIEE A {pr(t)} Uo LR, IEWIINT



2 FRHAE: RIS T 2 HLeas N R G R SR 7

[, H2s s Ri+1] [{pl ]k € R} Uo]' =

|R|
Z/M (Aipi(t) + (1 = X)) o) + pyrj+10 =
=1

IR IRI+1 IR|

Zﬂi)\ipi(t) + Z Hi0 — Zﬂz‘)\io =
=1 i=1 =1
[R|+1 IR

1AL, H2A2, oy RIAR] Z Wi — Z,Ui)\i X
i=1 i=1

[{pelk e Ry U,
RI+1
S =11 >0,0< ) <1
k=1
S = 1, AR (15) S {pi(0)} U
o MR M ABZ AW L SR+ SR -
SR pid = 1. IR R B S {p (1)} Uo Ltk
R R E N AT LR S {pe(t)} U o ZePER
B AL conv({p},(t)|k € R} Uo) WHAEE — st AE
A conv({pr(t)|k € R} Uo) N, conv({p(t)} Uo) C
conv({pr(t)} Uo), k € R. H5IH 3 015, &F—Fmf
t PR IEH T R, i € R THRE A H B AR p; ()
LT conv({p,(t)|k € Ny N R U N. & {p,(t)|k €
NN R U A IEF YRGB {p,(t)k e R}
TAE, RS {p), ()} Uo T4, 51 EE 3 1]
RIEFETAEEEES {p,(t)|k e R} I LIER o 1
M A AL T IER T A PRIRSEES {pe(t) |k € R}
I R o BN R, #BE— 2PN ¢ MR R IEH T AL,
i€ R THE R H KA BE p; (t) BT conv({pr(t)|k €
R}Uo) . O
RGP 1 RPN ¢ R IR
S H R AR R pp (1) ST EAT AR T T IR
TR S BRAR A (A AR R B LS R R, AT
LA pr(t) TULHES {prt)|k € RYUo kMR
Hh, XAE SRR T 5 FRE I A R R A E
p; (1) = [v1, 72, -+ Vm4+1] ¥
[{pr(t)[k € RYUd]" €
conv({px(t)|k € R} Uo),
IRI+1
Z%zl,vkzo (16)
k=1
(e JE e A4 ) A ) SO T VR AP BR 4) DR
P g (¢) FIRETE, AHER BT R OE R 7 N — D h
T R SRR AL T BB SRR S BB
I AT SREEC H AL FR 2 T7]

(15)

Pt +1) = &pi(t) + (1 = &)pr(t),
keR,0<& <1 (17)
5138 5. IEH W REHT —UCER 25, BATH)
FLEEE {p(t+ 1))k e R} I LI Mo N0 E
T HEH T AR R S {pe(t)|k € RY I L
Moo B AL
conv({pr(t +1)} Uo) C conv({px(t)} Vo), ke R
(18)
HERR. B (2) AT, AR B conv({pr(t +
|k € R} Uo) WHL—rnJHEER {p(t +1)|k € R} U
o MR
[61, 02, -+, Orpl{pe(t + 1)} U o' €
conv({pr(t +1)} Uo), k € R,

[R|+1
> k=1,62>0 (19)
k=1

A, ™A conv({pr(t + 1)} Uo) WAEE —rith
A PAHEES {pe(t)} Uo ZRPERH IERH DR
[61, 62, -+, Sjmi1a] [{pa(t+ 1)} U0 =
[01, -+, OR], ORj+1] X

[Pr(t+1), -, pry(t+1), 0] =

o1 ari+ - a)m()
O|R| §irIPjR| (1) + (1 = &r)piR| (1) R
OR|+1 :

IR
D 0k (&pi () + (1 = &)pr(t) + djrj10 =
k=1

IR| IR|
OR|+10 + Z Ok <§k (Z%Pz (t) +
k=1 =1

’)’R|+10> +(1— fk)Pk(ﬂ) =

IR| IR IR|

Z Z’Ylékgkpl(t) + Z Ok§EVR|+10 +

k=1 1=1 k=1

IR| IR|+1

D k(1= pe(t) + drppa0, Y m=1,

k=1 k=1

|R|+1

Z 0k =10<& <1, 9% >0,0, >0

k=1 (20)
iR



8 =l 3 1t =2 Eitd 50 %
RI R] | Jim [lpi(t) = ol =0, Vi e R (23)
Z Z’Ylfskfk + Z OkEkYR|+1 + X »
k=1 1=1 k=1 JUERR. #5138 5 W1, £t + 1 PR R IER T

IR| AL E AL AR ] DB ¢ 25 B IR T S IR S
Z Ok (1= &) +irj41 = HIEA et 3R H . DRI e B B YR A5 o Bzt B 719 A AL
'Till " . Punax (8 + 1) = SR 0ipi(8) + 000, S i+ 00 = 1.
R R R \ . Y R

L P () BNVE 15 T BE B || i (1) — 0| N Dinax (). LA
DOkt D Ok =D Ok Oimin = Y 0 HARKT B AT R AT 2, T Dyt + 1) —
k=1 k=1 k=1 w N max
R [SE im0 < S o @)l 4 A ERFA

(21)

Z 0 =1
k=1

FreLx R S {pr(t + 1)|k € R} IF B Ao 2k
PR ) R E I T BLE AR A {pr(t)|k € R} JF b
TR o ZBPER ) RIFE! AL conv({pk(t + 1)|k € R} U
o) T BT B AUE I AE AL conv({pk(t)|k € R} U
0) . O

FIBE 5 o3 AT 1B DI SRR S R S AR
WA A Z A A5 R AR BRARFTA [ 1IE 5 s R
FTABRES, SINIEH T S 2w H R AR AR R
B — B, 1K SR T R SR AR A A T R
B {pr(t) # pe(t + 1)|k € R}, FrbAzX (18) AT LAk —
NG

conv({p;(t +1)} Uo) C conv({p;(t)} Vo), i€ 7(% )
22

Z b g nl LUE A I R R RS, 1% 5 A
HS AR IE LR AR R B AT AN, B R
A SE S TR L O 10 EIIE B i IR
N R A ST A T R A B
W Prnac(t), BIFE ¢ 35 I PE R 5 s izt )Y s AR AR, H
NI 5 AT, puas(t +1) = S35 @upi(t) + o0, 3
Hh Zlfi'l Y+ 9o =1.

5 22 Ja BB AT TR AT 2 proa (1) BITR L0 1Y
PR S BEA BN ¢ MR Mg 2%, JF Ho ok
UEM] R & T I IR 1 A 2 WS TIR  o. BAAS
[F) f) s AR A AR R TR A, AT R P R TR R B R A
SRR A, BRI HrER B, DAYR R AR AR
Ve AR R 5 s T CARRTAE IS R, 24 DAY A5 o BN
AR ZR R R, T R AR bR AR B A R R A
[T B AR . prax (E+ 1) — 0 = P (t + 1) =
SR eipi(t).

PN ARG UE WA ST Y (0 A oy ) S35 3%
IS, RV 2 BT A L2 5 AR IS TR R o

EIE 1. B HACHZHLE N R GRS 4
B m(d+ 1)-E 0 KN, IEE L AL F T U5
TI R S & RS T VR A o, R

FIRE put) 5 po(t) FHRERE, [ o) =
S leipi @)1

F punac (8) IS XCATAF Y [[pi(8) — o] < [[Pmax(t) —
ol, Hori e R. EFFA BB 35 AN, LAAR (] A —
FEAE AR A RS S R R L LR B B, BT AR
W VEVR S AT 0 9B AR ST AR R, ER Y |Ips (1)) <
Pmax (@), 558 SR loimi()] < SR 0 ipmas @)1
4 FA 24 A T3 AR 4B B ¢ BT o 18R B AR
Zei, AT AL, B, V()] = |pmax ()],
ie REF, S lomi()] = S loimpmax @] -

MK SR o < 1, LA, Dpu(t + 1) =
IS im0 <SR o ()] < SR 0iprmas ()] <
[ Pmax (£) || = Drnax (). 4 HAX AT 2 B AN 19 pu(t)
5 py(t) 210 9 £ R T2 DA R BT A 10 T 6 15 1 5 I
¥ o FOE BTSSRI 96 2 0, RS SAE Dy (t 4+ 1) <
D (t); T3 Do (8 4 1) %K N T Dy (£).

PR, ML R AN pa () 5 po(t) 2
A0 P15 #8351 Y 1 o PO B
AHEEFIIF A, Diax (t + 1) KIRZAE /N T Dyax (). &
RN W 30 2 0 Y03 R, T TR B
A, Blpi(t) — p;(t) =0, 4, j € R. WIRESLI Dypox (¢ +
1) = Doy (t), W Vps(t +1) = pi(t), i, j € R. XARFE
P TE 3 i 5 7E % 28 % A I R BE 7, Dk
%R R X SRR R S SUPJE, B
A TR BT T 340 AU ST VB A, B R
RIASHE 1A N T R B 2E AR 2 P A T pa ()
5 pu(t) 2 1) 1 3 £ 9 % UL AT 1 TE 5 )
T A o 11 26 55 4R 2 T 3 2 (I L R, R T IE
BT SEOU S T IS (B TR D), B R A
Diax(t + 1) < Dinax(t).

85 E TR, Dunax(t) 9T 10748 358 0 58 5
Do (t) FISEBR S SCNFE B, R Dy () > 0 TH R
3. FITRA lim; 00 ||pmax(t) - 0” = lim; o0 IlDrxan<t)|| =
0. B [[pi ()] < [[Pumax(®)]], ¥i € RATE Timy o0 [|p () —
o|| =0, Vi e R. ]

Y 1. DR 7R B R T U B R )



2 FRHAE: RIS T 2 HLeas N R G R SR 9

AR SR B (|puax(t) + Gy Tmax )]/
[P ()] 23 [[0prmas (¢ + 111/ | opamas (¢ EFIBLIME,
Dinax(t + 1) < Diyac(t) FT 13| 0pmax (t + 1)||/ | 0pmax (t) |
ANT 1, FE T TR pua(t) FIULSHE %
0P (t+ 111/ llopmax (£)]| BEFZEAATTFIKIA (|| pnax (£)
+G (&) T (8[| /| Pmax ()], 1) .

24 HEHHh

PN SRR AE SR ) & R SR VAT I sl
TG0 T 2 Hlas N R G Rk ge, /£ (5)
AN T Qi (¢), 1T Fros

P (t) = pi(t) + Gp, )

x;(t)
|G|

ISR I BN 5 2 5] B 4 FI5 B 5 KK,
W 5 NIKPEE 1 (e) = {pIVf(p) = ¢}, FaZ Rl
AT RUSEBR A AR IR A B A 1 AT TR AN BB 4 /N T
IR A OIS NS RUSEBR AL BR BT EE KT B 1
0 Bt 2 355 A RN TR AN Wi 4 /N T A Y05 A

EX 3 (KER). EfnEh, KPR
A A SRR AR RS, B () = {pIVf(p) =
c}, Hbn e N Z4EIGBLR W AT RN S
k.

b R ME— O RO, bR b it

SERBEASRME, FTPAM ¢ < e, conv(f~1(e1))
BE conv(f~(c2)) HATA KFEM A E %
WRAE R (R A o).

EIE 2. Y HACU ZHLE A R G IS
B m(d+ 1) -E B ER, £ RENT Q) i L
Qi(t) < @i (t) FITEBLR, IR AL P [F] )5
JTIERE T I A& Re S B A o.

UEBH. 15 RS BR AR pi (1), RIS RSB IS
BB pi(t), ININILaN G G B &N p) (t), &5
T llopi (81| 5 [lopy’ (¢) | Z 11 R 5

" 2
lps ()P (1)[I* =
/ 2 2
lps (£)ps (O)1" + ([ ()]" —
—_—
2[|pa (8)p; () 1112 (£) cos(Lpi (8)p; (8 (£)) - (25)

j'(‘iji(t)” <as(t) = [lps )P (L], T [1pi (007 (] <
QJ,‘Z‘ t

cos(£Lp;(t)pi(t)p (t)) =
lps ()P (E)N1* + [lps (£)p] (B> — 16 () |I> > 0 (26)

it (13) WA3, Zpi(6)pi(t)pl/(t) = Lopi(t)pl/(t) <
/2. TEZFATE op!! (£)pi () T

+Q;(t) (24)

llop! (4)11% — llops (¢11> = [lp: () ()II* —

2[op; (£)|[[1p: (£)p} (£) | cos(Lopi (t)pf (£)) <

—_—

lp: (8 ($)II” —

2|lp;()pi(®)Il[pi ()7 (t)llcos(Lops (t)pi (1)) =

—_—

1)1 = P (Opa()]* <0 (27)

FRUATT A3 ol ()| < |lop: (£)]]. Y1345 S iR pEREE
BE B YR RO T IR, B (21, 22) = —1D(21, 22)7,
AR F(pl/ (1) > Fpi(t)). MRIEAKFERE X, 7
conv(f~H(P" (1)) BE T conv(f~H(P(1))), B, ZHL
BARGTNENT SEZ TG, T HBHER
TR KPR M AL T S PR AL bR AT 7E KA 1
MAL. ARSI B 3 vTAR, H M ARG TR (S S
BRI ER, T HEEEAS TEEEMN
TERIKFE, BRI P(t) C F~H(P(t)), BTl H B AL bR
AL T I AT SR AP N . AR R 512 5 T 43,
AL b R A DA P BT AR AR AL RS, LA
% J5 AR AR AR AL T iZ B A, B conu(fF~H(P(t +
1)) C conv(f~H(P(t))). 2 b rI 15 bl & 15 AP B 1
AL, IEH T A E AR T K P I AL S AN T
i/, SR EE 1 IAHSGUER, TT LS BIHLAE T
PR SR ST IR A, B limy o0 ||ps(t) — of| = 0,
VieR. O

3 HEME

3.1 M pESLE

SEES AL AP 5 AN ALY = {v, va, vs,
va, vs } L 2 4R R 7V SR AR AR B R
RALE, T AN E 25 N: pi(0) = (-89, —10),
p2(0) = (=50, 70), p3(0)=(70, 70), p4(0)=(84, —10),
ps5(0) = (33, —70), HH vs AHEET AU TFE
T FESREEE E OB R AT S IR B A A5 B
TEANIBGEEATN: ph(t) = (15sin(2t) 4 1.5t + 33, 2t —
70), AN m. BAHLEE AT SR RN
3 m/s, BOKHIEUA 68 A 204 5 05 D BT % 1%
R

RIS B 5 TR A A Pk &
N f(p) = —pa® — 2, B FIRE S AEI A 2(a)
EmE N

R R EEw S R WA 4 Pos, Bldn
INEEIEE R T 3-BHE, fEd=2, m=1%MTF,
AE PN E PR L B 2 44, B2 dom + 1)-
BRI R, RYE LA BT 45 2 10 78 45 0 B,




10 H )

50 %

¥ i

Uy

vy Us

K4 TR EEERE (A RE)

Fig.4 Communication between nodes (Directed graph)

X RS AT B DI RN IR T 22 4
DX B ANy (A 2R BB R N A B T B 1
AT B2, B IE T A WS TR . fE
YEIRBE A AR AT BN 1 BT, A
T3 T 5 BN 4 @ M 2 A S AR P DR R], (E 2
VA 2 4= DX 1) B A P2 MR A A AR 0, RS T K
O S R . S T A AL A O R AR A
BEWTR

01 011
0 01 11
A=]11 1 0 1 1
11 0 01
11 0 1 0

AR S RUNIE 5 o, BRI 1Y e B R S
HOHPRESE (L fr) Jdad) #4548
JE BRG] HAR Y R, (ER IR R AR IR BE IR i
SUEE AR, T LA BIE W i T 2 BB R
RECEES S, BB O r)EE T A
B EE YL WS 1L, (HR YL R B A

100

\\
g 75
~
& 50
s
Y 2
7
= 0
N
B 0N
A g N e IEH L R
o R RS
—100
-100 =75 50 -25 O 25 50 75 100
Wiy R ALhR 2, /m
Bl 5 ¢ =35 I F b e e R) SR R R R B
Fig.5  The source seeking trajectories of resilient

vector cooperative source seeking at ¢t = 35

Z2XEHRESR

PR RS 22 4 DR A 1R 337 s B AR A
BZAIRR R, R A BB WIS R, %
B VA A i TSR R U VA s St Y X VA= =T
BN, B 6 BT ¢ 0 aldET 10, 20 I 24 XIS
IEH A GBI EI R AL E R B R AR K
AL T RO AL, B O IR T AT SRR
(DA REARENW/SEISY S S DRIV =1 o£ Y A S
BRREOXIEARN 2 X8 S TROaZILE
RERIEH T R A B IF EIR A B RN A, 25
R R B S B R — B

3.2

100

75
Uy

50 Us

[\
ot

v,

* PR

o JEHH R RS AR
o SRR RIS
= LA

° Uy

I T PR 2, /m

=75

-100
=100 =75 -50 —25 0 25 50 75 100
WEE R R AL AR 2, /m
t=10
100
75
Gl
& 50
- ‘
S o
2 .@v
z 0 " Y,
g
T 72 y °
R *ﬁ){—i Y
g% =501 |« IEHT B SAL bR
K || A A
O | = A Xk
-100 . . . . . . .
=100 =75 -50 —25 0 25 50 75 100

HRE T OB 2, /m
t=20

6 t =10t = 20 W vy TFEI 24 XIEAE R &
FARbR I B IR AL E A
Fig.6  The safe area calculated by vs and the convex

hull area of the real coordinates of the normal nodes with
the source point position at ¢t = 10 and t = 20

i B R, A T IR kbR AL
SRR Ap At RS i BTSN e ST A= S o
A B PR BT A SR _E A [R)T IEH RSE Per E
PRI AL, HRAE S 3 TR b BR 2) kT
MRS R, ZaXIE N B DH %I 5IEF T
RGBT ER —FUE S, AT 6



2 FRHAE: RIS T 2 HLeas N R G R SR 11

FREGIER R, BOZWARRZD mLPR
ARBR I IR B R T R B 2 4 DX it
IR R4S B R, T (A A DX AR
A VE DL R B SUFE D IR 1),
3.3 WS HESIR

FET SR AR08 T O IR AU IS AR
WE T FroR, PABRACER IEH 1T S ARAR I R
AL E KT AR, BARRRRIEACT . W LR
20 e i AR S AT AN W O R & T,

ZMEAEEEA, TR ERE S E N E
I, o AR R R AR AR R WS TR AL

10 0001,

5 000+

AL T AR

®e
.
.
®eq
.
.....

AT I
K7 BT R R SAR bR I bR A B A T AR
BEIEARD T ¢ AR R
Fig.7  The relation between the convex hull area of the

real coordinates of the normal nodes with the source point
position and the number of iteration ¢

N T HE— B IE R R SO AR, 1A 8
T IR R P B ) B e B S B AP I AR
R A ARG E L 3 945E, IR R B IR S A
T AT EE B Dinax (1) & Bl ¢ 7™ 4 38 95 ) R 2O HL
RASWECTE. M 8 WL, D (t) ERERE
PR TN ORFF — 2. EAR W eRE, PR
A PR R R P S AT BE IR AR A — AN A
F ) 2 2 AN R 2 TR R R AR RE 0 H I B B 2= B
I, XMIFOLIC R E . WRHBUZ RO, A
I RER RECEAN DI Do (t) HBLWTR . RE Wk,
MRAEE R 3 HIEPL T, D (t) BARS HI DLW Z
LG, B IR PR AR ™ A% B U (1 PR o, DR 1 5

3.4  MEE{FESELS

H5E, T RBL AL R R R ST i A
DR A 22 A e LRI 3, FEARCR TS e
EWMRTETELE2) MERT, DS E 5 MR
S S HORAT TP LS. LR A R WA 9
Jits, AT BAFE S 15319 5 52 B8 30 R B RS AT
Teik YRR 2 A AN

SRS, D 7 PRI I B R S0 AE 2 4T Y

100
80

e 601
H 401
20

0

0 10 20 30 40 50
AP RS
Bl 8 BEBUR R T r S YR A TR
PE B REIE AL ¢ BRI &R
Fig.8 Relationship between the number of iteration ¢
and the distance between the source point and the node
farthest from the source point

100

75

g

& 50

s

L

g

= 0

Road

I 25

N

g% “50Y g

B gk e i RS

o W i KT

-100

=100 =75 -50 25 0 25 50 75 100
IR 2 /m

Bl o RFHVE 224 RNV 1 T IR
Fig.9 The source seeking trajectories without
calculation of safe area method

PE, X EE M S R T, IR W1 )RR AR AR I
AR P2 4 X TR T AR 5 A P 22 4 IX 1] T AR B
AP AL IR AR ATE IR H T B 3R S
SEBGAR N RG-S S MEZ E X
IR, JeE NE R RS BRI, & E XM
DATEILIE 1. a0l 10 Fros, 5 6 #h AR A &
Pl 4 X M) T AR A /D T il R AR O b
PsCs A X TR AR, SXAREL T ASOT 52 R 50 )
W R IR TR P E SR 2 A X 18] 5 DN 7™ A% HE B )
PEFh.

F— 7, 9T AR INPLEh XA A A
PR IR TR I 2 LA N R SRR, 17 FORAULAE
AT 2 (t) KRB ELL R, LS 5 AR
SIS B AT T IR Bk SRR A5 R anlA 11
s, BT BLVE BIIE 5 5 BARE DU T30 T Sk
HIFHERE LA BT T B, AER AR IR B8l R e,
ST H AR

wJa, S JTEREAT X B Se . SOk [15] B
T PSO&MSR ¥ it iy 1y [7] G-I 5 A2 5 18 5
HFRZEE T ST IRE I 12 fros, /T BE



12 H ] (e ¥ i 50 &
_ » — : 100 <
I < IEFASOT R K R N
= e, A EETHRE RS KR g 7
— °e ~
G ool e
Y et =

0 . . . ‘*‘§‘AAAAAAAAAAAAA¢AAAA ?-Elﬁ 2
5 10 15 20 25 30 35 40 4% 0
AL =
T 25
10 T H bR ORI T A OB R 1 R
e S (R TR 5 ¢ 2500 7 AN (S
Fig.10  The relationship between the number of o Y R H
iteration t and the area of the safe interval based on 7109100 75 50 25 0 25 50 75 100
the resilient scalar protocol and the WG IR AR AR 2, /m
method proposed in this paper t=30
100
100 75 \\
7? i
é 0 & 50
& 50 s
E z
g 0 g o
£ 5
= R 50N, g
2 50 B o
iy * JE B g N e IR M AGE
N op N e IR AU Lol AR R S
1o [OBENRBIRE T S100 75 50 25 0 25 50 75 100
=100 =75 50 -25 0 25 50 75 100 Wi iR AA AR 2, /m
Wi R ARSR 2, /m t =45
Bl 11 S PuE oL i SR B 13 AL N R Ias A B IR AR IS A
Fig.11  The source seeking trajectories with disturbance AT ¢ = 30 Fl ¢ = 45 I 19 F IRHZE
Fig.13  The source seeking trajectories based on the
100 proposed method when the initial positions of the robot
\\ nodes are on the same side as the source
g & point at t = 30 and t = 45
o 50
§
5 25 JITRE) R FRT  BL AN 5 U ) I, S ) A ) U
g TR SR Z E R T3 T PSO Bk 3
= Pl [R] -5 7 V.
T -2
N N
& 50 4 LER
Rgsp A \ P ‘
o 5 ST AL 2 Bl N RGAERAT FIRAE S5 1 72
0% 50 25 0 2 50 75 100 W25 5 5% B R BB N T T 5 U 55 I )
HESATHIBRALAS 2 /m i R, BT — b T ) e [R] A A B R SR T
e ¥ HHS —F 3 = AR AR
12t = 35 W& T PSO&MSR ()P AL ﬁf E 71;“;5% qﬂﬁ?{t € LIRHIER y Hj@z
Fig.12  The source seeking trajectories based on RE RIS ANFL T — R R SR e 2 X

PSO&MSR!™ at t = 35

BIES 5 MRREEAD I P, HIEATE RS0 H
FR. RT, IXARHL S NS AR A B 1 5] oy A R
B RS TT AR T T PSO FEMZ LA AR
b lR SR i 13 AR 14 fros, Aplas AT A
PIga AL B AT RIS R — M (FLEs N5 R an Ak A

[ ) F 5 AR AR A AR RS (B N PR, A SR
R332 B 5 1) 2 4 X 8] BE O P A HERf, 75 & 2 4k
T DL 022 4 DX TR) 225K, -t RE SR A1 BE K R 1) R
AR E Al 8 e B 1A A R R
FRIEANIGE KO T 207 sk fe, JF Hay
AR A SR B AR, m, il
EA SR RAIE 1 TR T iR A 2.



2 3 FRHAE: RIS T 2 HLeas N R G R SR 13

100 \\
75
£
& 50
s
w25
=
= 0
g
T 25
N
iR 50
C S ey
o 9 i S
—100 T T T T T - -
-100 =75 50 -25 0 25 50 75 100
I R AARR 2, /m
t=30
100 \\
E ()
& 50
%
X 25
=
= 0
g
N
® 50
=y EANRR
o T g B R
—100
-100 =75 50 -25 0 25 50 75 100
HEE PR AR 2, /m
t=45
K14 AL AT R an S BRI R R — (U
0L R AL 2E T PSO&MSR ¥ 5V 7E
t =30 ¢ = 45 B FIEPLE
Fig.14  The source seeking trajectories based on

PSO&MSR when the initial positions of the robot nodes
are on the same side as the source point at
t =30and t =45

SR, AR SCH AIBT ST BT (0 #E R P R SR
THEIRAFAE— AR, (EAFAERE — B HIBE T h k4T
ok, B, Tk &R AL SN, A SCRr
RITIE BARREAE PR BE T se Bl 2 4 IR, B
ZIEAET I FIRIARNE, BIESRT R T
TRt — DR AE Z VR N 1 IR T 5
RS EVET, Ablas A — IAEARHT R AL
PEES RN, O A RS A R R LA, DA
BB TR RET R A A ML, DA 2038 45 BA
FRERHAE.

References

1 Turgeman A, Datar A, Werner H. Gradient free source-seeking
using flocking behavior. In: Proceedings of the American Con-
trol Conference (ACC). Philadelphia, USA: IEEE, 2019. 4647—
4652

2 Meng Qing-Hao, Li Fei, Zhang Ming-Lu, Zeng Ming, Wei Xiao-
Bo. Study on realization method of multi-robot active olfaction

10

11

12

13

14

16

17

18

in turbulent plum environments. Acta Automatica Sinica, 2008,
34(10): 1281-1290

(PR, 25K, SkWIRg, &0, B, 2 A EREBR SR
WRFE LR, AR, 2008, 34(10): 1281-1290)

Lu Q, Han Q L, Xie X G, Liu S R. A finite-time motion control
strategy for odor source localization. IEEE Transactions on In-
dustrial Electronics, 2014, 61(10): 5419-5430

Li Fei, Meng Qing-Hao, Li Ji-Gong, Zeng Ming. P-PSO al-
gorithm based multi-robot odor source search in ventilated in-
door environment with obstacles. Acta Automatica Sinica, 2009,
35(12): 1573-1579

(&K, WP, FE L), GW]. T P-PSO HIVE M % A A FEATE X
T2 P8 NRIEE R, B35k, 2009, 35(12): 1573
1579)

Shen X Y, Yuan J, Shan Y G. A novel plume tracking method
in partial 3D diffusive environments using multi-sensor fusion.
Expert Systems With Applications, 2021, 178: Article No.
114993

LiZ, You K Y, Song S J. Cooperative source seeking via net-
worked multi-vehicle systems. Automatica, 2020, 115: Article
No. 108853

Zou R, Kalivarapu V, Winer E, Oliver J, Bhattacharya S.
Particle swarm optimization-based source seeking. IEEE Trans-
actions on Automation Science and Engineering, 2015, 12(3):
865—875

Zhang Jian-Hua, Gong Dun-Wei, Zhang Yong. Localizing odor
sources using multiple robots based on particle swarm optimiza-
tion in limited communication environments. Control and De-
cision, 2013, 28(5): 726—730

(TR, AT, Tk 5. BT ROR R A A FRIB(E Z AL AN Ak
TR 5 R, 2013, 28(5): 726-730)

Moore B J, Canudas-de-Wit C. Source seeking via collaborative
measurements by a circular formation of agents. In: Proceedings
of the American Control Conference. Baltimore, USA: IEEE,
2010. 6417-6422

Fabbiano R, Garin F, Canudas-de-Wit C. Distributed source
seeking without global position information. IEEE Transactions
on Control of Network Systems, 2018, 5(1): 228—238

Brinon-Arranz L, Schenato L. Consensus-based source-seeking
with a circular formation of agents. In: Proceedings of the Euro-
pean Control Conference (ECC). Zurich, Switzerland: IEEE,
2013. 2831-2836

Xu Y, Deng G L, Zhang T W, Qiu H, Bao Y G. Novel denial-of-
service attacks against cloud-based multi-robot systems. Inform-
ation Sciences, 2021, 576: 329-344

Zhou L F, Tzoumas V, Pappas G J, Tokekar P. Distributed at-
tack-robust submodular maximization for multirobot planning.
In: Proceedings of the IEEE International Conference on Robot-
ics and Automation (ICRA). Paris, France: IEEE, 2020. 2479—
2485

Deng G L, Zhou Y, Xu Y, Zhang T W, Liu Y. An investigation
of Byzantine threats in multi-robot systems. In: Proceedings of
the 24th International Symposium on Research in Attacks, In-
trusions and Defenses. San Sebastian, Spain: ACM, 2021. 17-32

Fu W M, Qin J H, Zheng W X, Chen Y H, Kang Y. Resilient
cooperative source seeking of double-integrator multi-robot sys-
tems under deception attacks. IEEE Transactions on Industrial
Electronics, 2021, 68(5): 4218-4227

Vaidya N H, Garg V K. Byzantine vector consensus in com-
plete graphs. In: Proceedings of the ACM Symposium on Prin-
ciples of Distributed Computing. New York, USA: ACM, 2013.
65-73

Mendes H, Herlihy M. Multidimensional approximate agree-
ment in Byzantine asynchronous systems. In: Proceedings of the

45th Annual ACM Symposium on Theory of Computing. New
York, USA: ACM, 2013. 391-400

Abbas W, Shabbir M, Li J N, Koutsoukos X. Resilient distrib-


https://doi.org/10.1109/TIE.2014.2301751
https://doi.org/10.1109/TIE.2014.2301751
https://doi.org/10.1109/TIE.2014.2301751
https://doi.org/10.1016/j.eswa.2021.114993
https://doi.org/10.1016/j.automatica.2020.108853
https://doi.org/10.1109/TASE.2015.2441746
https://doi.org/10.1109/TASE.2015.2441746
https://doi.org/10.1109/TASE.2015.2441746
https://doi.org/10.13195/j.cd.2013.05.89.zhangjh.020
https://doi.org/10.13195/j.cd.2013.05.89.zhangjh.020
https://doi.org/10.13195/j.cd.2013.05.89.zhangjh.020
https://doi.org/10.1109/TCNS.2016.2594493
https://doi.org/10.1109/TCNS.2016.2594493
https://doi.org/10.1016/j.ins.2021.06.063
https://doi.org/10.1016/j.ins.2021.06.063
https://doi.org/10.1109/TIE.2020.2987270
https://doi.org/10.1109/TIE.2020.2987270

14

H Zlj

(8

S 50 %

19

20

21

22

23

24

25

26

27

uted vector consensus using centerpoint. Automatica, 2022, 136:
Article No. 110046

Abbas W, Shabbir M, Li J N, Koutsoukos X. Interplay between
resilience and accuracy in resilient vector consensus in multi-
agent networks. In: Proceedings of the 59th IEEE Conference on
Decision and Control (CDC). Jeju, South Korea: IEEE, 2020.
3127-3132

Vaidya N H. Iterative Byzantine vector consensus in incomplete
graphs. arXiv preprint arXiv: 1307.2483, 2013.

Shabbir M, Li J N, Abbas W, Koutsoukos X. Resilient vector
consensus in multi-agent networks using centerpoints. In: Pro-
ceedings of the American Control Conference (ACC). Denver,
USA: IEEE, 2020. 4387-4392

Yan J Q, Li X X, Mo Y L, Wen C Y. Resilient multi-dimension-
al consensus in adversarial environment. arXiv preprint arXiv:
2001.00937, 2020.

Yan J Q, Mo Y L, Li X X, Xing L T, Wen C Y. Resilient vec-
tor consensus: An envent-based approach. In: Proceedings of the
16th International Conference on Control & Automation (ICCA).
Singapore: IEEE, 2020. 889894

Wang X, Mou S S, Sundaram S. A resilient convex combination
for consensus-based distributed algorithms. arXiv preprint arX-
iv: 1806.10271, 2018.

Zhang H T, Sundaram S. Robustness of information diffusion al-
gorithms to locally bounded adversaries. In: Proceedings of the
American Control Conference (ACC). Montreal, Canada: IEEE,
2012. 5855—5861

Leblanc H J, Zhang H T, Koutsoukos X, Sundaram S. Resilient
asymptotic consensus in robust networks. IEEFE Journal on Se-
lected Areas in Communications, 2013, 31(4): 766—781

WuY M, He X X. Secure consensus control for multi-agent sys-
tems with attacks and communication delays. IEEE/CAA
Journal of Automatica Sinica, 2017, 4(1): 136—142

FRER BUNHE T RHOR A R 44 2 6]
K7ge ot U Ui n ) e SO b -3 ) A o
NENA N RGE M 45 224z, T8 R L
E-mail: 211270007@hdu.edu.cn

(WANG Biao-Xin Master student
at the School of Cyberspace, Hang-
zhou Dianzi University. His re-

search interest covers cyber security for multi-robot
system and source seeking.)

{RZRRA AN T RHOR 2 0 4% 2 ]
AR R R, BT T 1R N A
MARG L TR, ZHERRG M
sy, AEEEE.

E-mail: ymwu@hdu.edu.cn

(WU Yi-Ming Associate professor
at the School of Cyberspace, Hang-
zhou Dianzi University. His research interest covers
distributed system secure control and cyber security
for multi-agent system. Corresponding author of this

paper.)

BT HUNHE TR R 24 2 6]
ARG R, EEW R RN
Bzd FREERGMEZE KR
4. E-mail: nzheng@hdu.edu.cn

(ZHENG Ning Researcher at the
School of Cyberspace, Hangzhou Di-

anzi University. His research in-
terest covers information security, information manage-
ment system, and multi-agent system.)

% BR BT RO S R 4 2 ]
BB HIR. LRI R M 4
B4, By BGE.

E-mail: mxu@hdu.edu.cn

(XU Ming Professor at the School
of Cyberspace, Hangzhou Dianzi
University. His research interest
covers network information security and digital foren-
sics.)


https://doi.org/10.1016/j.automatica.2021.110046
https://doi.org/10.1109/JSAC.2013.130413
https://doi.org/10.1109/JSAC.2013.130413
https://doi.org/10.1109/JSAC.2013.130413
https://doi.org/10.1109/JAS.2016.7510010
https://doi.org/10.1109/JAS.2016.7510010

	1 问题描述
	1.1 预备知识
	1.1.1 图论知识
	1.1.2 凸包理论
	1.1.3 攻击模型

	1.2 问题建模

	2 控制器设计
	2.1 弹性向量协同寻源方法
	2.2 充分必要条件分析
	2.3 收敛性分析
	2.4 扰动分析

	3 数值仿真
	3.1 轨迹仿真实验
	3.2 安全区间仿真实验
	3.3 收敛过程仿真实验
	3.4 对比仿真实验

	4 结论
	参考文献

