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Research on task collaborative capability of unmanned swarms
considering higher-order topological structures

WU Hong-qian, DENG Hong-zhong', LI Ji-chao, WU Cheng-xing
(College of Systems Engineering, National University of Defense Technology, Changsha 410073, China)

Abstract: Unmanned swarm combat is a typical combat paradigm in future intelligent warfare. We focus on the higher-
order topological structure of unmanned swarms and study how the information networks formed by information and
control flows within different topological structures change in collaborative capabilities when facing complex
collaborative tasks. Based on the association rules of the swarm intelligence of unmanned swarms, we design the
unmanned swarm information network as a modular community network, constructing four types of intra-module
network models including nearest-neighbor coupled networks, random networks, small-world networks, and scale-free
networks, and two types of inter-module relationships, random connections, and preferential connections. By using
hypergraphs to construct collaborative hyperedges composed of task collaboration, and combining topological
indicators of higher-order networks such as hyper-degree, hyper-degree distribution, and synchronization index, we
comprehensively evaluate the quality and efficiency of swarm collaboration. Simulation experiments are conducted,
and the results show that the preferential connection small-world network model can better balance collaboration
quality and efficiency under the given tasks, enhancing collaborative capabilities.

Keywords: unmanned swarms; collaborative combat; hypergraphs; topological properties; collaborative
capability; comprehensive assessment
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(AT BhFE 8 [R5, 3% Bl i 10 A2 18] 13K B0 i
ATC A PR AR 8RR, 8 A2 DX 468 o 2 T 38 SR PR A
R E R HEIT (Cry) HRBL T W RN 2% rh {5 2R
FRNZE AR AL A 9 A SRR 35 1 R0, VT A B IF)
BE 77 BT B AN [R] 10 9 285 &85 44 [R) 2D M RE AR AR IX
5l B R RE 1R 10 UAV SR 48, B[R] 80K o .

ASCFK H Kuramoto 152 84 55 UAV 1 4H 47 [7]
AP0 W 2 b A UAV 35 SE — MR T
PER—A B B 71 % R G, s T8 ik 12/ 12 FLAH
R G, 2 48 58 A 4R T A A T — BOUE 2 A 7
[E) 25, BT B b 6] X 4 Ak — AN I A S
BRI, 5] O B R 4K 1 Kuramoto 45 711
SR T B 3 o A R R A 4 1 1 oK R
% Lyapunov #8%1 Lm —— A™ 1 Ay i W 4% 7] 25
HFEEL NS g T RGAEI B JE K R R RS 1
TR, HAHERRK, RIS,

2 0 2 JARE R I 4% A Hh S K S, AS™ [ R
AR, N v B AT LA i, O S SRR bR
B, K BA RGN B bR e, SR Z-score FrifE
S5 B 22 bR AR 1) 7 20K B (8 1 AR A S o
[0,1]. B I p A7 VP Al I 4%, 58 S A & Lin =
(JLmy|, k=1,2,...,p), Hf|Lm,| = |AG™|. K&

L |5 91 9 5948 e = Y, (L /DRI AT HE 2 0,

1 P
=\ > (Lmy| — pun)?, A5 AR AL
k=1

Lz = (Lm — py,)/0pm- (16)

WLz KICER Kt /N ICER N Lz A1 Lz,

LM = (L2 — Lzy) / (LZmex — Lzom), (17)

Crs = LM. (18)

AR FP R COp,s € [0,1]. R H5 HUE B
e, 2% E R 2P e e, PR
3.3 ZREVR

A B S P48 bR R ERAG BY HB B . AR SORE SR EX
DA AN DA R VL AL B ) TR & U0 i b J2 AT
febrm G, ARG V-G UAV FEER R 1P [F B

I [) J5E £ 0[] 2550 356 I ) e 07 B R TE A OGO
&, HWFEBTE (RER) & E mT i 25 18 9 b 7] 2k
(BT &) XF W [F] 68 7 (R sz e, B PRAS v ) 2 ) AS 2 4%
RN R AT A F) DG &R, PR R R IR V2 ik R
AN K4 57 B 5 80T g 7 (1) s e A () A5 L
MIBLE AR 1, 2 LRI RE ) 28 P B o 240 e [ 25 %

ZR(C =Cy - Op).

X0 A 5 &, BRI # (Cp)s 55 58 U
H(Co)s MBI (Cp) 2 1A A HLARAB, A SCHs
3RS IR 45 E 2 SREUIAR A A 15 21 C
= Cg - Coy - Cos.

XF T 0 AR ZR, JR) 0 I AE AR (Cpy)s 43R R
R (Cpo)s HFEZERE ST (Cpy) MR AT, R E M E
R, BEARIAH 3 N FE AR E EPE AR Y, SREUINBCE 1%
AEFEICy = (Cpy + Cra + Cis) /3.

AR A A B S 15 28 — 1 1 FR R, B
1328 NESRAR R R RE VPG 2Rk 0k

C= CQ Cp = (CQl : CQ2 : CQS)'
(Cp1 4+ Cra+ Crs)/3.

4 AFESHT

MRFT T4 2 A R I J0 N T A4 2% 1) 19X 4% 4 4
Sh, BT 5 3 1 LR FIE SR R D1 VRN AR R, 17
FL A3 M AN [ 4 775 P 32 S AT ) AR 8 1) 32 L A 0Tk R
PRI RE 7T B 5.
41 HFEMEE

WA TR ) AR ORI v TR, 2 RN R TE N
M. CLSEFE M i B AT R (OFFSET) T H # it
NI, 2% UAV RG-S 5K, el iie
£ & UAV IIHEH — UAV BN = 900, e %1
m = 3, 3 AMEHUKHE AN AR B K 53 D9 ol 52 i e
TANLEE (S)- IB(5Fa#= T ANUEE (U) F4T & T30
AHLEE (D). A 3R A BRI UAV B E N
HFME, SR UAV KI5 58 A FRME H4%-24
5 UAV # & —Ff, Bl Nm, = 300,c;, =3 (i = 1,2,
3), Nmc,; = 100 (i = 1,2,3,5 = 1,2,3), @bty
92K UAV, THREWNE 1 fias. BRI REAT 2 AXS
Bt B bR it g2 f 0 N, IR 24 @ X BRI 0
BE, AR B WA RN 30 ANTALS, 6 s L. H
PRI BREE AL A FRIE o IR
M WA S A5 BOE S TAES BT E
3 & UAV IR A BEA 2458 i, A8 & AT 55 56 1l 75 22
1) UAV A& 2 fik.
42 SHKE

UAV [¥138 15 A i B8 77 1 3 G 1 fe g 72 12
T FEZA R, B UAV AT RS0, A 0K ig
AT B2 LAY I B AGE S A Y R b 1 R 22
FRLKE NC M2 4R R B it 6. 454 4.1 71
(1737 SR T, R ASLER A 11 R%) 248 A5 10 RIASE B i) 194 8% 3
HNSHEEW .

B Py X 2% 2 R 5 B 4 A R 4 K R DA

(19)



F 58] RS F H BB I A6 M 0 RASEBAE 510 B AE ) AT 1557
&1 UAV hEEBM B A B ) 2% 45 e 8] O 10 BUAE 45 x 3 = 145 it
weRE  UAVIIEREE | e vaveiemte U0 PEORIEBRIUS ARSI HES SERT 9T AR 9B
PRI Ea—— 1L 2 N DR L e SR
| | ceil(Nout®®) = 7, ML &ML T 7 197 i
S, AAMIEEUAY I HIHUAV o g s e r
", i ZIBJLL 45 /(7 = 7) (LR HEAT 1T, A 75 A R ] i
S, FHIEMERUAV L KITATHUAV N " . N N
! LA S HEHLIEBEAR I
U, HHIB{EHMUAV I B FIUAV 43 BEER
v HBIEFHUAV R I A E NSO B I 8 KA BIE R
W2%, 2563 2 BB ARSI E, LT 8 KmM
%2 EEESH VAV HEERE #, AR 2 B FESTH, SATE § XN
0 [ A 2%, i 10 R I g AT R Py oA 2 AT A R ) 5%
1= HE 1 & > » ({3 ¥4 ({3 ”»
o AV o AV B R, Hl “WS-RC” Al “WS-0C” . i1 T # %
n 5.8 T G Us P4 AL $ 0 3, M 1 I I 4 A M B0
7, S1, S5, Sy Ty, U, Uy, I 2 MY Ey 3-25) 5B .
T, 58,5, Tis L Us s T 42 WHECGHE S BEKZS 59 i
I, 5..5,.5, T, LU, (N~ ML H (M) V3 - () 8 5 5tk
. o5 . - (HH). BP9 43 %2 R (CO) R T B
. s . < s (dm). & KIEF Lyapunov #5410 (Lm) E4h M5 S
R 3 Fros, BEFHR bR B s B A /M ME 53 i
T; L, I, I Ty S5, Un, 1y \ I . s — —
SE RN RE T R bR (R, 7T LR SR AR I
g bbt & e Unh RS 1575 NC 4551 BA 4.
T‘) II912, IZ T24 SZ’ UI’II
xR3 EMPEIMERINEGES
T]O 129 ]27 IZ T25 SZ» Ula 13
T I, I, I T S U, 1T G Nu My (d) HH  CC dm Lm
T 5 S S T S U.I NC-RC 900 5927 1976 122 025 3.60 —8.92¢-02
; ¢ s s . S Ul ER-RC 896 6857 2296 162 031 3.68 —524c-02
T' ey . . WS-RC 880 6710 2288 139 036 3.67 —7.40c-02
, S,S s . S’UJ1 BA-RC 862 13637 4746 482 048 342 —8.61c-02
: — ,-’ NC-OC 900 6079 2026 129 026 371 —3.13¢-13
NC MW 2% )35 BB BN i H A =, A: NC ER-OC 895 7266 2436 189 032 323 =121
W 2% Nye = 300, Kye = 6, I 15 Mye N [E 52 1E 900; WS-0C 880 6959 2372 153 037 339  —0.90
ER M 4% Ngp = Nye = 300; Mg = My = 900; WS BA-OC 863 14174 4927 521 048 308 —2.56e-13

28 Nys = Nye =300, Kys = Kye = 6. 2 Pys = 0.5, BL
NC A1 ER [f) 7 18] 15 % ; BA 4% Ngy = Nye = 300,
myp B My / Nyc W11 BUBAE A 3, 40kt A B
2 HAED 891 4, BENLISIN 9 2514, & My = My
=900, 75 21| (1] 4 5 W £ 5 HL 5 5 ORI 124 H A AH [
FEIR T2 OB — S 4% o I S I 45 A R R o)
343, A3 HNE SN S UL I SR = s 4218 id 5
0~99K4S,/U/I,100 ~ 199 N S,/ U,/ I,, 200 ~
299 N S5/ Us/ I, HHAREL A ) 28 455 70 ) 7t 5 45
R ) DX 286 R T U 2 e i U sk AT
3 90 A2 B AL 2 RN PR A T 2. AL 2 8 U T A
B [6) 3 1 2% Pout,; = 0.000 5, T 5 9 455 Bk i) 32
11141 Nout,; M. & £ Nm, x Nm;, x Pout,; = 45/ 11,

1y T

4.4 WHREIRESIXTLHT
4430 (1) ~ (18) K 3R 3 MR N5 S 50T it
B8 BT NIERER NS MR bR VPANME IR 4 Fros.
G55 33 WHIE X Con Cp o C, H TR G
WAL & RS2 C B/, X BEA S, A5l
RE 7 PEAl 0 1E S AR AR 8 B BRARME (CF) N
e Co M iR Co iR B, fH v 0.18; it 3 48 fi#
(C~) N Cy MR Cp HITRA, M 0.03. 5 X
2% 15 TE SRAR A ) ST BE oy 40 P
n=(C-C)/(C"—=C). (20)
Y T8 N IERERI P R R D1 R 9 R 4 A5, ik
n (B 25 OO NPPAS BIE @ R 22 (0 < np < 0.25), —
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R4 T NEBERERESHERIITFNIERE

GES Con Cor Cos Ca Crr Cry
NC-RC 100 040 082 025 028 0.07
ER-RC 1.00 0.47 0.62 0.31 0.27 0.04
WS-RC 0.98 0.46 0.72 0.36 0.27 0.06
BA-RC 096  0.96 0.21 048 0.9 0.07
NC-0C 1.00 0.41 0.77 026 027 0.0
ER-OC 0.99 0.49 0.53 0.32 0.31 1.00
WS-0C 0.98 0.48 0.66 0.37 0.30 0.75
BA-OC 0.96 1.00 0.19 0.48 0.32 0.00

& (0.25 <n <0.5), R (0.5 <n<0.75), i &
(0.75 < np < 1). 15 3 8 FE I 1 45 14 1Y VF AN 55 90 WL
xs.

x5 T AEBEZEER I

W % G, Cy c n 274
NC-RC 033 0.20 0.066 0.23 %=
ER-RC 0.29 0.21 0.060 0.19 7
WS-RC 0.33 0.23 0.075 0.29 —f
BA-RC 0.19 0.28 0.054 0.15 #
NC-0OC 0.32 0.18 0.056 0.16 %
ER-OC 0.26 0.54 0.141 0.74 R4f
WS-0C 0.31 0.47 0.145 0.76 5+
BA-OC 0.18 0.27 0.049 0.11 %

2 LW [R5t B ] WL, FE R A BEATLE B h NC
W25 35 R B e WS IZ8/E R NC W45 5 ER W 4% (1)
REPEMZE, P E R IR 2, BA W4 W [E) i i 22, 32
B R R 97 235 i 26 A, A % 8 05 e DA & B 2,
B Ty 1 AT 55 HERR. X LU BE ML IE B AR 2, BEAL
TEHZ P R B 2 I BAL TR0, RN 3 A T
PROUIE AT (B MK 2115 i i f o B, AT S5 e s
e o B A

2[RI R, NC W 28 18 [ AT L% 2 A e e i 4
W RS B AR, AR A R RE JIAMIK, H 5
T AR I 2 JR) A 5 T 2 R I ), A OK 5 i
T EARYFCR. BA WA S, TEREALIE R
PRI 4 T J T 8 TR R B A R A AR R B
[, fERENLIESE T 3 [F]20 B8 TR T NC W28, BE =
T ER A1 WS W%, (HZ2ERRILIEHH BA M4 BEAIK
T NC P24, i (kT ER 1 WS W4, S 72 BEHL
B BA W28 3003 i, (HRAEFRIRIESE+ ER N
25 K WS W28 BN S U (3R Fh 4544

LA IR RSO, B 7B 0 A 5 1 90 0 45 # A
PRAR B (1) WS 4%, J5 2 100 N AR E B2 11 BA 1
“ . WS W4 24 T P [F) B B A R R B 3, 76
I AL 2 A0 v (R T e £ B D
5 & #

TH i o R 55 B A i 4 T AL R 3, AR ST 9
T T NIRRT 11 5 2 25 B 22 WL 5% 2 UM A1) 5
B F, M5 B VR (R A R I DU £ 4 F1 VT
T NI IOAT 55 T ) 8 7. 2 LA 5 (0 B 1280 i
SR, AR SCRIRE TR AR RECA 6 IR R 4%, 1k
5 0 A ) G A 215 200 0 WA T AL A . 5 IR I
VEIRAT S5, Mg 7 Bl b [ 0 4%, 0 PR (0 F 4P s i 2
FrA] LA 7 0 (0 R BRI, 2 ORI L
FI25 e 1% 6 MR AR, 1 BRI R A B T RN
AR Y WS 4% | R R PR %482 1 T N\ g B
PRI RS S s i

AR SCR R I T N MERE D [ B A P4 1k 5 7T LA Ay
5 AW 25 R T AR ER SN A RS AT PP 4 T
T GEHE 22, S T 160 1 AT 45 010 0 I R 0L 45 40 1%
PR LT I8 R . 1% HE 575 S S P B AT LR £F
BRI R R, FLAEAE SO 2 . 1o, ROk
BEA T NSRS 5 (A SO TR R IR B S 3 R
TSR 55 TR 10 0 0, A S 490 W 3 25 0 45 e e A b 3
545 0 1 9 1 4 g L R AR A — AN B R (O MRS, 76 R
SR 5 TP AT AR 9 2% 18 Y R SO AT 55 0 T
ol 2 T 160 7 A 225 D B 4 TR VPARAE B2, 534, A e
(1 05 LS5 AR K RL R AR T 45 1 s, B i
f A BRI, BT V04T 45 T R 35 % 1B BT AT 2%
AT BT A, 9 R I A BN ke G 2 4 5
Pk 0 B 2 o Sk 7T LA 3 JEE 10 i 0 Lok, A ST B
PR RE IR R, 0 ELSEBG (S0 L T — 4L 5 45
5 HORN S 320 B0 D) 46 445 440, I 48 T LR R I 4% [ F
B8R B0A  BEHLIR] HE AE E (5 1k , RE
AN A [ BT RR FE L T BV A0 O A A
SRR ST N 5, 75 B I B8 F7 VR AR (0 56T L, T L
GE 4 BE JIVPAR 3 AT R TC NS REE Sh S T 26
RGIRA T I S M R A 25
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