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Abstract: As intelligent technologies and unmanned systems develop rapidly, the concept of cross-domain cooperative technology of
intelligent unmanned swarm systems has emerged, received widespread attention, and gradually become the high ground in the
competition of unmanned system technologies among countries worldwide. Based on the development demand for the cross-domain
cooperative technology of intelligent unmanned swarm systems in China, this study summarizes the research status of the cross-
domain cooperative technology in typical unmanned scenarios such as sea—air, air—ground, and sea—ground/sea—ground—air, and
thoroughly analyzes the current status, technological demand, and key research directions of the technology. Additionally,
countermeasures and suggestions are proposed to promote the steady and rapid development of the cross-domain cooperative
technology from the perspectives of overall concept, system architecture, theoretical innovation, and technological breakthroughs,
with the aim of facilitating the sustained development of unmanned systems in China.

WA H: 2023-12-08; f&BIH: 2023-12-28

W T, TEE SRR SN AR E =, hETRERE L, RO RANIRIEEE AR B-mail: jiangbitao@bjirs.org.cn
BEWBH - b E TR EWIE “BET A RERHER REEARKRIITL” (2023-HY-15)

AFIME: www.engineering.org.cn/ch/journal/sscae

117



BREAEHZGBEENERAMRIRERE

Keywords: intelligent unmanned swarm systems; cross-domain cooperation; cooperative control; space—air—ground—sea integrated

network

P e —

R RIS, BRI A AR =
PLEE, IR NGBS I K. B Re T NERE
FA G H IR R T N R REAE ) = I B A
4y, B S s BRI B AR S, ez N A
TRGEHRM . B REMIA E 302 w5 R A, B
NGk, RS EX R R T NER R G
TR, M4k KA T — RYVK BRI S BUE R
it LAHES Z U A 78, ik EH I (BN RSG5 E
LR (2017—2042) ). Wi (2018—2025 4F
E xR . JEEE) CEPIRHEHESL) . &
B Gir—RN TR R BRI F,

P58 o ) 2 R e N AR BE R GUTE 07 M fg
IR LR . S5 a0 NERE R G Fs 1) ]
L, BB F A LA BAN . 2T RSN TR
ARFF R, fERIEIR T ae B NER RGRe i [F
i, BEREAN KL G . B RET NER RS
1) 25 355 W [R) A o 328 0 SR o IR R 00T Y e
NEEHE 5 G010 5 3k W [F) 43 76 A [FAE 55 B AR (1) DK 3))
N, BATEARZ M. ARZEDREERITLTAR
GAHERLA, JLFEZERIR eSS, InFK, A
THENL EES MRS KR, Haek
N R G5 B A BOR B Fe A N R B 1 S AR it
J&. fERAAUIE, eI R Es P R AR O
TR A R R IR
HEZA LR RT EEFRGIR, Z2EE. 25
il A AR S et Sig ), s T
FEFRERA AR RN TR B e T B N B UR FE fe ) Bl Gr ()
AR, ERRE T N R R G U [FIAE HOZ T N A
KL FMEATEE . L, R AEHRR
P R R T, R KELNERH RS Z
BB BAMES, SRS A2 25 R AR B E 5
24 B B B R

NIRRT R e o N HE R G I W [FBOR (1)
WA Y, R RGA BT R o
i DA R g Bl / 3 Bl 25 1 5 T B S S R BRI
P B e To NEETE R S5 3k b [R5 R 1 e R
oK, WA RETC NS R S0 8 W IR e AR R Rk

118

BT IR, fR HHESD B BE TC NS R S I
Al B RS 5 Puid & ROR SR, DAt R
TR GIN I RE ST IFF SR TT

=\ BEF AHREE I ER AR TIR

(=) BEERTAEHARGEENE

R R TC N R R s 5V [R] = ZE R Tl
BB ROKGE . WERERIR . AARTEL. IR SO
PEENL R AR RRAT 5. b, KRB R I TERR
5o R sl 5E . RIS 1 257 6 I8 A5 B & Sl
PSR ) SR S AT PR S5 A T M BhAS B AR I
PR ERER AR W IR T N B 2R G0 58 1 H AR PR ER S AT
Rz OHE A FIHTEAM (USV) MK EHi6e
AMEANL (UAV) HIEdLsh i, 5ek UAV H £
FH AL LB S TR . KGE . ANA SRR A E K
R MR, BT, RTESTNERN RS
P R T 5 A 2 B Sl S B OR S . T
N2 H bR B2 BRI A UAV 3 5 MIT R, B
N/

1 Mg PSR

HAT, ¥ F8E RS FEA R S, 8 s
S B 1 R AR R GUAUR LS PAAE N
Akl v DA RS . SR, e b EREAL SRR
SRR IR TR . B
W2 RELZ MR EEW, 5 0SS 08 1) %
BAFERIA S VRS . A, 2 B R
BRERENEER I ER. LRERSEESE
OB AS TG AR P2 5 2l s 58 A PR 7 i Je
SEAA ML . KL, WS B E R (S TR A
FPTIL. ws SRR R IR R, DA A2 0 s
Rk . MBS EL, Fr R T
H 42U 2% S2H UAV M USV 2 8] [l S dE 50 i
bh, CAEBFEDHT T UAV FTUSV B3 ok
B ANREFGIERE, BiEKAIFE. R
MZ R IE SR ARG (6G) HAF
PREEARM KRN EEEE R T H AR .
Horfr, 6G H A R N 5 A 2 185 3 1) v i AR
PR AE IR IS . HAT, T 5740 X 45 1 B Ay



PETIEME 2024 FF F26% F1H)

1k, iafigetiR, CAHBFRMRE T —MET 6G
(R AE P25 1) “ 8 R Mg " —RAE I 2% 48K . )
Ab, LY 6G ML GI N BE L 224 R I 45 ZR R,
A UM 5 I X 2R 8 A B A 3G R A IR 45 Rl &
AR RE .

2. M A BHES B AR AR IR EABOR

bR B8 A% R R 2 2 BE T N SR 2R 48 S 3 B [R5
PN SR AT 55 B Al 72 52 AR 0 Pk i R
o, RAMA LN RIS, TR ST
AN SR EERE ), A BT 58 O mibl sl H bR R
RERERATSS . T Sh, BT NEHR
SR TR R g AR L, 7E 70 A 4R T S
X sl HAr i i R ERERESS . HAT, 30 HIRER
IREFHAR FEFE: 5 N =4EM A S5, )
THEH T A T NS R S0 ER R e S 3 AR 1
7 [5) B% A% SR R SR WG s WO TE B R A o R 4 ) B
M, AL UAV H B B A0 5 4] il 56 i R i USV
WIAE S5 =T BER T #2677 VE", K UAV-USV
0 [ BR B 0] R A Dyl 2 SR — R R 1) R, 5
FH oleadh Ay /R 43 8 W 50 (Hildreth Algorithm)  DLSE
PSP R EFAT 55 o LA, PHE N 28 A aE AL 2 )
SR B BOR B i B AR AR Ao 5 A B R RN
BE R AL TR RE 7y, K LR A Tl 2 B 0 A H bR
PRER O . BN, RbEshaRmEn. 210
B R HI 2 W R FA A R HOR, Wit S B &R
P22 X 2% By () 42 1) Bk, DA S B b ) B A28 R
Bt E T IACRE R AR BAR R, IR IR
JE A S AR R O H AR R A, BT H AR
NEZE IR, SR FH 28 T30 v SR M A0 A P o i A 2
FELUMRAC USY (g s .

3. E A MR

UAV B A A5 I B . 4 R0 H Rr I =
USV N EA St A e, =& oA w) LR %
P T T NER RAEWEFPATR AR . |
T AR S S 25 o N EE T 2R 452 Wy 7] ) 22 24 3E
o HEEME ERGHESHISCRE,  H AT K-S0
FOR FEAHE TR B DU, A AT,
B PRSI EREM RS (GPS). L} TLE
SRS ETCIE 2 B FEMAREEER, Bt
AR FEAL R AR PR SR 22 R )@, ELBm &
PR 5 L 05 AR A% s B 2 A R AR
P, EHFEEMBEAR PRI S E MR 2

Tk, A TS FE AL R AR IR,
TG H ] — FRG3 — oy 2 ) S ASE 28 o0l 42 ) g 2%
Wit UAV H EEM IR, B YA R
S EAR PR R R, FET IR 20 B ARSI
AT T H EEMATS . B, ERHE @ 67 1)
St b, A A A B A 2R T US V
(REAATA,  DASZIL UAV X USV 22 25384k [t 2 i
JRLAT A AR R R AR I T VE R A B UAV 5
USV Z [H] AR AL 23 L 5E i UAV AT 55070,

(Z) BT AEHAREEINE

R A C N SEBE R GBS U R T &
UAV. A% (UGV) DR HAhME TN RE A
B HARSBREEE I ENIE. 6. BERE =
Hh R e T NG R G b R R O BoR 2 A4
B P S BRI BRI AR AN b R 4 0
ARG FME SR S3EflHE A . eSS e
R AR AT N SERE R G R M A 25 IR 5
HSEEL EME S5 I BB SRR AR AR B
TENTNRGHRH AENBE, NESATE R
Hehiti; SHUF TN RGP FAT SR s i 4
REELIAFRRE TR 2 HEBLE. (£5%
o LHBEATS), REE R A BEARNRE. BT
XK, BEOANATHERENERRRESNESE
B B AR LRI AT 55 $ KI5 Bl ] 42 1) 5 T ) A9F 9
.

1. S A A

SIS M EAR R NER RGHITER
RA RS AR . BHRRBBIRZER. Fh
e EAR, RS SBEEHRBMBImE, #
Wb AT S5 4T . Bal, AT RETERaE
N UGV-UAV A% 3 i e A 5k st ek aE
PLEE S IR MERR SR E R S, Dt S
FIURS RO, b, b PR v e v R e e N SR
RGREMRN R SR EAREE . BHal, &
AR FEHE: W RE A R R AL B s, R
THET 245 m g 72 0 5 RN R S F
R G EE, DR ER R, Wit R H bR
PR ME e S Th RERI XA SRS, PASEELE A
EWRAF H AR 5 NE R /R 208K
ax, Wik B HARK I D) RE [ UGV-UAV &4 ) [F]
SENL B, DO AR B RO EAG; BRI

119



BREAEHZGBEENERAMRIRERE

TR BRI, DAk — 4 RS BN i
YA, FEm H AR AR R,

2. BRI A

2 Hb By [F) #8420 BRI 152 R 78 70 FIFH UAV 5 UGV
TEFHUEANL PRSI 7 T LA S8, IRERAT 5%
WENMRACTEIR 5 LR %A, N RREE . PR
AL S PAT P B AR, CATREER: F
F UAV By @ R ARBTG5 S, Mg
MUK, 7R EEGE BV UGV-UAV P [7] % 42 50 %) 52
%, DA R 2 4 E B8 855 UGV i 4% 8 4l 1) 5%
sty SRR R A . &P R B R AR E I AT
MR R R, AR S A R v At H
PRt AT B AR IR, 8 Th s bl R 0% B AR Ak B
ey FESRBRN R, BRI EE T B R
TN R G 1) ] FE AT S AT 0%, ik, A
UAV [FRER . BERUIRI . S & e, 8BS
EEEELZ AR, LLUAV 58 A AT 45 1)
SR B N AR H bR, B P R K B A R
RUGEECT; Mt IR R SRR %S, T
UGV Bt & 1) 2 A5 K 2% Al & X UAV 5 A7 55 FR 855 =
Yed i, Wit UAV LSRRI 5, 7R 2 R AT
M REFR bR RIS, I VP T TR R SR E S
2% 8] DL FEAR UAV 5 f7 iR 2229,

3. BRI TEN R G FAT 55 IR K4z

T AT 5% B 1) %) 2 2 A B o 0 R AR AR A
AT 55 250 1) e KAk DA 0o 52 2% B85 (1) 33 I 1 2 7
M, BEERWEEEANR T NERRRI MR
. SHUFMTEN KRG RE S R 7 2 AR B R 4t
(SR AN ST M, 0 2 S PR SR R,
FUELHE: 45 A PR e AT 55 R 7 v, BRI
T H P B AR ko eR BCR S UL AR, 5
N LG O SR S T 35 A BT LUK AT 55 AR i R
Bl R R A R RIS, R BATE SRR %
KABE TALS Z MBI E G FR, R vh 8 AT
BLH, AR R S48 R G AT 45 F ) i) e

2 b S TE N 2R G b R 4 ) 1 AT S A AR
R\t e SPUan . AR S AT — B
LKW R VEE, fildn, £FXF UAV-UGV
M RZGAEI B T B A g AT 55, 56T — Sk
AR E I, it B 5 2 SR 1 2 A xU AR 4
GuPAFEd 2R R T h S, @ e A
RGN AR, DLTE SEELG BA 32 1 4E 55 1) [ ) 4

120

THUAV E i A F T FEME S0 40 B N R G08h
A RRUR A I T Mg A HIE 55, W FedE T ok
PE SR I e ez ) e 640,

FESEBRN st BT, e SRR DAL
S B R S R 2 S B REEN R
Z 1B} A B A B RCRARTT B by [  fhl] v g
FEAREL 22 3 BUBS I P (R 55 R . Rl 008 15 B i
BERI AT a8 WG 00 T 2 M 7 4 e N R 48 1 4 BAAT:
55, AT OIS . oA 3] AR I SRR
IS FH TG BA S B i e

(=) b/ /BM= BRET AN KR R REE N

B B ] A Ahoxos v i 2 Y B TE N R T R G I
P R SR B, B OR J2 B T AR B I
SALM. PG EERAEPESE D I . MRS IOE S 4%
R SEUUE BETE NI R G5 S AL E AL 55 T ]
MIORBE . AR v AP 5 I A5 W 4 T LA 20 F AN
R IE S BHIR, SCBLBRIR ARG R BEARAL Ik
DAL B R RIS, N RETC N R G
PSR AL B R LA B TOEE AR, B 2=
SRR BRI IE S, TR “ B Kbl 55
o7 N EIBG R E R N L I P e S ]l PR e T
() B RIAE” CREBEMENIETT R, T EEHL
Tl 5 R 4 22 4 PP Al 77 vk DLIGAIE 7 S8 1 22 VR,
Wik “E R — R 2 AR, JRiEId 4E
) BT RS T TT LU R 2 W 4 A7 AR
o £ i £ ) AL

R LA FR RS, WM& ZIH
Wl P A B, AT IR A A REMIMES
PATRR . Lk, R E e N R G BRI
FOOAE: W B SRS AT A HL ALK
M5 T AR B AZ AR, DMET N RG]
BEAT B EPER R AU BEE N B USY A
UGV i, DIAE— R B oRAhm R 5 F 5
HIEF AR, IEANRGRY H EHATIER
2l I X IS A 551

=, BEXAEHRLBENEERIKS
BRI

(=) RRIVK
MR IR AT LA Y, PSS S



PETIEME 2024 FF F26% F1H)

SEAL. BRI SIREE. B EHEM/ . ARSI
5 7 K i T 7 ) 45 AR A I 2 R 2 15 3K )
Yot N BN R OTE . AR SCER IR HEE 5 BOR N 2
FIRT TR BT NERE RGN S R
G HEFEHIBE ST, JF Dy T 4 M A D85 3 P [ A 55 42
P HORSCHE (B Do R EORTE RN T AT
2R AN [R5 307 S AR S5 AR AE € I
Frs. O EBBEERRTIH, BEEIREE S
SR KA RAAAEE IR 1A
W IO A A B e B i U AT 4 55 i A
R @ ESHGEMEART I, HEEES
Al B BT R AR ik Mz
NP & PR AR AR PRI 1S S AT RS HE AL S
SENL; AP IS T S A R B R S L
RS R R R, JFREE NI I B AR
. @ FEBIE I S BREABOR TS T, s P i A
KI5 B K A A gl /A RS . sh &
Bl RREE, AR IRER N ZE R K TS R
Pim L A5 Al R IR 2 S A L 7 R R
MY RIS R, TR AR R ER I 20 R 2
A& AFETEIAE,  oRIR SC R AR DO 3 3
RIS, @ fEH EEM S EREOR T H, a6
TSR R G0 B 25 8K IR S5 I P A BT I 5K 5
S BETE N R AR G0 U B S A B T R Bl A
HERER, W@y, Eg. NS, © ERE0
FIEHISORT W, R R ENERE ARG RS
KE S KA RARLNT G, W &EZERE
HSFE S MR, THERTNERRGELETE
EHLE AN BTG, AR ) R R A S e A
TEE R E R EERR

AR, 230, iR, AR, 3R

TR S — R A B S R R PR A 3 S AR R
TSI G A BB AN, EHIE S AR 3K R 2
W Bl AR . VR S B R b [ 2 A i
TN RS E S A, BN S S E TG,
FE % UAV. USV. EA#EAL S (UUV) 5
UGV. HiI TG N & W, 256 F A xR
P, REBRECOTERIA R, EREES I, IHE
WRARE . BEAL, AR EE IR F AR R R R
TNRGERW KRGS Sar, KTk
Co R M I [E O T R R AT T S
& T TS0 EEREES T, b6
To NEERE R G 3 W) [R5 2 1 7% [ A i e (1 4
ARHE R

(Z) KO

NSRBI AAER IS 25 by i IR
HEAE 2T N RGN R R A, KA RE T N 2R
TR RRE, RS RN Tt — 2Tt
TNRGAEFSHGEE . [ HUER . ARSI A A
TR G R ST . Herh, St
2 A5 B T N FR 48 S B e RS e A %
OIARZ —, BESAE R A TN R G SE DL A5 B
WIARAEAI T, DR ROREE IS OS2 URE R
Rl B IR A AR T TE N R G SR RE /7 1 2
BORTFBL, AMUBEW IRFIA B T E SRR, e
T RO E 2 AL RGBT RSP
SHER; BIEFERES T TN R G R 6]
LUK R GUisATREIIRTT E /BRI, I sh &AL
SCBLN R 2% 5 I R AR N BEXS Tk, T TR R
A HTIZ LSRRI SEBLRR K, DL e
SR AR G D e RO S (R R AR ST

papE | TH - ep o of e T
%ﬁ%%ﬂfﬂ% —. e oSS IR Y %Wiﬁ{g
e —— NS .
Fﬁiiﬁ ,/,/k n k\\ ,// = = \\‘ ﬁaﬁ%}{‘
QD ?an ﬁ 777 ﬁ ——— / N
il LT e | -——
e e R e
yrrr e E e T T :
& A EEE T ]
HhIF) 5] S {54 R

E1 BRI AEERZEEEHERARREY

121



BREAEHZGBEENERAMRIRERE

@ R A5 H I 7 EOT R RS REEROR, &
FEAE AL 2 (I K RBREE R NCT & Dl
e T RN SE AR R 2%, S N 4 R
), WRAFETLANRGZBREBAER. Imas. .
A5 R AT RS E RS, AL 58 R R A
Blti. @ ZIEREMERMTELARG AL L
ARFAEST, T LA BOR B AR AR R 1) 2 IS
S, JFIE I SRt BB b SRR SR BN 2 U S
AR ST, S sl S BRI
HERTE . ) PSR R 5k 7 BT KR e RS
LR A I RR SRS MAERR, BEAGLZ
AR ELSE M A2, SEIAN 7] 28 8 2 [ )y )
o JFREAE R RSN S AT S R R, R
FC NS R G I R R RE . @ AP R 1 /5
BB RIE B REM P R %, 4 S st
SR, Sclsh /AR g 5 e, el
XS N RS R Az H], iR RS iz
PRI HARAEE S R TE.

M. ST AERAZEEMEINESHR
F3E]

AR, RTHBREANER RZAGEHREGE. &
FRAT PRI )5S R e TR SRS T T B T AN BT
Z; M, MHXMAZRETHRITENEHRSH
W FEs, RS, A R E
I 72 S A BIAT A G & b, ET SR B e TE A
SR RS S P R SR S ], o R T AR A
=y}

(=) ERXABEHBRTHEERASHME

(ERSYRSSIEST = il £ R R NEIE7E € 2]ih]
HEad — R AB A, LR —E. R
(77 AT R A RAE,  H AR AR RN 1S B
A DLBEAT A 2R R 0 A OF T oS S 4. 5 R
SO b 5 2 ORI S i LS RT3, B2
St P [R] 47 1) 5 B RE R SR Rl 2 R Re o N B A
ARG RHENREDIRZIEAR L —, R R
MR Rz —. EEES ST, HTyRER
IO ORRZERER . B, A FIEE S B AL
5% T, SEOREEEI ST 15 SR
5 Rl 5 T A PO PR A

122

(2D ZEBEARTHIEMRE

FEE IR T, BRI N RS F Ik 2
Toft T AR B W 1) 20 ROMTBR ] 2 1, W B AL B3R 355 4
W AR SERIEF AR K6 Z B & 1E
MK — T, XL AT RE N2 WL 4
JVELI, QRS H bR T 55 10 58 O TR 4
F—J7 M, WA REN O R LR, 0 A
SEIEA N D N HTT P 2 R N E RN E
HARERAR . GEREAR. EEEARKLIHRF
PrmS, BRELNERE RGN LLR G SIE AR
PR RS, SRR, N ASEI R AESS
ORI o RAESR R REA LA R AT, B2
L — 58 (3R B SERE JT LA 3 S I B 224
BIE, el £ R A LRI T A Sk R 3R, K A
N2 IR G LR N B RETC N SR R GL 0 [F] ) 5 R
FITTAZ

(=) EFBREEHNFRHMEIMHEIZS]

FEEEIA 5N, ANFRTENT & Z AR5 2%
5t WRAFE-G TN RG] 5 R
PUBREE AL . AR RAR T E 41 77 20 DR A [ 3R T ]
RA TN ARG TR LB S5 T 1 22 5] . 1K L]
R PEAFTENT B AEIB B A M E) J7 575 T 2 I
SeIUREE o AR FLAT 5 S 5 2 ) SR 1 B 0T &
T, B RETC NSRRI RGN R ) R 2B AT
G575 80 715 518 3 ARV DL AN R B A SR
FYIW, il EIE R T ANFE S 6 5 P05 A4 ) S
LA DR A R ST RE U A TAR AL PERE . ik, o
i T ROBT IS SR R I BOR, DLSE AR 7 5 30 7
FRERT ) FAT AR, A & Z 18
RIS PSS o

(M) Ft&lEEsE T A&/ EiEinE

I 30T 25 1) 4 E b T 20~100 km A3, AT K
Bl $AT M S B AV 0E R AT SR B YT =
B, A& “27 R R B . fElmE S E K
BE. SERE LN FE R LS <R/ E80MA
Reb gkt 2, B “ RImS i — AR,
AR S it 7 R — R B R R R S B R
TRAT I R I AT 7 B TSP 6 23 AR TR vy T
Flto ARG = ] ENCE G EFEFRE . &1
AERSE, HAMEF R, HEEEEAL AtE. B



PETIEME 2024 FF F26% F1H)

MRS SR, IR AN R iy YIRS gk 4R
THESBIRFIBE ST« BRI AT oo v il
AN GUREERZIEN . mHEE AT S
%, B ATHENCRERE ), TR e
ARGHESRRT . HAT, BRI A s AP 6 BT 7T
FEERE TR EBORM R, X H R
MWt IFAZ W T8 KAE IR R TN & 15
FEREAI B S, 5. RIETosese, #tm
B2 i 5 3 P R E 7752 AR (1 s F S 7 17

(F) “ZRiE DT AER RGN

“a KA TN SRR B
M AR 2N T Vs, S RIS
MR, B, BSBUBALIR “ % R B
S N B 2R G R D 15 B . S 5 210
BHZER. SUEHANBSRE, ARN%HIN
BT A BIAYEE . MUBLITH A, R
KBTS BB, PR
BRI K, TFR MG T R A,
R R AT N ST R T T T A
EBRIR SR, RS, R
SRR L% S R b L, 7ERI s
A A ORI L, SRR S R S R
LT R IR AL N T E2
S0 0 55 LT B M R 25 T U4 5 25 B )
BB, STBL Ca R AR A B R G B
Py

I BREAEBHRAGESMERRLRE
Bl

(=) BHBRE, MEFHNERRT, REFEBEK
Sl LR, RRFTFREBNEHRAIRE
WHIEILE
BT N R L I (A B R RENS SEILAN ]

KA AFMES TN R G RE S HAESS B

Al SR, X —BORIESLERN A H, A — Lk

ACORIAE A, E A P AN IS S AR A % o A

FaESE R . BEXE T, RGBT, R AR

WA SR DI &, BT X B e To N ST R G s 45k

PRI BEAR RS ORI AR 5K, BIF 50 9 1 5 A v AL P

FRANFI R . A FUESS ITEN R GE 2 18] 7] LLEAT

A BE S HAME S U IA] s 1 B BT N SR AR
GRS I b [P SR B AR FEBR AR I, RS I Bt Bk
1E55, RS REE NG R G ) FISOR K
FRELR

(Z) RREME, MEWTRMES. SHM4EM
FRRERLEN, ENEEREE5REET
BAR. ALEEERARSEEHNERARNME
% &

AR E R fe o NI R GEs s b [R50 F
SRR, RN TR T N R R S b [ B
RABETT, M e A R ER O e N
HAREEDFEARER. BT EANRGEMEE
%, EHMFRAERRTENSHRUNTANRS, 4
AR BRI R T BGUAR R B, N
g, FERTHIT GRS S0, AN FERAK
NRGER] LT i A\ BB R R R, SEEL L
BRI LSO RE . TENSEHE R GLs 300 7)1 3 (1 K
JE T B R AR IR, B ROE 5 AR 15 4
gz axtt, Biibfs Bt e AR S Bet . Bt
NERTE R GE5 I Uy [F) R 2R 1) e 5 280 FE LI R
HSANTHEBBANREG, HPEARGS NEHRE
32 [ [ e A S B S [P ) S . N T
RERAR P LLER AR BE SRR 4708, T AR 4k
AN RERS R 0L B v 2 R4 A . DL, HA
PLUM RN TR RERORBEAT A 2S5 &, RBETLA
ARG FIVR R E R,

(=) ERe# L, RENTVIRAINTRRERE
EAEBRRARBEEESSE. hEEHIFH
FiEjRE, FRIELMRIE
Ny H B QS FE bR a1 SRR S A T

o REREEIE ST RRHEWHT T, AT

ARSI R B RO LR T B

[FIBA I FE 5 25 FE A R S E N R R G2 8] 1

5 A . £ RGFETAER, &5

BeAE S5, FFmR IR &S R G2 H RE s B i — BOt AT

155, R REREARE; 7R R

55y MESARAN PN, MR SRR TS DLEh A5 T B4R

o BRSNS . fER MBI R T, N

AGMIEE RN Z 2B EVIERE, ERGH

Ji5 b B R R BRI HARAE R FNBh 5, R

123



BREAEHZGBEENERAMRIRERE

MBI D) KRG 0. ot Et 58 R s
B Ve T R BT 2 M 5 R S I EOR, DAl
SV T 7 PR BETC NS AR G5 dek iy 7] 42 )

SERL AR

(M) HFABXE, BRFREMSRELREXK,
LARRIL G A B AR FF B EROREIH, R
BT AERAGEEMNEEARRM
SRRV Y B VR bR, HES)AS [F) 451

R e e N R A R GE IR OB S AL =, AR

LA SRR S B P USORME S L 55 07 T

BORBER AR o TP ACH AT 55 70 e Sk A R AL

], S 5 SR R TE N B G B 8 v RO 43 AT 559

R AR, W KO GRS e iE . B A SR

ANVEBE AL S TT T AR BOR . SRR RS T

FIEHIEARTR, @I AN NTEERAR, XA

RGBENS H AT BRI R, W5 Kz LS

2] IRPBESE SR AL S S SRR RN R R AN

WELE, DL BEAL I B I IR DR S S 4% . b

Gb, TEE R RETEN R R G I [ o (42 4

SEAREAR, W LG HHIAE. Ui

PEH S5 2 AN BT RIS, DA B A DR AP S S

AR BITT RS o SEEE SL IS I P[] A 458 1 1 -1

G AR R BORBOR,  SCREXT RGUREAT SR

APEREVERL, RARW LA 580E. TR

B SR DA F8 B B0 RE 555 THT ) A

. =+
VAN zl:ﬂg

B RETC NS R GL S I U [ 5 AR FE AL HE SN T
NRGEARBRN K JEM TR o BA 2 A
B ASON B e Jo NIERE R GUs S v [R] BB 7T 3t e
BEAT T 438 5 04, JCERHIL AR E A Ah 5 g
To N SEHE 2 GL i S ) [R] AR AT 7 DR AT TR A 23
B, WREL TR RE T N RAE R G s ) R 7 o i
e L, R — PR T HESZBOR AR A R
KIS SO W, DA e B B e N 2R Gt 10 4 8
R I o

AR, FEZIRAR. A A R RS 5t
T, R BRI NERE R G R EAHAT
2R 55 1OV 71, e AR AE vy PSS A i X 4703
BN, G E I E AT DL SR TR AR, &K

124

e JEE MRk Rt S AN AT, A B
B ERMSUK, “RKHME” w5 fet N5
HERG FHARK NN, B RSV
BT AR O BRSO, WAtk
JERA HER L

T35 5275 B
AR SR LIPS WIAB 2 (AN A A AT AR ) 3 R B 450

Received date: December 8, 2023; Revised date: December 28, 2023
Corresponding author: Jiang Bitao is a research fellow from Satellite
Information Intelligent Processing and Application Research Laboratory,
and a member of Chinese Academy of Engineering. Her major research
field is space remote sensing. E-mail: jiangbitao@bjirs.org.cn

Funding project: Chinese Academy of Engineering project “Study on
Collective Intelligence Technology Systems of Cross-Domain Unmanned
Systems” (2023-HY-15)

SE A

(1] EREFE, 2 R4k, TAenk, & Bt L ANRGEARMA S K EE
[T]. P E AR 7T, 2022, 17(5): 9-26.

Wang Y N, An G W, Wang C C, et al. Technology application and
development trend of intelligent unmanned system [J]. Chinese
Journal of Ship Research, 2022, 17(5): 9-26.

[2] SR, AR, RERH, 55 2 SR EAE R 4 A R
PR R (7). fe 4 SRR, 2021, 7(2): 137-145.

Wen G H, Zhou J L, Lyu Y Z, et al. Distributed coordination con-
trol in multi-missile cooperative tasks [J]. Journal of Command
and Control, 2021, 7(2): 137-145.

3] #hely, £, F4rtE, 55 i RIS EOC N R E 4508
[I]. B TRERF5R, 2023, 24(5): 2-15+1.

Liang X L, Wang N, Wang W J, et al. Progress in maritime cross-
domain manned swarms [J]. Journal of Air Force Engineering
University, 2023, 24(5): 1, 2-15.

(4]  #IFEH, skk, T8, & B80T N R G AR 67 R B (0]
fREE R ARG SHIR, 2022, 13(6): 1-8.

Chu J T, Zhang W, Ding C, et al. Requirement analysis on cross-
domain unmanned system cooperative operation [J]. Command
Information System and Technology, 2022, 13(6): 1-8.

[51 MIEIK, BR—, TH. B R: TN R G BRI AR ¥
I TARGHAR, 2021, 4(4): 1-13.

He Y Q, Qin T Y, Wang N. Cross-domain collaboration: New
trends in the development and application of unmanned systems
technology [J]. Unmanned Systems Technology, 2021, 4(4): 1-13.

[6] MaY, Zhao Y J, Qi X, et al. Cooperative communication frame-
work design for the unmanned aerial vehicles-unmanned surface
vehicles formation [J]. Advances in Mechanical Engineering,
2018, 10(5): 1-9.

[71  Yu Y N, Rodriguez-Pifieiro J, Xie S Q, et al. Measurement-based
propagation channel modeling for communication between a
UAV and a USV [C]. Madrid: 2022 16th European Conference on
Antennas and Propagation (EuCAP), 2022.



PETIEME 2024 FF F26% F1H)

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

Wang C, Zhang P 'Y, Kumar N, et al. GCWCN: 6G-based global
coverage wireless communication network architecture [J]. IEEE
Network, 2023, 37(3): 218-223.

Bao S H, Sun W F, Xu H. A native intelligent and security 6G net-
work architecture [C]. Foshan: 2022 IEEE/CIC International Con-
ference on Communications in China (ICCC Workshops), 2022.
EWESE, FHURIA, I, S A R UAV 5 USV SRR
PIF] B AR IR ER B ) (7] P EAUSREE 7T, 2022, 17(5): 157-165.
Wang HL, Yin CY, Lu LY, et al. Cooperative path following con-
trol of UAV and USV cluster for maritime search and rescue [J].
Chinese Journal of Ship Research, 2022, 17(5): 157-165.
Gonzalez-Garcia A, Miranda-Moya A, Castafieda H. Robust vi-
sual tracking control based on adaptive sliding mode strategy:
Quadrotor UAV-catamaran USV heterogeneous system [C]. Ath-
ens: 2021 International Conference on Unmanned Aircraft Sys-
tems (ICUAS), 2021.

Li W Z, Ge Y, Ye G. UAV-USV cooperative tracking based on
MPC [C]. Hefei: 2022 34th Chinese Control and Decision Confer-
ence (CCDC), 2022.

LiJ Q, Zhang G Q, Li B. Robust adaptive neural cooperative con-
trol for the USV-UAV based on the LVS-LVA guidance principle
[J]. Journal of Marine Science and Engineering, 2022, 10(1): 51.
Wei W, Wang J J, Fang Z R, et al. 3U: Joint design of UAV-USV-
UUV networks for cooperative target hunting [J]. IEEE Transac-
tions on Vehicular Technology, 2023, 72(3): 4085-4090.

Yao P, Gao Z C. UAV/USV cooperative trajectory optimization
based on reinforcement learning [C]. Xiamen: 2022 China Auto-
mation Congress (CAC), 2022.

AR T, FEEEI, R, &5 T AL/ RERR] 3 B v 1 TR
BEEEAR (7). IR M, 2020, 61(S1): 156-163.

Zhao LY, Cheng Z K, Gao F J, et al. Several key technologies of
unmanned aerial vehicle—unmanned surface vehicle cooperative
autonomous landing [J]. Shipbuilding of China, 2020, 61(S1):
156-163.

W, I, TR, 55 BT 0L e o 1R (o N
BUE E RS 50E [7]. JOER SRS 544R, 2022, 48(2): 1-10, 20.
Fan Y S, Sun T, Wang G F, et al. Autonomous landing and verifi-
cation of unmanned boat-borne UAVs based on dual vision col-
laboration between sea and air [J]. Journal of Dalian Maritime
University, 2022, 48(2): 1-10, 20.

LiW Z, Ge Y, Guan Z H, et al. Synchronized motion-based UAV-
USV cooperative autonomous landing [J]. Journal of Marine Sci-
ence and Engineering, 2022, 10(9): 1214.

Xu Z C, Hu B B, Liu B, et al. Vision-based autonomous landing of
unmanned aerial vehicle on a motional unmanned surface vessel [C].
Shenyang: 2020 39th Chinese Control Conference (CCC), 2020.

Dai J, Liu S L, Hao X Y, et al. Unmanned ground vehicle-
unmanned aerial vehicle relative navigation robust adaptive local-
ization algorithm [J]. IET Science, Measurement & Technology,
2023, 17(5): 183-194.

LiJ Q, Cheng Y'Y, Zhou J, et al. Energy-efficient ground travers-
ability mapping based on UAV-UGV collaborative system [J].
IEEE Transactions on Green Communications and Networking,
2022, 6(1): 69-78.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Liu D Q, Bao W D, Zhu X M, et al. Vision-aware air-ground co-
operative target localization for UAV and UGV [J]. Aerospace Sci-
ence and Technology, 2022, 124: 107525.

Wang D J, Lian B W, Tang C K. UGV-UAV robust cooperative
positioning algorithm with object detection [J]. IET Intelligent
Transport Systems, 2021, 15(7): 851-862.

TLZE . 3 23 1) 5 M LR R e 5 e B2 (7). D44k,
2022, 51(7): 1153-1159.

Jiang B T. The development and prospect of China’s space earth
observation technology [J]. Acta Geodaetica et Cartographica Si-
nica, 2022, 51(7): 1153-1159.

LiJ Q, Deng G Q, Luo C W, et al. A hybrid path planning method
in unmanned air/ground vehicle (UAV/UGV) cooperative systems
[J]. IEEE Transactions on Vehicular Technology, 2016, 65(12):
9585-9596.

LiJ X, Liu H, Lai K, et al. Vehicle and UAV collaborative deliv-
ery path optimization model [J]. Mathematics, 2022, 10(20): 3744.
BT U, BRVE, HFSIH, & SHUR LS AN R G ME K A2
K772 (7). B 5 R, 2022, 39(1): 48-58.

Hu Z F, Chen Y, Zheng X J, et al. Cooperative patrol path plan-
ning method for air-ground heterogeneous robot system [J]. Con-
trol Theory & Applications, 2022, 39(1): 48-58.

De Petrillo M, Beard J, Gu Y, et al. Search planning of a UAV/
UGYV team with localization uncertainty in a subterranean environ-
ment [J]. IEEE Aerospace and Electronic Systems Magazine,
2021, 36(6): 6-16.

Fa il B, A B 35T DTC Fg L 5L M B AN - N EAT
SRRITTIE (1] A AIEMEHIR, 2022, 48(6): 1019-1026.

Tao C C, Han X, Zhou R. Mission planning of UAV-UGV based
on DTC and genetic algorithm [J]. Radio Communications Tech-
nology, 2022, 48(6): 1019-1026.

Krizmancic M, Arbanas B, Petrovic T, et al. Cooperative aerial-
ground multi-robot system for automated construction tasks [J].
IEEE Robotics and Automation Letters, 2020, 5(2): 798-805.
T, A, 2Rk, 2T PDDL (45 1 W R AT 45 13 O i
AT [I]. AR SRR, 2022 (1): 131-138.

Ding Y H, Wang N, Li X. Research on mission planning method
of air-ground cooperative combat based on PDDL [J]. Tactical
Missile Technology, 2022 (1): 131-138.

JE R4 A, B AR, 45 T AL — T0 N ZE S R e A s A 42
il GBI [7]. iR, 2020, 41(S1): 723767.

Zhou S Q, Dong X W, Li Q D, et al. Time-varying formation con-
trol and disturbance suppression rejection for UAV-UGV hetero-
geneous swarm system [J]. Acta Aeronautica et Astronautica Si-
nica, 2020, 41(S1): 723767.

Pacheco Bacheti V, Santos Brandao A, Sarcinelli-Filho M. Path-
following by a UGV-UAV formation based on null space [C]. Sao
Paulo: 2021 14th IEEE International Conference on Industry Ap-
plications (INDUSCON), 2021.

Cheng M, Liu H, Wen G H, et al. Data-driven time-varying
formation-containment control for a heterogeneous air-ground ve-
hicle team subject to active leaders and switching topologies [J].
Automatica, 2023, 153: 111029.

Liu DY, Liu H, Lyu J H, et al. Time-varying formation of hetero-

125



BREAEHZGBEENERAMRIRERE

[36]

[37]

[38]

126

geneous multiagent systems via reinforcement learning subject to
switching topologies [J]. IEEE Transactions on Circuits and Sys-
tems I: Regular Papers, 2023, 70(6): 2550-2560.

Zhao W B, Liu H, Valavanis K P, et al. Fault-tolerant formation
control for heterogeneous vehicles via reinforcement learning [J].
IEEE Transactions on Aerospace and Electronic Systems, 2022,
58(4): 2796-2806.

Zhao W B, Liu H, Gao Q, et al. Robust optimal formation control
of heterogeneous air-ground vehicles under communication faults
via reinforcement learning [C]. Harbin: International Conference
on Guidance, Navigation and Control, 2023.

TRIGEIN, Egekh, miTstbe, 5. Bl s R — A0 (R 2 00 4 R B
T[], HE T AR, 2021, 23(2): 39-45.

Xu X F, Wang N W, Gao Y'Y, et al. Development of land—sea—air—
space integrated information network [J]. Strategic Study of CAE,
2021, 23(2): 39-45.

[39]

[40]

[41]

[42]

Khan M A, Alzahrani B A, Barnawi A, et al. A resource friendly
authentication scheme for space—air—ground—sea integrated Mari-
time Communication Network [J]. Ocean Engineering, 2022, 250:
110894.

Feng HL, Cui Z Q, Han C Z, et al. Bidirectional green promotion
of 6G and Al: Architecture, solutions, and platform [J]. IEEE Net-
work, 2021, 35(6): 57-63.

Wang Z G, Chen C L, Zhang Y P, et al. An interaction framework
for multi-domain unmanned systems collaboration based on in-
teroperability messages [C]. Hefei: 2022 IEEE 5th International
Conference on Electronic Information and Communication Tech-
nology (ICEICT), 2022.

Seehuus R A, Mathiassen K, Ruud E L M, et al. Battle manage-
ment language for robotic systems [C]. Prague: International Con-
ference on Modelling and Simulation for Autonomous Systems,
2019.



