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Figure 1 (Color online) Six UGVs performing three rescue missions
in a post-disaster scenario.
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Figure 2 Decision architecture of air-ground coordination system
with messenger mechanism.

Ey={e; | ij € {1.2,..N | |FOREHMATES. UGY
FEATS5 1A% o AR 283 2 2 T AL B 29 3R
Pi(t) € Gpj el (7)

3.4 fEFEUAVHE TR MPDALE 55 HLR A Y

MR ATIRAT SRR EL R, AN EEUAVEE &
[FIMPDAT- 55 KK i AT A%

R AFTE NGRBUGVIE NAE 5 pi 22 8] B AT
MPDA{T-45. E{EUAV JE P 71X NARUG VAT 5L
PiALs. MRIBUAVALIBAE BB, R4 4 U5 [ 1)
UGVHFHRFDIE, ShAHEH A G IIMES T ZM
TR, ARSI B Z, @B LUAVIUGY
VT RIRTQ, # UGV MRS JT X, Xy, ooy Xy, AR
FUGVIHATBERER), Ry, oy Ry, BFTHAES RRES
AR FRBEARL (YIS ) e . LA 75, 24T 45 J k) il ]
AN

ma)sc(ri,e)}, (®)

NI L.
QYX,EXVRER |,

S 0e™, te [0, tT]),

S,.(t,])e(”'f’/fn)(”’n), te [t t )

s.1.85(t) = e

Si(l‘fc)e[aFZ;ZI/}”][FGS], ze[z, t ]

g’ ie

VieT?,
fo = minfilS (0 <o}, ¥i € 77,

1 =vAcos(h?),

y* =vAsin(h?),

. A

W=t e 1,1,
PP(t) € Gy, Vj €1,

v]?real € [ o’ vG ]5 VJ € [’

Vimins Vj, max
d(P*,P /'G(tjr)) Ssr fcnm,
Horh, XAORUGV/IES TR, RFRUGY AT H:
BiE, XYRIRUGVIES I RINES, RERUGVITH
BRAR A, max(r, R BLRSE TN, Hh s o

vjel,

1451



TENTPESE: T [F) 2 s S SR TN R G M W R 55 AR

AT BT L 5 S B 58 . i S UG VAE AN
B4 s 2 [MERIED, BRUGVER—MELZ G4
RERTAE R —AMES A

AT S MR FE R, R R UGV ATl {5
UAVAL % 45 B3R AR 7 S8 Ui MUGVIIAE S T &,
FW HAR AR KR IT R, Bk, AFUGVIHIE
AT 55 R el LA 22 S k. e, S 2 i
UAV YT I 26 (< o)UGVT 5, HAT 5 1) @
CEZVs]

Xryxj@grl{ggti,exh,...,x,j],R,],...,Rril)}, 9)
S e, te [0, t,l),
T I
Si(trg)e[“fiZZiZI/ff,f][’*[’c], te [t,g, t[,e],
VieT?s,

t,.=min{t|S(1) <e},¥ie T,
PI(1) € Gy,

G G
vrj,real € [Vrj,min’vlf/,max}’

d(P Pt ) <1

rj,com’

i) 7 (8) A& — AR A AL S AR AL In] /I HL AT DL 45
N—K RPN ZAT S5 2 W BB A B A T B i) .
SRAAZ ) R ) BB R AR T

(1) UGV F BT S- REBU BB R EBAT S T %

(2) PSR T 2 [P A G R R, HIINUAVIT
Ui W $ 58 G UGV SR INFP, ELIERZIUGY AT
57 FAUTHER AR, MRHHUGV LS 7 AT ik
122 HAMUGVAE S5 J7 = AT IR AT I 21K

(3) UGVIZZhHIAEEFBUAVHE EI SR
UGV, & UGVIRESEA(S SRS AmE M, M
M5 A I 72 58, HET 51 R AT S5 o Bl i A
JI.

4  [EfEUAVIR SHUGV 437 25 kAL
ERJEEMPDAE S, EUAVSUGVE B

1452

H A = A B T3 m UGV 2 B Rl &0k, (|
XN G ITUAV 5 UGV 2 [l B A0. NEE
R —A, ATRH—FMEHUAVIR R HIUGV i
7 WL ZHLHILEIR D UAV 5 UG VIS AR
(I E S, SEIRUGV 42 J& 6 9 (AT 55 40 .

TERERITUGV 73 A5 7 R ML 1, UGV
ST 4TS MTUAVII UG Y. FERRHRUGV IR R
RART, UAVAHT 4 BTMPDAAT 55 58 BOR s, 3ELURTAT
REAF AT 55 5 B 18] 2 H AR g N — #5615 W UGV,
— H 3%k 5 [0 75 B 05 M UGV, UAVAE KIRiZUGVHY
A BB ST B 51X UGVEHTS BAS H. Rl R,
UAVREAH K SRS EAE 345 M ATUGY, A5
WA DL K i — k07 1] HAR UG VI U BB 12 3 2
HAES TR, METUGVHE LT RS, Yt
TR

(1) FETUAVAZ ISR, R 4ATUGVY
TR S

(2) WA MUAVEI HARUGV I IZ 3 Z 38 L)
A GE IR I 8], X HA UGV IIE SR S HEAT HM2.

(3) DAUAVAEE I C U5 UGV IR 5 5 AN
A5 R, VOREIRITAERFVIMUGVRITES 7%, IR,
YHTUGVAT S LRI H AR¥ M i E(9) 2 5 A

x,l,.u,xr,f’,iﬁl,.“,R,"{fﬁ’é(’fﬂ)(rw o X, R, R) (10)
FFORFF HAB 2 KA A,

(4) WK T Z P B 507 R3AT, IPRIZTT
FIEF H S HE s S8 IFRE 4 UAV.

FRUAV Y T B8 € LA UGV I e sl 72
AT, L EMPDASE S & 58 K.

5 [EEUVAVHRRITUGY 7345 SUE S5 AR5

HEFEHUAVIE S UGV 7 A 255 kS,
FEARTT R, BT —FhsE T OB AR 10 7V, FH T
SEUAVITUGVIR VT I, ok, $RH—FE kK UE
%, AT PUEIEUGVINAIIEMPDAES 7 %, &5,
P2 T R SEAE 2R R UGV 2 A s 5] SR . B
MPDATE SRS, B IRANEEH SUGV LSS 7
R, LU AT S5 0h 2R



hEBRE: AR 2025 4E 553 A9 b

5.1 FETREHLHUAVERF Ik

BEAEUAVITUGV 5 [T 520 UGV 2 (8] 4 1
[FR%. KBRS 2 FEMPDATE 55 th MJT 04 31 45 oA
I i K (A 25 791012 et 2 EIUGVIEShAg
W5 AR FEMPD A AT 55 1 58 BN 1] T 1k, UAV Y,
P Se vy 0 75 OB B 42 B IR B 2 UGV, 1E1Z M8
BRIRST, ANTIRHET BB NUAVE T
Jiik.

511 HE45REEMmR

TEMPDAAE 4, UGVIEAT S s (A6 R ik 1%
ARSI ERAE. 5 RERPaE —RIIA
AEERRNTENNFAE. T TR AR € i 8]
A PAES S BOIRAS, Bl FEfF I RRE S 20
e & BN MR RUGVRTAEAT 55 s HPATAE 55 il
2. ZHUGV ZIF ] BB & AH R V& 30, 141 4UGV 1
BTSSR N3>1>24, UGV 2SS T RN
15250, W B E 58 AT 55 1 R HATAE 5521
53,

NTEEBAL S IAE, WIERLERb b, BT
W R B 43 R R AT 55 R AR AN R FIOIRES . AT,
B REE TG —IRE M EHEG, = (4,E,), HF
E,={bg, b, by, by RTINS, bFRIRF
i, MERFAF AR A= {a, | ij € {0,1,..M+1}}

NS, a FoRfEFHR A G, UGVIATAESS j 3%
Bl AT 55 FE B A AR a0 s

(1) BIMRERLFEAED b, 15

(2) RIEFHUGVAUT S TR, X, .y Xy, B4
WA, by, .y by, AW, 0j € {0,1,.., M+ 1},
DA #5024 2 I T

(3) MBEAFUGV 2 I8 8 & [F3% s f 44

(4) F= TUE B A FE AR R % &, R F Kahn 592
Xt ET A S AT HE A

(5) ARE D R (4) H RAF I 30+ 7 51 4 AT 55 1
K.

55 V8 £ BER T AN A UG VAEAT %5 4 2 I 1) 3
Fe A, JE I 3B A R P S A 55 S BN (1] g A
TGN 0 AR S, A Bl T 4 R AT 55 A 4

512 XEBAEE K

KRR HAR AL B — R B AR B A BRI AL 55 7 51,
KB FEARAATAEATFTIN [RIHE L, LA™ R A% 1R
SERRINTE B, BB RARIE S R B S MPDAAE 55 (1)
SERRINE]. AT S OGBRE B AR AU A% Lo AE T FHRAE 55 1M
FER A R G 5. SRS S BT S AR I R
B,

(1) B THE: ARIEAES LK, AT
PO H 5 FTFHA T,
Tips(b)) = max,.{TEEs(bi)+TD(aij)}» (11

al.jer

b, QERAREGHIAULNERNILES,
Ty(a,)FiTBa, [FFEET I, R0, b 5T 4
I T 90, M1 T,p5(bo) = 0.

(2) WEFE T RIEAESS R, WS fERT 5%
P ST AR TR T

Tous(b) = min {T,,5(b) = Ty(a,)}, (12)

Hr, QERIRIEG T L il R LR, 4590
i, Tirs(byr ) = Teps(Dag ) = Toas HHT,,,Z7RMPDA
FE55 B 45 TR ).

3) HE IO I T, TR R
BAMPDAESHEFLRIHTIR T, &30 AT Fe VAR i
[RIRRIE, AT
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LI, Time(s)
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B 3 (MBERARIER RN EEE. @MO)ERESH RN T, UGVAE MESHES RSB, Hd@)h
a; <= B, (b)Na; > B; ()FI(d)RRIEDH EIMITEIN T, UGV EIIEES il ST IRASZ 52, g ()T UGV RIEES &

IS Ta) T (d) HfE 77

Figure 3 (Color online) Value functions under different cases. (a) and (b) illustrate the impact of UGV capability values on task state changes under
the same @, where (a) corresponds to a; <= f and (b) corresponds to o; > f. (¢) and (d) illustrate the impact of UGV arrival time at the task point on task
state changes under the same @, where in (c) the UGV arrives earlier than in (d).
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Figure 4 (Color online) Long-tail phenomenon in MPDA tasks.
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Initialize the algorithm parameters

I

Construct the initial MPDA solution using MPDAH

v
The UAV utilizes the CriticalPM to determines
the next UGV to be visited

1

The UAV tilizes the RobustPP to calculate and
follows the path to reach the next UGV

Each UGV j<! runs in parallel:

‘ UGV 1 ‘ ‘ UGv 2 ‘ i e e UGV J ‘ ‘UGVNU

F
UGV periodically listens for signals from the UAV ‘

No information Ye
from the UAV

UGV continues moving
No

along the previous R,

‘ UGV, receives X, R,z,,.V,, Py, and T, from the UAV ‘
i

’ UGV, updates 7/ and P/,
|

’ UGV, updates X, R, and vf’:pw using Algorithm 2 ‘

‘ UGV,sends back X, R, ...t/ and P.,, to the UAV ‘
I

L

I The UAV updates X, R,V,;, B, and T,

’ Update R;, Q, and N,,, ‘

Bl 5 BAFEEN

Figure 5 Overall algorithm flowchart.

A H R 5792 (distributed sequential decision making,
DSDM)#E47 5% b

(1) F=T-1845 17 LRI 5 % (sequential planning
with communication, SPC): 1% 1% FHZhuZs A\ PO H,
Horp A B BRI ORI IZE,  [E] I R O SR e
AARTE 21 AR I 328 DL SR SR SR REARAE b — R I
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T B3N 4

Table 1 Time complexity of Algorithm 3

Number of lines Description Time complexity
2
ON.N;+ NN, -
Line 5 MPDAH (NN + N (;
log(N,) + N,NJ)
Lines 7~24 Main loop OWN,..)
The core steps in the main loop
Line 8 CriticalPM O(N,N,)
Line 9 RobustPP O(NG“)
N + NN’ +N, -
Line 16 Algorithm 2 OW, * NoNy Tz
N;log(N;) + N;N.)

R, ZEREH T E RS N 2P N ST
1%, et SCIl 2 L4 N [ B 20t A k. %1
ZEIE S AR TR AR, DR A X bl B v

(2) AP 5T V% (distributed greedy algorithm,
DGA): %553 H1Sung NP7, H P AN B ik
PR BRI H AR B iz sh e, SRR Re
PRI B AR IR S R R R, R PSR R A TR
R EbRP SRR, ZELNH T 28 AN
HARERER, (LIS 52 BR 44 N vl SRAG U ek s 0 1) 43 i
T, ZEAEEET I R SR v, HAEESS
Felg b 5 A TR ARAE, DRI A0 b SR v

16 LR PEXT L RVE T, UGVIHSEINT i ik
RTTIEME. UAVIR CAT B AR AR A SC L AT TAE 4R
H BRI R B, I BRSO E W
TP, BT FIEERE TMATLAB 2021b. T L
Y6 1E— & 1 & A Intel Core (TM) i9-12900H 2.5 GHz 4t
A6 GBAAEMI T ENL E5E k.

6.1.2 SBHAE

ARG FH A7 e A i 2R 5451 A B L S48 R
FEERIPERE. Dy SE A ISR PR RE, SIHERE
A0 Lz AN (R S48 ) e 2y R

)=

§I|§I

, (37

Foo, 7 5 B AME % I UGV B,
7 AR SR M UGV, 4551,
M) = 1N, ;= 7y IS A I RAT 4 7
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Table 2 Parameter settings of all algorithms

Symbols Description Settings

N, Number of particles 10

o Standard deviation of 04
" measurement noise ’

Maximum number of

Noax iterations 2000
Threshold for expand-

Pia ing task coalitions 0.25

. Task point state preset 1075

threshold

BAOHIUGVELE. 24> 18, FAMES ZE /0T BEEish
FIN—FRUGVI A RETERL. 1A > 20, BMESHE
DT ERAN G MES T FRUGVEE — 5 LA EUGY
ARESERR. FANSI NIUGY 75 18 ¢ P A 55 e A
REPAT HABAESS. BRI HEEBZ, F5% RS .
MR EAEAEA RS R BT @it I A
X3 N fE (€ (0,1]), HEEQA € (1L, 2D HE(D > 2)
SAKEEE RS, G ST FAI Ak i R A . LA
SR E B FTEKEVER AR5 52 HUAV" L & Inte-
lligent UGV, HHv4 =25 mJs, 7y, = 100 m, vi,, €

[1, 6] m/s, %,
(0,0,7/2).

(1) SR 548): Ry B R IR A W SE e g, AR
T P S, H R R A B 3RUGY
AR 7 (3 3 X BT A 3T 45 AT AT S, X5
53l i 4 MR IAIR2. R ST B g il i 5451, Frf
UGV R A ML e S MES R /. R2JE TN
M A, TSI T E LD 2HHUGV ) [
e

(2) BEFLEAR: AR SRR i T R i, A S A
ANy RSP RS BEAL S S AR 1 1
R 5 AT 55 56 BRI TE) R AN I i FBE (R B2 T, A ) 3,
4N, >200F, MPDAAT 45 ) 52 Bt IAD# s 10° s, 3%t
FATL S A BEFIUGV [ SR RE 71T 5 S L Bk .
gh, FE/AN L R =R R BENLE B, o

=200 m, Vj=1,2,..,N,, (P}',h") =

1) https://www.tekever.com/models/ar5/
2) https://www.bilibili.com/opus/582214419352018090

BENGHS, 105120, G SB35 2% F B AL A B 38 2 19
B, BENLAEIYTUGVRE JIME, 85 7 AR (4G B SE R
5 AR T ), WO, CABE LA AT 45
FE, VIIEIRESHRE B, EHIFRILANG-Nr-Le,
H.A1 Lee {easy, medium, hard} F 7 S5 1 X 25 ).

6.1.3 PN IEAT

PPN IE T W 48 A% MPDAAT %S 52 BB 1A 7™ F
UGVERIRSE TS TR 7. B TR0y i S 1 B
MU, g S ST M AT S538 5 200k 5 2 5256
132 F) P S E AbRvHE 22 04T . R e, K WilcoxonFk
FOKE 56 HL B DSDMAH H T SPCHIDGA I M e 2= 7, &
FZMEBE B NS%. Fr5et, “= 1“2 7% ~DSDM
PR T BT S T HAb X L&k, DSDM, SPC
FIDGAE AT 55 77 2 (FIMPD AT 5% 52 BN 18] 43 1) 2
%%TD%DM’ TSA}{C$HTDA/([7A' %‘%Hﬂﬁ, TDMSDM5 TSAgC*uT[})VéAE(]S{Z
BHE D BIRoR NT N s Tob HITH G FIG 73 2
IRT peons T Tanc AT pepns G T e Z [EI I ZE . DSDM,
SPCHIDGAH UGV R 5 11 v S 18] 7T 43 51 R 7w
AT psous Tspc M T

6.2 HLFVSLA AR b ST

N G S A AL L AR A O e IR T 1
FBER IR IFIR2 AT 55 BRI 5 Rl 6 o, Horp
B BRAMAL FRUGY 1, UGV 2HIUGV 3
AT IR 1. TERTH, AR5 MPRABHE Na, =0.1,
a,=0.1Ma;=0.03. £ G PR E NS, ,=0.1,
S,0=1.0f15,,=0.01. UGVIEE 1M Mg, =0.12,
B,=0.11F1p,=0.13. RI1H ¥ T4 55 1 0T Hy HL 45
UGVMOTTE K. S0 MR AES5 77 R AR 3 PR,
FESPCHIMT S 7 &, UGV ML e AT I B iz AT
%3. 1EDGAIITS TR, UGV 375 MAT 55 15 4k
BEPAT AN T BRI 553. AHEL T-DGA, #EDSDMIFI{E:
%77 &, UGV 31E5E AT % VU IEE W BIUGY 2447
R SHMES2. & EIEN MRV E 4 R k4R,
Tpeons BT T TS, HALLFSPCHIDGA KA Hh it
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Figure 6 (Color online) Task planning results of all test algorithms in R1 and R2. (a), (b), and (c) show the results of DSDM, SPC, and DGA in R1,
respectively. (d), (e), and (f) illustrate the results of DSDM, SPC, and DGA in R2, respectively.

F 3 MBBEHIRRUGVIIES T %

Table 3 Task plans for each UGV in representative instances

Instances UGV index DSDM SPC DGA
UGV 1 1-3 32 1-3
R1 UGV 2 2 2 2
UGV 3 1-2 1 1-3
UGV 1 1-3->2 1-3-2 1-3
R2 UGV 2 32 32 32
UGV 3 1-3-52 1-3 1—3-2

R4 RN R R

Table 4 Computational results of all test algorithms in representative instances

DSDM SPC DGA
M v M Vv M v
InStanceS TDSDM TDSDM TSPC TSPC TDGA TDGA
(Avg.tstd., x10° s)  (Avg. #std., s) (Avg. £std., x10° s)  (Avg. +std., s) (Avg. £std., x10° s)  (Avg.tstd., s)
R1 3.55+0.39 0.0030+0.0033 4.73+0.04 0.0012+0.0011 18.43+0.00 0.0013+0.0013
R2 18.79+0.00 0.0026+0.0028 28.17+0.00 0.0012+0.0008 27.90+0.00 0.0015+0.0013

R AR, DSDMAEAES MRS E 4 RIZERME NG, th4h, DSDMR I TR BB AR
S ST A VT UGV ATRERIATEN T &, AR UAVIE 7P 7 A0 % Ui 17 6 MPD AT 55 52 1 52 K Y
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UGV, # T SPCRIDGAR F il 48 58 J7 7%, BBA
FIF- 48 I MPD AAT: 55 (1 56 R[]

FER2H, AR5 RHPIRES B Na,=0.11, a,=0.12
Mla;=0.21. fE55 sIIIIRIRA NS, =01, i=1,2,3.
UGVHIfiE/IE B, =0.1, j=1,2,3. {ER2H, {E55140
(R4 2R E 2 /D2HUGV IR A RESE K, AT 5530 75 23
WUGVIRIN 2 5 A4 BEIA] e k. & FER MR2 55
05 R ESE By MR 3FAFT R, AL T DSDMIY)
%75, 1ESPCHESTTEHINUGY 3, LLRAEDGA
fE55 77 RHHIUGV 1, ¥ A I BEAE 58 AT 553 2 J5 4k
S HADUGVIATAE 552, X EBEIE R T T M Tope
KT Thipy- METRI, SEVEER2APHITY 0T B 1K,
X TR S MR 3R T R B M BT S UGV
HEIN, M SERR A R UGV BHRA R, A Aw]
i G Hh i BRMPD AT 25 56 U ] (R 384 m. (AT AR 2
A 52, MXFF-SPCHIDGA, DSDMATER fit s B 5
AT S 7 &, UGV Pt 58 JRMPDAAT 45

6.3 N [F] HUALRE AL A AT EL S 0
AN SR AN TR RIS (10 BEATL 3051 oK 6 E 532 (4 42k

F 5 HIREARFEMBBHLE G i g 5

AE. IR RUNRSHIR. 0TS RS ) BE AL 5431,
MPD AT 55 ¥ 56 B 1] Fif 255 52491 KOS P 8 o g A W 34
K. BRI, TRFEBHIBL, Ty, LN T Ton Al
ThL,. Wilcoxon®k FIK 6 45 L W, FE9O MBI,
DSDMAE H i 84N B A7 B A3 2 2 AL T-SPCII S5 R, 531
ANFG)HSPCE AL, [, DSDMAE 49N 5]
I TDGA. X—h#HFE 155 T DSDMKH 1)
oA A R SRS, R % S A IO BT A R U M UGV
MIRLRI T %, AR BE4R S M ATUG VAR B8 D & 2
s, HhAh, AHELSPCHIDGA R I 5 4T 5 I 77
7%, DSDM:KHI 5T R BB R I UAVE 7 175
MPDAT %% 5¢ % A FE R i UAVITUGV [ 35 1] )i
J, (E— R LR AUGVAES MRIR f &, £
AN TE) A () S o T B 18 T Top e N Ty 3X A
K DSDMTEBFHUGV {5 I 14 3 B 22 [ i [i) 5000
HABFF IMUGVIAT S 7 5. JR1M, BME AR R A
MRS, T g, i HI7E0.04 sLLN. 2% & F|DSDMYE
AN IR AR A 5 SR e SR, e TSR TR T A bR
M.

FEAR R B, B AR 55 MRS RI3E T, UGV

Table 5 Computation results of all test algorithms in random instances with different scales

DSDM

SPC DGA

Instances M v
DSDM DSDM SpPC

(Avgstd., x10°s) (Avg.+std., s) x10° 5)

Y (Avg.£std.,
Avg.tstd., s
(Avg )

v M Vv
TSPC TDGA TDGA

G G
DS (Avgastd., x10°s)  (Avgstd., s) D

Small-scale instances

5-4-easy 1.75+0.00 0.0047+0.0047 2.08+0.00 0.0019+0.0017  0.18 3.61+0.20 0.0023+0.0020 1.05

5-8-medium 10.74+0.97 0.0127+0.0046 13.01+8.77 0.0018+0.0012  0.21 17.84+0.58 0.0030+0.0020  0.66

5-6-hard 25.41£0.00 0.0056+0.0030 548.70+0.00  0.0010+0.0003 20.59 421.55¢117.05  0.0016+0.0006  15.59

Medium-scale instances

10-10-easy 3.85+0.39 0.0113+0.0039 4.81+1.30 0.0023+0.0010  0.25 23.76+8.59 0.0018+0.0006  5.18

10-8-medium 11.35+0.16 0.0066+0.0032 28.19+4.67 0.0012+0.0004  1.48 46.68+14.36 0.0016+0.0004  3.11

10-6-hard 57.17+0.00 0.0104+0.0024 6581.25+0.00  0.0012+0.0002 114.13  4272.35+1610.26  0.0028+0.0012  73.74

Large-scale instances

20-16-easy 4.31+0.08 0.0277+0.0037 4.40+0.17 0.0022+0.0003  0.02 22.10+£8.26 0.0027+0.0009  4.13

20-12-medium 20.64+0.14 0.0137+0.0011 41.27+0.86 0.0015+0.0004 1.00 74.16+36.39 0.0018+0.0003  2.59

20-10-hard 56.43+1.54 0.0313+0.0035 19539.42+0.00  0.0016+0.0002 34524  3408.37£2994.72  0.0019+0.0002  59.40
Wilcoxon rank N/A 8/1/0 9/0/0

sum test (+/=/-)

a) N/A £RAIEH.

1463



TENTPESE: T [F) 2 s S SR TN R G M W R 55 AR

SE AT 5 IS TR) 328 3T 3 . SR, TC VAT 25 J Wk b wfi
FEG, Thtpy, FRBEMEEA LT L FNT 0 AR S A 25 5.
AT S5 MEFE Nhard i, TAL AT ) T B 5 W
B, T S The FTon M ZE B HE— R K. Rl i, 78
20-10-hardiX —HBlH, G, MG, 537l ik 354.24F0
59.40. MPDAE S HMEE RIS, UGVAEAE S5 KIS
R B R AR E IR 24, AR £ SPCIEZEDGA, X
e R O IR BEAR R O B sk, ELLR
JEFICRE . M2 F, DSDMi@ & # A H
BRTUAVAEIE RS, 72 BRI AT e T i
BRVIRUGVHIES 7. ITRUET oy MG 2 AE &
HYSHE M. EFTAhard B, DGARIHERE 46 [
SPC. fEAESS /3 BL 2R I HL T, DGAMH ELT-SPCHRENS
TP B B UGVIAE 557 &, T 3iAT BEAR [ R &1
gESR AN, TEA BB T, HIARHEZE 0, SRS
EAEIEAGE R P USSR AR R AT AT AR, B UGV T
T EH TR S B B AR 7 AR A Fe AR 4

b DRI SIS A5 v A, TEAS [RI R K 5
LR ME G, DSDMREETE AT $ 52 11 SR0R (] 1y
A R T HAR L EE IR T R, B4R MPDA
1R 25 (158 BT 8], AT PR UG VAR5 81K 52 BR (1175

S5 30k

LR T B R 58 UMPD AT 4%

7 &g

ARSCHEH —FoE T R0 & G s H b 1R Y
UGV RS IR T, N RIEEIMPDALE 55
HFEMUAV UGV Z RIIEE M, @S [HUAV
8 FRIUGV A T e sk pL, Hh UG VIZHIE
BEAEUAVAL B S B 09I T A J= 1 588 R # P A IR
S E TSR, AEZIF R SEHESL N, A4k
MPD AT %% 1) 56 ST TR], 32 H — b T G4 B A2 1Y
UAVE 7 € UAVAT UGV IR V5 [ R 7. 33—
WHh, FH—FUGV A AT R HE. WA
MPDAE 5 A, UGV R AR I8 H %
FE I TN S P DA A OE B AN E 1 s e, R
—FjE R ATTIER KA R MUGVIIME S &R, 5k
B4 R AT S5 R S M. 22 40 SRR 45 IR AE T
AR ST S DSDMIF L fg. #1 T SPCHI
DGA, DSDMFE AT 55 1) 2T 82 7+ 1 53.685
18.381%, Fo/rRBL T AR B AT A 5 I
R T, AR AR AE SRz s il A SO
5%

1

Zhao J X, Li W, Zhu J S, et al. Firefighting robot extinguishment decision-making based on visual guidance: A novel attention and scale U-Net
model and genetic algorithm. J Field Robotics, 2025, 42: 11031124

Ghassemi P, Chowdhury S. Multi-robot task allocation in disaster response: Addressing dynamic tasks with deadlines and robots with range and
payload constraints. Rob Auton Syst, 2022, 147: 103905

Cheng H, Yi J, Xia W, et al. Adaptive memetic algorithm with dual-level local search for cooperative route planning of multi-robot surveillance
systems. Complex Syst Model Simul, 2024, 4: 210-221

Liang C Y, Luo X, Chen X D, et al. Route planning of truck and multi-drone rendezvous with available time window constraints of drones. Sci
China Tech Sci, 2022, 65: 21902204

Kiss D A. A sampling-based approach to solve difficult path planning queries efficiently in narrow environments for autonomous ground
vehicles. Unmanned Syst, 2025, 13: 663-688

Zhou Y, Jin Z Q, Shi H G, et al. Enhanced emergency communication services for post-disaster rescue: Multi-irs assisted air-ground integrated
data collection. IEEE Trans Netw Sci Eng, 2022, 11: 4651-4664

Sherman P, Bezzo N. A heterogeneous system of systems framework for proactive path planning of a UAV-assisted UGV in uncertain
environments. In: Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS). Abu Dhabi, 2024. 13237—
13244

Xin B, Zhu Y G, Ding Y L, et al. Coordinated motion planning of multiple robots in multi-point dynamic aggregation task. In: Proceedings of the
IEEE International Conference on Control and Automation (ICCA). Kathmandu, 2016. 933-938

1464


https://doi.org/10.1002/rob.22438
https://doi.org/10.1016/j.robot.2021.103905
https://doi.org/10.23919/CSMS.2024.0006
https://doi.org/10.1007/s11431-022-2130-7
https://doi.org/10.1007/s11431-022-2130-7
https://doi.org/10.1142/S2301385025500426
https://doi.org/10.1109/TNSE.2024.3432746

PEBE: FARRE 20254 H55% 9

12

13

19

20

21

22

23

24

25

26

27

28

29
30

31

32

Du X, Zhang J, Xin B, et al. Market-based task assignment for multi-point dynamic aggregation tasks. In: Proceedings of International
Conference on Computers and Industrial Engineering (CIE). Auckland, 2018. 2164-2172

Chen J, Guo Y Q, Qiu Z F, et al. Multiagent dynamic task assignment based on forest fire point model. IEEE Trans Automat Sci Eng, 2021, 19:
833-849

Pan T Y, Verginis C K, Kavraki L E. Robust and safe task-driven planning and navigation for heterogeneous multi-robot teams with uncertain
dynamics. In: Proceedings of the IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS). Abu Dhabi, 2024. 34823489
Gao G Q, Mei Y, Jia Y H, et al. Adaptive coordination ant colony optimization for multipoint dynamic aggregation. IEEE Trans Cybern, 2022,
52: 7362-7376

Gao G Q, Mei Y, Xin B, et al. Automated coordination strategy design using genetic programming for dynamic multipoint dynamic aggregation.
IEEE Trans Cybern, 2022, 52: 13521-13535

Shen Y, Li H C. A multi-strategy genetic algorithm for solving multi-point dynamic aggregation problems with priority relationships of tasks.
Electron Res Arch, 2024, 32: 445-472

Lu S, Xin B, Chen J, et al. An adaptive large neighborhood search for the multi-point dynamic aggregation problem. Control Theor Technol,
2024, 22: 360-378

Chakraa H, Guérin F, Leclercq E, et al. Optimization techniques for multi-robot task allocation problems: Review on the state-of-the-art. Rob
Auton Syst, 2023, 168: 104492

Li S Q, Liu G Q, Li L, et al. A Review on air-ground coordination in mobile edge computing: Key technologies, applications and future
directions. Tsinghua Sci Technol, 2024, 30: 1359-1386

Messaoudi K, Baz A, Sami Oubbati O, et al. UGV charging stations for UAV-assisted Aol-Aware data collection. IEEE Trans Cogn Commun
Netw, 2024, 10: 2325-2343

Cui Z, Yang T, Wu X, et al. An air-ground coordinated sensing, relay and offloading for emergency disposal in ITS system. IEEE Trans Intell
Transp Syst, 2023, 24: 13240-13249

Ding Y L, Xin B, Chen J. A review of recent advances in coordination between unmanned aerial and ground vehicles. Unmanned Syst, 2021, 09:
97-117

Chai R Q, Guo Y L, Zuo Z Y, et al. Cooperative motion planning and control for aerial-ground autonomous systems: Methods and applications.
Prog Aerospace Sci, 2024, 146: 101005

Ding Y L, Xin B, Dou L H, et al. A memetic algorithm for curvature-constrained path planning of messenger UAV in air-ground coordination.
IEEE Trans Automat Sci Eng, 2021, 19: 3735-3749

FuL W, Zhao Z W, Min G Y, et al. Energy-efficient 3-D data collection for multi-UAV assisted mobile crowdsensing. IEEE Trans Comput, 2023,
72: 2025-2038

Qian Y W, Sheng K X, Ma C, et al. Path planning for the dynamic UAV-aided wireless systems using monte carlo tree search. IEEE Trans Veh
Technol, 2022, 71: 6716-6721

Eskandari M, Savkin A. Trajectory planning for UAVs equipped with RISs to provide aerial LoS service for mobile nodes in 5G/optical wireless
communication networks. IEEE Trans Veh Technol, 2023, 72: 82168221

Wang Y Y, Xin B, Ding Y L, et al. Online path planning of messenger UAV in air-ground coordination over urban areas. IEEE Trans Veh
Technol, 2025, 74: 7135-7151

Fan J C, Chang X L, Misi¢ J, et al. Energy-constrained safe path planning for UAV-assisted data collection of mobile IoT devices. IEEE Internet
Things J, 2024, 24: 39971-39983

Lu Z, Jia Z Y, Wu Q H, et al. Joint trajectory planning and communication design for multiple UAVs in intelligent collaborative air-ground
communication systems. IEEE Internet Things J, 2024, 11: 31053-31067

Li Z J, Zhao W D, Liu C T. Completion time minimization for UAV-UGV-enabled data collection. Sensors, 2022, 22: 5839

Li Z, Guo Y L, Wang G, et al. Informative trajectory planning for air-ground cooperative monitoring of spatiotemporal fields. IEEE Trans
Automat Sci Eng, 2024, 22: 2627-2638

Ding R, Xu Y, Gao F, et al. Trajectory design and access control for air-ground coordinated communications system with multiagent deep
reinforcement learning. IEEE Internet Things J, 2021, 9: 5785-5798

Lu M, Li H. Resource-activity critical-path method for construction planning. J Constr Eng Manage, 2003, 129: 412-420

1465


https://doi.org/10.1109/TASE.2021.3061757
https://doi.org/10.1109/TCYB.2020.3042511
https://doi.org/10.1109/TCYB.2021.3080044
https://doi.org/10.3934/era.2024022
https://doi.org/10.1007/s11768-023-00185-4
https://doi.org/10.1016/j.robot.2023.104492
https://doi.org/10.1016/j.robot.2023.104492
https://doi.org/10.26599/TST.2024.9010142
https://doi.org/10.1109/TCCN.2024.3394859
https://doi.org/10.1109/TCCN.2024.3394859
https://doi.org/10.1109/TITS.2023.3242312
https://doi.org/10.1109/TITS.2023.3242312
https://doi.org/10.1142/S2301385021500084
https://doi.org/10.1016/j.paerosci.2024.101005
https://doi.org/10.1109/TASE.2021.3135044
https://doi.org/10.1109/TVT.2022.3160746
https://doi.org/10.1109/TVT.2022.3160746
https://doi.org/10.1109/TVT.2023.3243701
https://doi.org/10.1109/TVT.2024.3522884
https://doi.org/10.1109/TVT.2024.3522884
https://doi.org/10.1109/JIOT.2024.3448537
https://doi.org/10.1109/JIOT.2024.3448537
https://doi.org/10.1109/JIOT.2024.3415076
https://doi.org/10.3390/s22155839
https://doi.org/10.1109/TASE.2024.3382730
https://doi.org/10.1109/TASE.2024.3382730
https://doi.org/10.1109/JIOT.2021.3062091
https://doi.org/10.1061/(ASCE)0733-9364(2003)129:4(412)

TENTPESE: T [F) 2 s S SR TN R G M W R 55 AR

33 Kahn A B. Topological sorting of large networks. Commun ACM, 1962, 5: 558-562

34 Dijuric P M, Kotecha J H, Zhang J Q, et al. Particle filtering. IEEE Signal Process Mag, 2003, 20: 19-38

35 LiTC,Bolic M, Djuric P M. Resampling methods for particle filtering: Classification, implementation, and strategies. IEEE Signal Process Mag,
2014, 32: 70-86

36 Zhu H, Alonso-Mora J. Chance-constrained collision avoidance for MAVs in dynamic environments. IEEE Robot Autom Lett, 2019, 4: 776-783

37 Sung Y, Budhiraja A K, Williams R K, et al. Distributed assignment with limited communication for multi-robot multi-target tracking. Auton
Robot, 2020, 44: 57-73

Air-ground coordination task planning for heterogeneous unmanned
systems in multi-point dynamic aggregation
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A class of large-scale tasks with dispersed locations and changing states exists in real-world scenarios, such as disaster response and
forest firefighting. These tasks can be modeled as multi-point dynamic aggregation (MPDA) tasks. To minimize casualties and
improve task execution efficiency, deploying unmanned ground vehicles (UGVs) for such tasks is an ideal solution. However, in
large-scale MPDA tasks, direct communication among UGVs is often difficult. An unmanned aerial vehicle (UAV) can serve as a
messenger, periodically visiting each UGV for data transmission. UGVs must leverage the UAV-transmitted information to make
distributed decisions and collaborate in completing the MPDA task. The planning problem of UAV-UGV coordination for MPDA
tasks can be modeled as a multi-task, multi-stage dynamic scheduling problem for heterogeneous robots. In this problem, the
messenger UAV and UGVs have limited communication frequency, and the information transmitted by the UAV to the UGVs
involves communication delays and uncertainties. As a result, existing task planning methods cannot resolve conflicts effectively and
produce reasonable task allocations. To address this problem, we propose a UGV sequential decision-making mechanism tailored for
messenger-based air-ground coordination. As the MPDA task dynamically evolves, each UGV sequentially updates its task plan from
a global perspective based on the visiting sequence of the UAV to UGVs. Building upon this mechanism, we introduce a critical path-
based UAV sequencing method. By prioritizing the UAV to visit the UGVs that appear most frequently on the critical path, this
method effectively reduces the completion time of MPDA tasks. Furthermore, we propose a UGV distributed coordination strategy
under the sequential decision-making framework. Each UGV updates its predicted speed using a particle filter-based probabilistic
model and extrapolates the task plans of unvisited UGVs through a heuristic approach to mitigate potential global task conflicts
caused by prediction errors. Experimental results demonstrate that the proposed algorithm generates better task plans and achieves
shorter MPDA task completion times than other state-of-the-art algorithms.
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