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Abstract: Distributed heuristic communication (DHC) provides a novel solution for multi-agent path
finding (MAPF), effectively alleviating the partial observability issues in multi-robot path planning. How-
ever, insufficient feature extraction reduces the accuracy of Q-value estimation, which limits the
decision-making capability of agents and makes it difficult to effectively resolve path conflicts. To address
the path conflict problem in such environments, this paper proposes a wavelet transform (WT) and radial

basis function( WT-RBF) linear and feature-enhanced multi-agent path planning method, which is inte-
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grated into the DHC algorithm to improve efficiency and stability in MAPF. Firstly, we introduce the con-

volutional block attention module (CBAM) , which leverages both channel and spatial attention mecha-

nisms to optimize feature extraction, thereby enhancing agents’ focus on critical path information. Sec-

ondly, we propose the WT-RBF linear module, which combines WT and RBF to simultaneously capture

both global and local features. This technique improves decision-making and enables agents to select

more optimal actions. Finally, we design a conflict resolution strategy that dynamically adjusts agent deci-

sions when path conflicts occur, reducing conflict rates and mitigating deadlock issues. Experimental re-

sults demonstrate that our method achieves an average success rate of 96.5%, and reduces the average

path length reduced to 105.108 5, demonstrating superior stability and robustness.

Keywords: multi-robot; path finding; wavelet transform (WT) ; radial basis function (RBF) ; convolu-

tional block attention

R shplas NAEBEYY (ACi8 iz i 55 HH AR TG b
BTz R 200 NS LR HAR R H
EHwEEN - ZAA A RN
(Multi—Agent Path Finding, MAPF) J& 48 76 B Fl ml k<
R IREE rh, FEAL g A5 BEAT A R 28 58 N HABAL
ar N R AEREE B AT R, o8 RGN T A HLas ALK
MRS s 7 3] H AR X S 22 A7 gk AR . SR, i
TR A A BE AL 4% AN B S 45 5 1, MAPF
BN & — > NP UER . H FT, BFFE A LA 2L
e N B A R0 40 08 L 22 T e T R B TS AR,
Qi A S Dijkstra B35 L A% S5 FIBCREO AL 5
o H FIRFETE AL BEZ AL &% N AR HE R )
AT RE 23 BE A R B S G Al T DI V2 4k 3] 4 JRy dee (0 At L Y
DU AL B Z2 AL g N Z 18] 4 52 2 W G &%, HLHZR
1% 58 i A% LI 5 12 1 R R P 055 50 25 8 A A Ak B g
MR ITTHRCEA o AHILZ T, 5146257 > (Rein-
forcement Learning, RL) 2t 1 —Ff 5 (Y % 42 ML Xl
R HAZ O AL ATERR S 3 00k, OF
WA ST R Y RIEACh ZHLas A
A= (Multi-Agent Reinforcement Learning,
MARL)", #E— L9 e 2 2 M HLds N2 H., J4>
PLas ARG B B 84 R R i A7 2 2], DA A i
(BN &

VT AR R B TREE 7 > (1 K BF 92 N DK et
FIR 2 U S 7RAF B TR B ) Rl AL 2 ST M4
PR AL T vk RN TR T 2
Plas KRR 7 TEZHLas ARG HLAs A
it 18 25 b AL B BT R B, DUOG AR B IR AT 55 A%
RN R B AL s A B BRI, AR rh 2 )
FEAR IR G o A J7 AN SO LA 4 Jay 5 B
DG T HLAE S BHLAS A Z 1] B B D7 T AT A A 3
AR RHEETEMARL BE M RE ST 4F R W98 2%
P I GBS BT R 38 A5 AL ) s

4 Jry i T i A 45 A A B A R R et RS R
T —E PR E PR A w5 ) BEAR AR AR

SR, AR SCHRE T — B TSR AR ) B MAPF
i, AR T ZHLas N AR MRIRE /. 76 DHC™
FE M ERE B ARSCE JE5]I A CBAM BB DL
SREEAE R INAE ST o SRIE R  — R AL )2
WT-RBF Linear, i #5% Je 45 & /N A8 e 5 4% 0] 5 bR
B, 7F CBAM [ 3 Atk - H BRSO 40 1) 42 )Ry FR ik 5
JriEBARAE , DI S 2 4 FHR T () Fe kB T . Y Bk AR
o R AL, T4 A w3 SR R BE 2 5 | LR
PREH Y FEAE , T AT RLPRAR b e M . AR SO =
FLOTHRAN T

(1) FIH CBAM ¢ 7 EL A7 SC 4 & LW 25 ] IX.
B0 T AR BT

(2) 42 H WT-RBF Linear 75 V5 i $2 5 A 585 v
TR 40 04 4 SRy FRAE AR SRR, DA I3 560 Q 190 2%
THE B T DL e s R a1

(3) BT op o T M R, 2 HLE A & A g i
SHAS PR AL AR YD vh g FIBE B ) 31

1 HxIE
H AT B MAPF J5 92 24 36 T8 R 5 MAPF F1
e Famfbas > i) MAPF

1L 5E ()5 Th =X MAPE 3K fif 38 R FH AL THE R
WYL JF AT AR IS Ho e v i AT e 26 . Hih el
8 g 2 XK ik i A0 45 i 28 3 48 & (Conflict-Based
Search, CBS)'"'4% , CBS i i #4) # 2 5 #4 ( Constraint
Tree, CT)AH R . SR, LA S ECR 55
Z AL NBUR BRI, CBS M5 14 & 3,
SO AT SR . A FEROESR A A% A CBS AR 4,
A TR AR 5 SRR Z TR BEA T AU, P T
SR MBI BLAS AR , [] I A DR R e 9 (0 B 1
PEo BRI, X ST B AT SR PEATI AR 52 3 48 £ 1]



% 4

%) 2,8 , % . A T WT-RBF Linear 5 45 4E 38 5% 69 % HL I A K12 HLK) 121

SRR RRE . HE b, S IREE TR AT 55 Bl AR A
B, 3 i & X ol T E TR BT A LA A
MY REAR , il = SR S 3 N BE T o

AR, R Z HLas Nk 5 > fif ik MAPF [A]
GBI B Z B e . Hdp, PRIMAL™ /BN IF
BIPE T AR, B UCR i Ak 2= > 5845 2% > (Imitation
Learning) Al 45 4, 18 1o 5¢ 4 22 WO AL B SR m , TE 3D
Ayl I EREE N UEAT AR LR . PRIMAL R FH 5245
P # Actor-Critic (A3C) 1 R % J2 s AL 2 > 512,
A LA NI AH [ B 285, [ iR R AR 075 2% >0 A
ODrM* L A0) i AE J HS s AT U1 2% . MAGAT"
) >R FH P i 22 1) 2% (Graph Neural Networks, GNN)
AT A 27 2] W B HLAS N Ay B i A
JER AR s i R G5 B TSR . ) — i,
Ma 552242 T — ik e M A SR DCC, DL
—HILAS NI PR SR A5 7 A7 21 FLAR J= B 52 0 , DA D
R MERE B H R E AR . DHC-R™
A EAE AL AR 2 AL ARG R I, L
fife P38 {5 o A2 v onT BB B A0 B B B & Ok n)

HiIMAPP 25 G2 2] 5 e k05 5 Ll By 1k
SEVIIA) AR R 2 58 s A KL i BIL A ARy B
YIRS IR T PERE . SWK™ i i 51 A AR ARTE B T
(Coordinate Attention) 155144 FL (CondConv ) 14 5%
SFAEHEELRE 71, 455 KAN-WT R H 3 T % 45 00 K1)
RS E PEFIHCME AR BE T o AR, 3K 2L e L AR A
AR IR T AT T I SR AR b S AN O A 2R B PR AR
i S — 2P A ASE TR R SR E M
2 RXTTE

ASCAE DHC " B BERT b, B 6] PRS2 AR 18
H AT BN S E PR BE A R S Bt AR v 58 )i,
P T — Rt R 2 A0 . AR UL, SR
CBAM H 3, LA 5 AL i AT G s ] X i G 1
BE . SRJG 8 WT-RBF Linear J2 £ B hioks 40 (4
FRAE, JFTE DHC A S AE LSR5 T 3 SERRAIE 5K
i #1155 advantage Fll state value , T2 5= Q (ELAYTT
ARG RE LA N A i B s . Bdm  fE
PR AR PRSI, SR T e ST ik SR Mg HEAT AL L LA 22 A
IS FIFLA R) i, REAARHEZR N 1 R

I i

& ©_ o o e \ } !
] i i €; €; g — o — Zj]'ﬁ:
©) ® ©) ®

O WEminey @ WEEHR 6 Q-network

whic
XIJ-IL.%() >
g2
; 5
X g
‘e —_— ) —Sg
& & < t 6 g5 € e e g :
0 X o X o X = Eo o0 o e <= NN i E g
= = = B — —
—_— T~ T = T = — T & —> - 9 ()
il gl g 3 2 o e 25 o B
3 S o 3 —L/ =
> [z,
i
=
E— w
PUE-Z B

MERR
Q-network

B1 HRREEERE

AL R U S R R R R R Sl
Q-network = FR 7 . S, SR EBWLIN o 1F Ay i
A G5 45 B2 I Re LU Y0 bRBCHE MW 2D PR 14
BEJS AR AR DG T 3% 22 D . CBAM BB AL 4%
PFERZIATRIERS 3R . 2808 ReLU BT /5, AR K

FAE ) o). FEH , GRUAEIL o) Al b —AS ) 26 i
FBOIR S e ' R RN B el TEIEAFBTEL, 1]
TH L el FHABAL T ATH B o) 18 3 P AR 5 SR 1Y
FrEm it e e Flle) fil A BN EH AV FEBIE iR
ZAH R e il P TETE , MLAF AN RERS 2 DR A

SR EZER . X e i A Q-network FE JE1 T
P . WT-RBF Linear 7180k 25 (8 o8 %50 36 1 6
BLWE SIS RIRZLN Q. Y Q-network I
HENVEE , REE S TEATHT AT wh oA I 5 4k 21,
HAOR UL, 25 2 A ML AT sh 7 530 B i & &
B, D0 o o o R B A R DRSS 2.3 T AT IR
TG AR Q M B s e, Al X Hofth ph s LA A5
NIET I &, I BB LSRR, LI EEAR v 28 5
FEARUKS .



122 B R K F (A RFFIR)

2026 4

2.1 ET CBAMEIRAIHEIL R

FE R AR 55 b U R AE R 4 A5
BT T L RE A R M G VR T Y A5 [A) X3 DA R
TR SRR AE , A BB R R L MERR B D . R
U, AR SO T CBAM, %ML 45 & 1 3 i 1 8 1
2[RI T, B 7RG AR R R E IR AE T

%A% B ) RREAE AR A A 2 AR [ A 3
AR B, B RGP 0 AAAE A 0 R AT M DL R At
S ERBEANICAYRRAE o X S0 38 15 B L A A A T B
BT 55 P ) Sl A AR T R SR U A
FHEVRRAE LS RF DR SR o S 1 B8 A5 250l A Pk o 22
WIERFAE , B ST AR RS T AR B, ELA
HLOAERMARER x e RPCOMV A3 4 )R
a3t £ N 4 Je d5e Kt AR VR 2 25 1) 248 5 440 15 31 7
ANEE AR T R X, e REOVOURX, e RPN
SR 53X A T8 38 REAE ) B O 4 B2 40T ReLU
PR AN Sigmoid I — b J5 AH A AR R 3 R
B A € RPCV, FEARAF B E R NG K H
7 FH T AR RRAE ] 2, 38 3 28 o0 38 A 3R S B 3 i
AN PR

2 =xOA,,. (1)

B T R T B S VEAN , CBAM H 4 23 ]V 75
ML 35 Bl 9 4% 58 A2 T~ s 4% I A0 Ol DX 3R, 3 G X6 TG
DI i B e . ELREREIN R - 15 A
REIE BRIEA T U o 3 R 5 B 7 1) 1 3 0 b Ak B
HETR A x, € RECTVHTx, € RECT R E
SRIG, B 3X P A ok o 7 30 TE 48 B 31T BF 4, JE AL
HEVEREE y e RV IR it 1x1 BRUZ T
2R AT A, PEAS B2 (8] 7 7 J5 6 FL0
IAS IS B8 R AIE P61 3R A 7 I A28 R R0 e 1 DG 2 ] X
B, HE— 20 P AR AR R RS A EOR , =X (2)
7R -

y' =x'OA . (2)

CBAM FE T 33 51 A 18 5 25 0] 7 & P,
o | 5 0 2% 2 75 G 1 S X d 5 R R A T, 8
THHEF N HERE . R, i PRI T ek 2
AR AE R R ERCAE 3T 4% Y I 1) 5 T A 4 i
1, AN S i R B2 AL 16 5 4% A B TR AU AE D)
Srad FE AR R RS AR
2.2 T WT-RBF Linear BIZ1{ER %

h T P DHC IR FHIE SR BON S AE 4l D3R B
JIAR R Tl B, A SCHE T — o B v 2
WT-RBF Linear, 2% & /N A8 e F1A% ) 55 pR 2, IFKS

HR T Q-Network B3, HAELL AN 2 iR . )2
TE CBAM [ JEA L, 3 — 2045 BT Jows 4 1) 42 ey 4
AIE 1 Jmy F AR AE DT S 2 4R AR B Y SRR BE T .
WT-RBF Linear 25 1) i tH B =30 43 41 5 FEAl 26 1
AR /N AR A RN AR ) S R B . S R M AR 6 ik
o VA P9 286 A Bl S5 R S 28 T R B U A R i
1) 4 JRy R IR 5 78 B A28 RS ] S0 v | AR 353 R 285 R 5 s
15 S AL (R ) 4 Jmy B B (AL A A4 1) 3%
A3 A ) R AR ey S AR Y (U A ) 58 A BHAY )
/NI A 4803 A T AR AT 2 RUBE o AR
5 AR A3, DT HEAT A SR R AR ST, JF RE S AE
A 2 A [R] s 0 BT 4 Jry e 34 5 R 0 4 1 RREAE R
UETE 20 25 6 42 M40 37 55 v B2 BB A T DG B A9 4
JriAE L 5 A8 1) 2 pR OGS Jry S i A AR Ak v B RURK  fig
e Z AL 25 N5 B0 4 K S 3 L A R AR 2k
K FR, FLAE A — 201 /=5 i R SO i A B R AT R A
LR AL N 5 RS 2 0] 52 4 i S PR AR
Ry S A A L i 8 A A% 220 T B e Y A A A
A, DT 3 i A 70 A J A e M O R AR 1 ) g
T X = T B A RS 4 R AR R
(R ARF I RS 25 48], AR TG SR 23 1Y S — {5 St 2
o, AR AR Ltk R AR ) 5 REGE TR Y] .
BV, 45 B A K B x e RP*? SR 2Rk Ar e i
I BCE A B W, R I b, 6 R AT 2R P
S, 9 2 2k B 2 M O pR TS B 4 L st (3)
Ji7s :
Yiwe =S (Wio® + by,) (3)

LR, /NI 7 308 2ok X iy A B 2E o L 4R
T AR A, fi L BE 0% O R R PR I A R RRAE
ZINE A A e L A (4) FR

ywr =f (W, - WT(x)) (4)

Hodr, w2 /INig AR 4 R R, WT () Ay i A Z
PR /N AR 48

5, 5 ) ik pR B0 1o i A B HEA T R
L Al — A W R B . ARG, 4 — 4
A& i grid e RY A4 R 5 o, A2 1) JE pR A 1 i o1
X (5) PR .

yRRF:ZeXp(_( i o )?) (5)

Horb N hy A% SR BT o AR ) R e RO i i 280
A N AL R S, 5 SR A 2 P AR 4 R /NI AR 4 )
i AR, A B R 2 L an=C(6) s

Y= Yoo + Ywr + Yiwr (6)



% 4

X 48,45 . L T WT-RBF Linear 5 45 4£38 7% 69 % HL AR 2 ALK 123

e Lk A T E H advantage (IME , A R
BH R R 2D BR PR UCK i, B AT A5 () state value [
{EL, IF FX SEEDRS R 11030 Q (B, b — 20 SRS i 5| 5
PLas N7 s+

RBF
ot LioHl

SiLU wT

Linear
WT-RBF linear
®© PRl
&2 WT-RBF Linear £5#4
WT-RBF Linear 845G 1 /N A2 4 i 42 Ja -
W REME 5 RBF Ym0 1 58 77 , 264 fiE 23 i) v 52 R
TN R AR L AR L AR H AR S 40
JINE 3 55 T A A% R B RBF LS B £ T )1 S
T B B0 EE 7=, A B TR R () i SSRR e 1
BTt Q E AT AR
2.3 EFHREBREENHRBR
FEZHLER NRGe, B AR wh o 5 5080 n) 2 52
Wil A 55 PATRCR I OB R 2 o At A SCH i 17—
b o 9 T8 i R, LA THIL 8 AN TE 5 24 IR rh i T
[FIRE ST 165, 7RI 2 Z2 S Bl A TR] I o 46 A4 )
HARAL B I, R GeAs i w90 1 ¢, T 43 B b 5 ¢
F, (7)) PR
Y=ch[i][j]>N (7)

21 i G R rp L 0 B B e LA BBV

I, RUIFAAE h I . Dtk oe , R Q (HiR

LS AAE AR ST & JFOR B M BT a1,

[F] s o} o € 2 v A AL 28 AN AE ST R 5 &, %%
QEUIGI S HIRZF s, iz (8) M (9) Fro :

Q'(s,a)=0Q(s,a) - ¢ (8)

a' = argmng(s,a) (9)

Hob, o Q E R A ARSI AR, o D R (055
el (8

A L R B Q EHL AR A TR, I 5]
FEABHL AR NARZR BT AL, T AT 28R v M
P e B AR LI A G PR E o ORI, 7E 22 48 b S
Jai, A BLAR N B B A A AT SR AR T B EL, D
BEASEHUIRZS , ILRT , RGEREPERME Q (E AT

B IFZ LA KBRS, BB IL PR R . M4
T2 UT7 % (U1 CBS) , AT e vh I A0 BE |- B 3
T QAR ST IR B T CBSFER
MUBIHLAS N FRIEE R IR 29RO 37 i ok ) s 11 2
AL, DA AE PR UE — i fige S5 2 4 () P B R BECR AR
Beo T B R b S AL 3 B I
QEBIEG I ATEST, (2 (AL a5 A B R B A2, X of
77 AL S TP REUS A R AR b SR . SR,
TESEI PR EOR B R M sh A v, LR 2 fe b
GRS PR L, n] el ok — 2 YT TT 4

3 SEI§

ASCis VR AR 7 2] SR, 1220 5 AMERE 38 18 1
1255 UARAC U Zhad B2 . JFAR BT, e — A Jkhik 3
50— 10x10 By PIA% FREE T AU — D HLEE AT
55 — HAZAT 55 BB 223k 5] 90% DA I, {5 25
PETHAE S5 MEEE , BEMPLAR N 05 S0k PR R
KSABAL, T AL N TPk . B
WIZRIIRA 2 bR e A TE 40x40 BB, (R 12
LA AR T AT 55 o U Zhad RE b, BERs 4 0 2%
JE G 0~0.5 Z [8) () = FIE 434, ML A B A0
FEIE 32 9%9 . FEPRAR S A M BB A, AR SCHE B T A%
I (SR) FH K (AS) S35 4k #L A [a] (TT) A1
£ 5 RN MUVE RO FE bR o BB R B T 4L
i N B sf [B) PN 3K AT 45 B R g, LB R vy,
HH SR W A A 0 5 T 8 20 R A et T 58 LA 55 P s 19
S-S5 T, AR B ARR , 2 R SR I R v 5 L
[ T PP Al s A R e S v B T BT A | R
()RR AEG , 150 BH A S M T i TR ROR T S A
f7 U Z ) T SR AR IS AT A R N R G B R Y
K, A 7 RIS, B SRA T R i A A = i, B
IR T R A TR R AN
3.1 XtbbXim

fr $&  k 5 DHC™ | DCC™ | HIMAP™Y Al
SWK' A5 e iE A AE T R AT 0 K ik A7 L
o SRR T A SCHE PN N [R) 1) RS
(40x40 F180x80) L #E47 T IMik , I b fi- 40 2% B2 452
— W K03, ERFHLE L ARl T {4, 8,
16, 32, 64} PMHLAF A, IF7E 200 2451 F BCF- 14 45
S BB, e f R AP K 5 TR R 1 IR RE—
2, B 40%x40 H115] h 256, 80x80 i1 5] 4 386, K] 3 &k
N TR RS T D R X L. T LA
FBE L Z B RZHCE ST R8T om0
B RIS AR Z R T 2B



124

Rl K AR (B AA )

2026 5

RERS LR R R RE . 4N, 78 8080 (MBI H , Y
HLes \E 2, DHC FI DCC H Sl R0 i R %,
T3 IR ORRENE AR B TR % 1k

1001
80r
& 60f &
= —e— DHC =
= 401 - DCC =
—— HiMAP
20r —— SWK
0 2'2 2'3 2'4 2'5 2'6

Hlaw A B
(a) 40x40H %] 11 3y
B3 witE TR IR L

0 =

5 I' L

10

o -

* Goal

25 — Agent 0

30 — Agent 1
- — Agent 2

35 . IH_ 1 —Ag:n!:;

40

051
0 o starl

* Goal
— Agent 0 — Agent 16
—— Agent | — Agent 17,

— Agent7 — Agent 23
—— Agent 8 — Agent 24
— Agent 9 — Agent 25

— Agent 1(— Agent 26
30 — Agent 11— Agent 27

— Agent 12— Agent 28

— Agent 1:— Agent 29
35 & &

— Agent 12— Agent 30

- i — Agent 12— Agent 31
5 1015202530 3540

(a) 40x40HBE RS R 205X {4, 8. 16, 32, 641 HLs AFLi Al

A B FRSE R P AR

Pl 487 1 BT SEAE P Al R AR R AL

e NIz B .

100
80F
60F
—— DHC
40 ——DCC
—— HiMAP
20r ——SWK
—o— A
0 2'1 2'3 2'4 2'5 2'6

e start

* Goal
— Agent 0|
— Agent 1
H [— Agent 2
— Agent 3
— Agent 4
— Agent 5
— Agent 6,

A
20 25

LIREIN ey
(b) 80xBOH <] 14 g Ty 5

= = O] [e start
e L AR Yl | 3 S
- W e L
= A ngE — Reent |
a1 ) — Agent

» — Agent 3

"l'- J':I'- F“' T bent

— Agent 5

o [~ Agent 6

— Agent 7

— Agent 8

— Agent 9

— Agent 10

— Agent 11

— Agent 12

— Agent 13

o [— Agent 14

— Agent 15
~Agent 16 — Agent 32 —— Agent 48
— Agent | —Agent 17 — Agent 33 — Agent 49
— Agent2  —Agent 18 — Agent 34 — Agent 50
— Agent3 ——Agent 19 —Agent 35 — Agent 51
— Agentd —Agent 20 — Agent 36 — Agent 52
— Agent5 ——Agent2]l —Agent 37 — Agent 53
—— Agent6 —Agent 22— Agent 38 — Agent 54
— Agent7 —Agent 23 ——Agent 39 — Agent 55
—— Agent8 —Agent 24 — Agent 40 — Agent 56
— Agent9 —Agent 25 — Agent 41 — Agent 57
— Agent 10 —Agent 26 —Agent 42 — Agent 58
— Agent 11 —Agent 27 — Agent 43 — Agent 59
—— Agent 12 ——Agent 28 ——Agent 44 — Agent 60
— Agent 13 —Agent 29 — Agent 45 — Agent 61
— Agent 14 —Agent 30 — Agent 46 — Agent 62
— Agent 15 —Agent 31 — Agent 47 — Agent 63

303540

R AR S AT TR ST o T R A e
?! -E' ’ﬁi-“.lf-" l;:}‘: EEY '_Jr_-\_i ] I%:; : '{E o start
g i et A T
dm, .h-_._'i.-m T a A 5 1w q"..i__q;' * Goal
Lot T P . .g& oF ..' ! " et 0
A Tiwbr 0 — Agent 1
— Agent 2
3 Trag — Agent 3
o ft ﬂ Sl | — Agent 4
m‘k?{'}‘_‘u'.-é: -ﬁ.—’ . . —:gentg
5 e e | L PR | — Agent
S TR ] | Awen 7
40 50 60 70 80

S Goal
* al
T | e 0 — Agent 16 10
P | — Agent | — Agent
o | — Agemz = Aéem 18| 20k

| | — Agent 3 — Agent 19
|~ Agent 4 — Agent 20
— Agent 5 — Agent 21

{]— Agent 6 — Agent 22 =
— Agemg - Agem %3 40 FEE
—— Agent § — Agent ot
 Apent9 — Apent 25 SO R
— Agent 1(— Agent 26 |
— Agent 11— Agent 27 60 F

— Agent 1z Agent 28

—— Agent 12— Agent 29 .

[ A Agem 1= Agem g(l) 70 :'.

L — Agent 12— Agent b
80 80 1=

0

010 20 30 40 50 60 70 80
(b) 80x8OMLKI N ~F R A3 BT (4. 8., 16, 32, 64} HLEE ALk &

4 FWHBETARKENRANNHTE

i‘r:&;frf 5

=

Cain

T e

e L al
Sovie i
10 20 30 40 50 60 70 80

e
A8

== '-’-:‘\-?:\'} :
D R I o

Goal
— Agent0  —Agent 16 —Agent 32— Agent 48
~—— Agent | —Agent 17 —Agent 33 — Agent 49
— Agent2 —Agent 18 — Agent 34 — Agent 50
— Agent3 —Agent 19 —Agent 35 — Agent 51
— Agent4  —Agent 20 ——Agent 36— Agent 52
— Agent5 —Agent21 — Agent 37 — Agent 53
— Agent6 —Agent 22 — Agent 38 — Agent 54
— Agent7 —Agent 23 — Agent 39 — Agent 55
—— Agent8 —Agent 24 — Agent 40 — Agent 56
—— Agent9 —Agent25 ——Agent4l — Agent 57
— Agent 10 —Agent 26 — Agent 42 — Agent 58

— Agent 11 —Agent 27 — Agent 43 — Agent 59
— Agent 12 —Agent 28 — Agent 44 — Agent 60
— Agent 13 —Agent 29 — Agent 45 — Agent 61
— Agent 14 —Agent 30 ——Agent 46 — Agent 62
— Agent 15 —Agent 31 — Agent 47 — Agent 63

TR TARTIEEARRE PP K ARENTEE K. filin, 78 40x40 A9 A, DHC

Xttt T RAE B, Pl ik e P T f S 5 R R A

81 249 28K A RS 0 O A 0 T AR B, (L7



% 4

X 48,45 . L T WT-RBF Linear 5 45 4£38 7% 69 % HL AR 2 ALK

125

(SRR 7Rk Sih s 5 2 IR TS: L)) | BT D3/ T X R €
RIERIE T AT RE DR BB AR AP 2925 1, SRR H Y
AR T R SRS ST R Ak . A £ 80x80 Y Ml [
FIRER IO a0, 76 64 BLEF NG, BTt 5
VAT 30RO 1575 T HG A B0 3 0 9% s I,
— L UUE T A R R AR . IR AR LS
WE T TR 77 1 A5 5 T 3 A DR SR RE T Mgk R A o
5 [R5 T R 8 o fR T I AR T U RE S BEORG
5] L g N AT Sh AR EHE , A RO D A o
5, fHLAR A AE B AR HLRI I A AT BE SO |
H DR T A2k [ B A0 BT S AN R W, AT 2 B
AR 55 SE R, Rl oL B R B AR K . 28 B
W TR T R A ) AR AR K T T
ST, e B T S s B AR E B R R
SRR hER2 MK 3 AU, Fr i 7 ik e A [ PR 45

I R B LA [ T B R PR P A T B L R
LA FTIE . SRMAS S 1 3 53R 1 ags Rl LUK
B, X — BN S A7 AU R T R B
RE R PR RN AR M AR AL 1 72
HOBLAT S ) B R PR S T RE R O AR, AR
A AR IR G AT B L B i 5 ik ek
R A 18 4 i H e 5 9 A SR, A AR AR T B
A o S R BE BIME 3, AT 0 3 £ T T R RE
o LA LI, R A L (R] PR R 1S, 52
JoT o — i LB M B B SR L 7E X AT 55 L
1 3R R A Jor i EOR Ry 19 N 3 S P X RN AR
BrAAEEME . AR - PR R R
o IR S A AR A T B, AR fR A
B8 I 25 1% () P 2R UK e 3 s ) R PN A7 o5 S R
B Y F-f

*1 FHETEYS KA
) i P R E 40%x40 i R 8080
LR IN Sy - )
DHC DCC HiMAP SWK AL DHC DCC HiMAP SWK AL
4 64.51 50.34 216.52 52.40 52.01 108.80 94.40 357.14 98.47 95.98
71.37 64.50 241.70 62.12 58.26 130.75 110.93 378.40 113.63 107.86
16 95.43 87.30 253.78 82.04 76.40 14451 126.19 383.64 122.79 120.66
32 118.42 131.12 254.47 109.12 98.46 162.24 146.96 385.00 145.70 137.83
64 195.48 133.96 255.00 175.05 146.14 182.47 190.98 385.00 171.88 157.50
F2 T E T E Y HEIE A 8] O LR £
) HuIETRST 40x40 Hb & RSE 80%80
PLEF A B ;
DHC DCC HiMAP SWK AR DHC DCC HiMAP SWK AL
4 2.05 0.80 8.09 1.85 3.59 5.04 2.07 7.64 424 5.21
8 5.61 1.75 15.24 4.70 8.89 6.44 3.55 15.65 5.92 12.03
16 12.23 3.50 27.43 11.46 20.24 14.67 422 28.47 15.77 24.26
32 28.03 11.74 47.12 26.09 36.99 37.13 11.99 53.04 37.48 48.92
64 92.15 74.50 88.36 87.84 125.63 92.18 122.98 99.54 83.68 109.40
R®3 BWMEZERESAX/AN
Bk DHC DCC HiMAP SWK AR
WNAE di 26 0.7 — 5.8 32
3.2 HEAXI A CBAM #5351 Baseline M 2% (1) Q-network

R T B AN J 1 X E AE R RE AR SC ik
TR e

Baseline: £t DHC 575 W E Ry 56 . 2580k
I A R R AR B Q 2 ) RS BUE E L 52
B2 RN TSI RIR

DHC-CB: 371 7 Baseline [ 2% (1 WL 22 4 it 2%
JIA CBAM e

DHC-CB-WR : 718 7E Baseline [% 45 it WL 5% 4 i

Fr I A WT-RBF Linear f&Ht

DHC-CB-WR-HNS (7= SCH# 1 5k ) - FORTE
Baseline [% 2% (1) UL 52 4 5% 25 HH A CBAM A8, 7
Baseline %24 i Q-network 1/l A WT-RBF Linear £5
B, TRI I w2 T it

R T BSUE TR T vk A A A M AR S
P AT T RS2 58, Xt H Baseline, DHC-CB,
DHC-CB-WR Fl it $ f5e 24 J5 ¥ DHC-CB-WR-HNS £



126 B R K F (A RFFIR)

2026 4

AN A R ), R4 FES T LIE Bl
BRI I Bk B TR A 20 K 15
7 B FEMAL. Hb,DHC-CB 1% T Baseline i i
FE IR A CBAM, G HA G Y %5 (A
DA, AU = TR, HA R TP K,
BFEZHLas NG5 TAVEEL KK py I,
—% , DHC-CB-WR 7 I 564 | Jin A WT-RBF Linear
B 3 2k 45 BT ORS00 %) 42 R 5 R R R AR 3R T
BT ) F IR AR T, T I T X SeRRAE MERR 1150 Q 18, 32
THEhEDE R BE T, (ML AT & B 5 30 1 , A
(IR T P 7 SO (R e =i P =i 13T e
P51 A1 K B35 8 A7 TR 8 R A 5

Baseline FEA G-, 1iij iz 28 J5 ¥ DHC-CB-WR-HNS
TELL BRI T vl 53 il SR W, A AR i A
g ), 7E A IR S YR T e Y
BOIRRE T B E 2K R IR AT —
FE Y B A E NP o AR I (R RE T A A R A A
B N AFETF RS (RSB0 25 SR e I H 2 48 vh o8 34 5
AT —EWIHRTFRY 5 80 A s, 58
B2 LI AR SCHE H 19 0 1k BE A AE AN G I P A7 45
FERETHE T, B IR T ZHL40 AN B AR AR PR DA
AR TR b 5 | AL 25 2 38 3l 1 I S0/ 4% o
58, LT EE AR BRI AR J2 B O A A B P
Bk,

R4 HBASKIEEERNILE

R HlEsA Baseline DHC-CB DHC-CB-WR DHC-CB-WR-HNS
NG B SR AS IT SR AS T SR AS IT SR AS IT
4 97.5 64.51 2.05 100.0  52.45 1.66 100 52.04 1.51 100.0  52.01 3.59
8 96.0 71.37 5.61 98.0 64.47 4.65 98 62.47 4.82 100.0 5826 8.89
40%x40 16 92.0 9543  12.23 98.0 7939 1091 98 7693  12.52 98.0 7640  20.24
32 89.0 11842  28.03 93.5  107.87  25.70 96 99.09 2595 96.5 98.46  36.99
64 525 19548 9215 68.0  173.72  90.37 78 153.90  88.02 85.0  146.14  125.63
4 945  108.80  5.04 99.5 96.39 4.50 99 97.14 4.54 99.5 95.98 5.21
8 93.0 13075  6.44 99.0 11030  5.29 98 112,70  4.62 99.5  107.86  10.03
80x80 16 91.0 14451  14.67 98.5  122.66  15.02 99 120.13  13.38 98.5  120.66  24.26
32 815 16224  37.13 945 14315  36.61 96 137.93  34.23 96.0  137.90  48.92
64 755 18247 9218 850 16624  83.70 90 15829  82.26 920  157.50  109.40
R5 HBEWANTFANITLE
Baseline DHC-CB DHC-CB-WR DHC-CB-WR-HNS
2.6 32 3.2 32
4 LRiE W T4 5 2 R = AR R IR | 3l A8 PR B A RS

AT BN DHC B89 75 B A2 LR b 3l D 5 e
N B AR g nl i, $2 40 T —Fh ZHL38 A A2
R . B0, A CBAM 395 %o G Bl R AR A5 L
BB, 42 HLAR A OGBS B R TR AR L 4R
iy WT-RBF Linear B8, 42 BCH S 19 42 Jm) 5 Jsy &6
FRAE 3 T e ARG v TR Q A, $2 T AR 1Y
PR AE ST AL N RS E PR 0 S s fie)m L %
VIR TH Al WS, S sh S AL A Q1,51 %
HARRBACIEAR , T I8/ B A% w98 FAE 0 )
SRS R R TTIEAEAN [ RS 1 1l [ A 85 T 3
RS V15 | AL 28 N BEBE BV I A ksl A I 4% o
28, B H o A B T SR A A 1 B K, ZBR
TYHTRE YRR A SCB AR T R KRB HL AT A 52
W RGUE . S5 SR o TR A, 8O

PLEs NAERE 5, LU S TRk T RE R S &
PEVE . BEAh, Rk TARR i — e WL g A R GE
HHR AP & %07 ik A SE PR B, L3Sk
AT PERSE PR AN AH

S 2k

U] AarE, XSSP A i ] 7 19 22 ML N 3R 48 S 2R AT 55
PRI LT ). i mC R F R 22 4 CF AR 2R, 2024,
44(2): 83-90.
HE Zhou, LIU Siyu. Path planning for multi-robot sys-
tems with complex tasks and time windows [J]. Journal of
Nanjing University of Posts and Telecommunications
(Natural Science Edition) , 2024, 44 (2) : 83-90. (in
Chinese)

[2] NAIR B R. Collaborative perception in multi-robot sys-



1 X 48,45 . L T WT-RBF Linear 5 45 4£38 7% 69 % HL AR 2 ALK

127

[10]

[11]

[12]

[13]

tems: case studies in household cleaning and warehouse
operations[ C ] //2024 6th International Conference on Ro-
botics and Computer Vision (ICRCV). 2024: 195-200.
VON DER BURG M, KAMPHOF J, SOOMERS J, et al.
Towards next-generation airport surface movement opera-
tions using hierarchical-distributed multi-agent planning
[J]. Transportation Research Part C: Emerging Technolo-
gies, 2026, 186: 105583.

POPOLIZIO F, VINETTI M, COMBRINK A, et al. On-
line conflict-free scheduling of fleets of autonomous mo-
bile robots [C] /2024 IEEE 20th International Confer-
ence on Automation Science and Engineering (CASE).
2024 : 3063-3068.

HU K, LIM Y, SONG Z Q, et al. A review of research
on reinforcement learning algorithms for multi-agents [ J].
Neurocomputing, 2024, 599: 128068.

WANG C H, CAOZ G, WU Y X, et al. Deep reinforce-
ment learning for solving vehicle routing problems with
backhauls [J]. IEEE Transactions on Neural Networks
and Learning Systems, 2025, 36(3): 4779-4793.

CHEN J D, LANT, JOE-WONG C. RGMComm: return
gap minimization via discrete communications in
multi-agent reinforcement learning[J]. Proceedings of the
AAAI Conference on Artificial Intelligence , 2024,
38(16): 17327-17336.

SALAZAR E J, ROSERO V, GABRIELSKI J, et al. De-
mand response model: a cooperative-competitive
multi-agent reinforcement learning approach [J]. Engi-
neering Applications of Artificial Intelligence, 2024,
133: 108273.

VR, Zrocit, TSR, 5. R LB R S T 1Ak
) L] AR L R E A i (A AR R
2025, 45(1): 99-105.

XU Bin, LIAN Yuanhong, BIAN Honggen, et al. Rein-
forcement learning algorithm guided by evolutionary gra-
dient[J]. Journal of Nanjing University of Posts and Tele-
communications (Natural Science Edition), 2025, 45(1):
99-105. (in Chinese)

YU X, SHI R, FENG P, et al. Esp: exploiting symmetry
prior for multi-agent reinforcement learning [C] //ECAI
2023.2023: 2946-2953.

YU X, TIAN Y K, WANG L, et al. AdaptAUG: adap-
tive data augmentation framework for multi-agent rein-
forcement learning[C]//2024 IEEE International Confer-
ence on Robotics and Automation (ICRA). 2024 10814~
10820.

YU X, SHIR Y, FENG P, et al. Leveraging partial sym-
metry for multi-agent reinforcement learning[ J ]. Proceed-
ings of the AAAI Conference on Artificial Intelligence,
2024, 38(16): 17583-17590.

FENG P, SHIRY, WANG S Z, et al. Safe and efficient

[16]

[20]

multi-agent collision avoidance with physics-informed re-
inforcement learning[]]. IEEE Robotics and Automation
Letters, 2024, 9(12): 11138-11145.

TANG H J, BERTO F, PARK J. Ensembling prioritized
hybrid policies for multi-agent pathfinding [C] //2024
IEEE/RS] International Conference on Intelligent Robots
and Systems (IROS). 2024 : 8047-8054.

MA Z Y, LUO Y D, MA H. Distributed heuristic
multi-agent path finding with communication [C] /2021
IEEE International Conference on Robotics and Automa-
tion (ICRA). 2021: 8699-8705.

HE C Y, YANG T Z, DUHAN T, et al. ALPHA:
attention-based
tructured areas[ C1//2024 IEEE International Conference
on Robotics and Automation (ICRA). 2024: 14576—
14582.

WOO S, PARK J, LEE J Y, et al. CBAM: convolutional
block attention module [C ] //European Conference on
Computer Vision (ECCV). 2018: 3-19.

SHARON G, STERN R, FELNER A, et al
Conflict-based search for optimal multi-agent pathfinding
[J]. Artificial Intelligence, 2015, 219: 40-66.

LI J Y, RUML W, KOENIG S. EECBS: a bounded-
suboptimal search for multi-agent path finding [J]. Pro-

long-horizon pathfinding in highly-s

ceedings of the AAAI Conference on Artificial Intelli-
gence, 2021, 35(14): 12353-12362.

SARTORETTI G, KERR J, SHI Y F, et al. PRIMAL:
pathfinding via reinforcement and imitation multi-agent
learning [J]. IEEE Robotics and Automation Letters,
2019, 4(3): 2378-2385.

LIQ B, LINW Z, LIU Z, et al. Message-aware graph at-
tention networks for large-scale multi-robot path planning
[J]. IEEE Robotics and Automation Letters, 2021, 6(3):
5533-5540.

MAZY, LUO Y D, PAN J. Learning selective communi-
cation for multi-agent path finding [J]. IEEE Robotics
and Automation Letters, 2022, 7(2): 1455-1462.
SAVINOV V A. Learnable decentralized MAPF using re-
inforcement learning with local communication [D]. Saint
Petersburg: Saint Petersburg State University, 2023.
TANG H J, BERTO F, MA Z H, et al. HIMAP: learning
heuristics-informed policies for large-scale multi-agent
pathfinding[ EB/OL]. [2025-05-01]. https: // arxiv. org/
abs/2402.15546.

LIU X C, WANG P, NI C, et al. Scalable multi-agent
path planning via wavelet-based KAN and enhanced fea-
ture extraction[J]. The Journal of Supercomputing,

2025, 81(8): 971.

(FAL 3R TR EF)



