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Abstract: In complex and highly adversarial scenarios such as multi-UAV intelligent aerial combat, simultaneous
mastering precise micro-operation decision-making and efficient tactical reasoning is essential for achieving close
coordination and gaining dominant advantages. To address the limitations of poor policy generalization and inadequate
high-level reasoning capabilities in existing reinforcement learning (RL) methods for such scenarios, this paper
introduces a hierarchical decision-making framework integrating large language models (LLMs) with RL (LRHDF).
First, inspired by human pilots' decision-making processes, a “LLM-RL” hierarchical framework is constructed, which
effectively enhances both low-level micro-operation performance and high-level cognitive reasoning ability. Then, a
reflection-based prompt iteration mechanism is implemented, which uses environmental feedback as an optimization
signal to optimize prompt instructions continuously. Finally, drawing from human team collaboration, a sequential
cooperative decision-making module is developed to explicitly model multi-agent collaboration patterns, thereby
improving coordination efficiency. Simulation results and ablation studies on a high-fidelity aerial combat platform
demonstrate that the proposed algorithm outperforms traditional RL methods in adversarial performance and
generalization across diverse combat scenarios, providing a viable solution for multi-UAV aerial combat challenges.

Keywords: intelligent aerial combat; beyond-visual-range; multi-agent; large language model; reinforcement

learning; hierarchical decision-making framework

WS B HA: 2025-11-24; FF BHEA: 2025-12-18.
EEWH: EXARBERESTE (62293510/62293513); RETTH HAREFER ST H (22JCZDIC00810).
B {Z{F % . E-mail: zhangxuebo@nankai.edu.cn.


https://doi.org/10.13195/j.kzyjc.2025.1215
mailto:zhangxuebo@nankai.edu.cn

856 = % 5

xR E41%

0 5 B

BEE o N R Re R K, [ e 38 A WL
A L SR LB 1 e PRI e . g 7 DA e B #
EEPAT R, B E B S A, G R
T2 A e 30 AL 28 4k, AR 5 R0
PUAEL T G+ B 25 807 T R I B BRI ), B
Sl R AR 12 kD, SR, B e P R
(BT T I 1 22 ME L, — 7 T, HC R s e v 4k 5L
%, F 4 T HUN B 2R 1 7 v M DA [R] s e o e
NHIHLB ) 5 R PR3 ; 55—J7 1, 2 v 1 2% ) it
(e s B LA L A0 T, A3 P 43 B PR, e e
ZHHZE SR, B MU TR EARE/S AL AT R
P IR HE B R W SR e 70, 316 W 2R S RE 2 L [
) = R AR HERERE 77, DARLGEAS[R] 3% 5 FIAE 55 7 R
AR AT SO FLBETHAE R T I R Bk

I, TR 9RAL2% 3] (deep reinforcement learning,
DRL) £ 8 e 7 R U IS 1 R R, e
i [ BT AMIHLEN 617 2 T8 AHLALER Py 28
SPUOT g 58 A\ ML LR e 2 S 2 T 45 5%
st R R IR, 2R, B T 5mb 2% S 7k
W K AE R E AT 55 N AT O B A TR 3R, T AE 75
BT DR AE PR S5 BRI BE 7 R b s DU T I AR Pk
HARRIN: 8%, 2R Fizieie " 05
7 B AR I 5 B0 o0 AT AE T I 2R 53 AR 4 (out of
distribution, OOD) )7 Bl Bl R A AR A IS, HAEfE R
Re U TR, E 2 AT PR AT Ay ok, H
T U, THIN BT A& B BN TSR AR AN, T
TERmHR Lt AT RNk, M DLSE I s 78 260
N5 e Ah, T gAY 2 o) ) 18 2 SR N R = )
A AR I EERE 7, ME LSRR T B “UEROR N 5L
PRI ELFD” S R A . S R LR A
PRI TR B SEg s R R .

5 b [F B, KB 5 B (large language model,
LLM) 7£ H 2R15 5 B 1 IR HE SR 583 3 56 7
THI R 30 HH ) BRI 70, ) 7 T OOE S A
REARWT SR . —J7 1, &6 70 0 70 22 60K LLM fE
FIKNZS (planner), F FH HAEHE B8 )10 & =115
fif R FEA TG A B E S, 0 Dasgupta 2817, Yuan 25",
Wang " (19 TAE; it — it i 5 e s ),
Zhu %P7 5 LLM B etk it Tioioms, it 504
AR, 7E “BRATH A (minecraft)” H XEAT 55
HOA U e 2 21 DT RIS T R I R Sz A
PERE. SR, _EIRWE 2% LLM AL T ¥ k4s, HF
BURFET R BB AT S5 R, AR 2 AR R

IR 7 2. 55— J7 1, Rk LLM 7358
YRRt SR R, S AR ER T LLM 5 RL 1
A&7 K. iltn, Ahn 2P0 @K LLM 5k
A B AE BR BOEAT LSRRG, B R TR R AR R Y
(G RE 17, SEEL T LLM 55 LS h 55 (0 4 Rtk 42,
15 2 A SEHLAF AT 55 Hh 2230 L SE AR 0 4% 1l 1 g
FA TR RLE ARG, BT 35 R 5% LLM
TP A PR R (prompt)®? 25 AT
Ak, FENLER NS0T AR 42 ) 5 U SS: 2 M AT 55
RO R R ST R R 7). AR, EIREE L2
% FAMLEE N2 ) S5 30 A5 A A X 2218 . B 858 T 5 72
FER R AT 55 5, B 2 AU SR R mxt bt @3l
SHZE A FERERRE RS TIRNH, H
KIREAB AR Z.

R, N R G A KR R ) HE B fh RE
Al 5 ST RS R 2 AL 3, AR ST 1) 22 L2 1
5, & — Bl ) 2 AL E R R S AL 5 )
7 JE PR EHESE (LLM-RL hierarchical decision-making
framework, LRHDF), = Z 51k i1

1) & — P KR 5 A AL 5 2 47 J2 SR AR
20, @I RS B S i 2 SRR, SR Ak S
REAA 471 5T I 2 B AE AT, SIS0 AE i 5 SR AT
A RLARAE, A R T ER MR E ke 5 L2
SRS e

2) Wit — P& 5 m I SIE AR AL LS, 8
KRB F AR AU R SR 25 AT B BTG SIE B IE,
SEILHE R SCAR 1) H E AL, BRI KRR T
WG R, T 2R 40 5 30 RE

3) 5] N3 T 4k 8% (chain-of-thought, COT) (]
% B RE AT IR PSR ML A, G A A HE R I R B
PR e Ak S T8 I ) Sk, BT 2 R ek
NGk ESEMS A SEa

4) i8I 7 2 g B A P ZR I R T S
R AT, 2R B AT tH O EE R B s T A R
1 R
1.1 ZBRANZEFEZR

2 TE NHUB LR 25 rh 1 25 2 S0 145 B4k, &
REAL 0 437 5, A% O ) EAE T SE B2 ML R] e 3R
SRS R RETRR, E LT AL TT
77, R AR E G AHUE T m MU ALEE T 5, 41
HEANWG S AR, (i€ {1,2,...,N,}), LN
M4SN B;(5 € {1,2,...,N,}), C K5 T 51 %
SHRNM (ke {1,2,....,N,}), HHF N,. N,v N, 7
MIRAEE T R NSRS Yar S AR,



%3%@ %/:%7’@4 %i @@%FA}E’E“”T@#% kla a*%i E;%")C:J" —J \Elkﬂiﬁli‘ 857

Rk E RSz RE 7T, R AR AL A To N
BUZ B 25 18] G 2R, AR AR A SR A R R IR R T
A W 1 PR, b7, DY e RHIRAER, 5 B, Al
mEZEESESE, D DN R, B, 5 M, K
PRES. 8 UM AL BT O 1 4N LR 4R (line-of-sight,
LOS), i~ q;.; 7 HIRAE R, MR M5 B, (iE A

Bl =hiEESHER

FEZ ) W T, [ 5E 3B AL T A
7N B HEES) 1R R ek nT i s E a4 G
MBI e € [0,1] B3R c, € [—1,1]. FHREME
e c. € [—1,1] TT e e, € [—1, 1] LA & T3
KA1 A a™ € {0,1}. 2L XNUT7 28 H bR R 1
PRAEH S AR AR T, RATRE S E 2507 KA
BL. JE A7 5 AR F6 % I NWLECR: 2 385 8, Ja 48
TR I Tt 2 ML R i g e 5 7 U T
1.2 G/RAFRREEE

122 MU e 7S i gR g b, B Ak A R iR
VI S B RS ARG R A TR %
T, K 2 e A WL e 25 K 0 R AR A8 23 m] O
Ly R 7] K 1# 7% (partially observable Markov game,
POMG). JE#, —/> POMG ] &7 NIt4l (N, S, O,

A R, T,~). H: N AR GeAERE, SHHEELRIR

5 NH) B AS RBE AR T S MFR BT o SR A 000 A
o, € O, i JF M4 B & S, B2 T1Z WM o} A B Bh
1Eai, MEPATEE S K& 7 (s,) HW D) PR
BEMEa, = [al,...,al], FFRIRE R KL
T:S8xAxS— [0, VAT —REs,,., FBHER
W R : S x A — RN NZ B e A 52 il
ry=[rl,...,rN]. -/I\ §REAA R H bR A2 e KA AT

11 R @%&Gl—Zv Phoer. L £ 24 B )

44Hﬁ/ﬁ£@7€mﬂﬁ%ml?ﬁ?®§
X Ak [l ik ) FEALAR B
2 TFAESEAER

B2 JEoR 7 TH ) 22 ML S AR 2R ) KO S A -
TR PESRAL 2 2] 00 J2 VSR T I R SR A HE 22, A% 0
&3 Wik T

T2, MR “RIE S LSRG 3] ORI -5 T)
a3 E PSR B, R K 5 R (4 5 R K
YE N “RMw” BEAT 1 2 SR A Fig, ) Ak 2 2] TEA4F
EAT S LR A T B REARVE N “ORF7 f 5t
JEZ AR PAT . Z B G T RKE AR
Y7 AGRE 75 500 2 21 1A SRS HE S I RE 7, 13 R
GRS PR B RAT 518 4, I RO B s HAE
HH B FEL PRI 1) 5 g )

FLUR, B KT A R H RN T3 R 1
T AR s Bz A2 BRI 1) R, Beih—Fhion48 4
AR HLE]. AR R R B 5, @ik
B BA E & P g R AT IR, ik RUEIE IR
AT 55 $27R (prompt), B EG Xof 47 35K Sl 562 81 53 A 462 11

LLM-RL 432 R FAESE R

| I
| Gy - o I
i LM R ORI )| B o | BUBER :
l :¢F&*%Hh\m: i PR
! 5 l iy WTER | L
L | mrRimemss | i
VR N % |
N LSRR gl CsruM R N
|| T RL MR i
O v ! " o
A EAwEE | A 2 !
l o ) el
! ﬂ%W@ RO 'y
| TN | RS B
i REAR e
! RIS B L el |

T T R FE 4 > 2 4k |
! o | s !
! U BT ;

E2 HEEEZNZHEFHRESRE-RERBUFEIFTERRRGE



858 = % 5

xR E41%

[, 7 7 RE 1A AN WS gt F e

IR G, Bk — M T B AR 10 2 B R AR D F)
RN ZAUHE L 5N 7 B R, 2R 4
AN RE AR IE T 1T B BRI C AT B /R REAT 2 AU HE
B, gk A B AR, TR AR S 757 b R
YESR R NPT W ) B U B B X — T HAE 32
T2 DL SR W 7] 2803 (0 TR I, o 1 2 8 A vk
SR )38 WV 5 R PR
3 HRAZHEFEENAEFTRE-RER
W5 R R

il A ey

fEZ VR REMZE S, T AR il
Mo AR L, B RER TR R A K H AR I R e
JE e A PAT SRR B TE AN ] 8 i 52
Lo alas 4R 4, (BIXSEB 1F 0 020 1 SRR 1 A 4,
AR 55 18 A I 8] RUBE 15 4R H A, il
ST AN R A ] ShAT S R T B R T
BRI R R R I, £ 2 N2 RAT 5
275 5P R 20 J2 GRS, R 2% 1) 2 HLIE 2R i) A
T R 2 BBl - R R A - b ORI
BE” ) 3 2580 R 120 )2 280, IR)Z 5 2 R
F 54 27 1T VE AT BSEANGR, LAY S0l 3R A5 & B 1)
HLEhzHI§E 15 RIE I ESRATRE.

1) JEJEAE 8% 7 57 LI R B s =R R SN
HUHLBh ], HAz 0 D RE R R LR Tk i it
A (T HARALR) SER AL T ATAT (R P45
B AR SCR A Li A0 R 0 e R L s 3R
AR A2 T SR A O] 5 PR AR 22 ST HESRIN 2K, fES
AR 4 B QAT IR A S I S5 1] 5 e T 42,
U OR R SRS R 5 A s AR S AT 2 Ak, LA S
075 WL TR SR

2) TR SR AP 2 R R A ] A, Tt
BEREAS [7) 18 2% 25 B A FSOAR L PR AR SRS, n PR L T
i B O S S AR R AR AR RO I
TR -5 AL IINZRIE X, K AN R 75 3K
58 B O BARREOR S E 7 51, 9752 R R 4%
HlZ AT . ASCR A Qian 17 $2H 1 p 2 AR 1145
HEZR, BETt 4 Bl R RS PRI Boddv, B, =
S RE, oA o A LBE A P R I AT IR AR, B AR
SCILAR T W L3R STk

3) BRSO R BCE B R AE N RGN FR 1% L,
KR 5 AR ST 4 JR) i3 25 35 3R 55 Wb R) A0
A IR AR R SRR 5] AT
A MEHTST, B BE H AR I 0 IR R TSR EROR, A

3.1

SN L T AN R R SRAT 55, A & A 3IE Uk, 32
R AU TSR 51012 R 4 385y, BRI ik
R

@ A HAE UG B BB RAE PR ESS E (o
i 6, PRZGTE R AL NS MM B ARIE & HR, 1
BAEERKR. A LTSS RS
AR, TR R A3t AT E A 0 TG R

@ R TEA BT M B M e . SRk
WE 2R B RGN, 456 sh AT
SR 5NN AR, AR B, 515
KA 5 R AT AR

@ VRS MARAT A R I 5 S M b B AR
PR AT DN, o ABE AR A G 10 S HE B % 1 Sl S A T
PATHI 2 SRS Gn 5 K H bR & 51, SEBLMAE Sk 5
B BARAR S 1AL

@ EAZ IR AT A ¥4 T R SR 2 56 ot 7 S 58 L
FF BN HEAT A74 5 RAE 0 A7, 3 7 0 e 5 B L2 AR 1
ik 7 W ReVE N3 s 1A AR AL B 2 B0 E 4, R s 1A 1
AR AL B LB A H 5 B S 4, R AR
e e T B UL SR P R
3.2 BB ERMAHLH]

FESEF RUE 5 B ALK e 5 A U, $2 7R 48 4 1)
JREXT R AR S R MERERE CEIER.
AT VRN A BT AR B Bh AR R AR ML, Z L
B TEAR U LLM B Fp i BEAR AN TR B A
T [ S ), TR R P BV 1 R Tk RE .
=R I TP (DU (A= S S e W i A O i
IR, SEEL R TR A 1 H £ S RS,

BRI PR TE BRI,

BN TsRoR PO, EHTREN,, EHREN,;
ot AL S I3 7R P
1: for k =0to N, do
2: fortz=0to N, do
3: BT HHTIRR PP RIS T
$4 5T (1, P*, R(r)) PN D ;
end for
for j = 0to N,//bdo
M D EEH LA D FEA
PR BN P, BEA S TR,
B NLLMAEAT SR, A2 3R P
10:  end for
11:  RME P = P,
12: end for

4
5
6:
7
8
9:

13: P = argmgx{R(Pl), R(P?),...,R(P"*)}.




34 ERNF mmFR T P AN KETEA-BLEI»ELEEHE 859
ESCYRAE SR IE S N PE, AL Bt 54 3.3 ETREEKZEET E PR RENH

— A iER P, Dl KA B ARE S R EE ]
e, B P = argmaxETw(p)[ (7)]. HH: w(P)AH
7R PZAALE) LLM R RRE, T NIRRT, RN
[l ek 2, F T PPl B T AR 5.

D RKSHFM: £ N HBRER S,
LLM T 442 = P 5 B B AHUI I o, 28 Bk
Ha,, 5L RGBS B Hor, 5T — B 20
Moy, BEIZFE R 54501, 15 3] 508 kK Pl

7= {(04, as, 74, 0001) 12 (1)
HA TN . R SR P27 18 2 5 PETVE
A &5 T (7, P*, R(7))fF N2t D .

2) R B EIEAR: Zid it DR R LKk B
WEEE, AR BERE. 50k, FHEREE
(shuffle algorithm) $4ic1Z.3th D H it G #E A B HLHES
NG, D FARIRAS B R HUCR A DA FEAS, 74 28 e 8
o8 P, ER LLM T Y a7 s SR P08 5 10 g P Ak

gE L M WTIROR PRIOBRIG, 2R IR R P 5, B
IR R RR, K idAZ i T A FEAREAGE RS,
R R A PR B e, PR S R PR, R E B D
2, 58— LA IEAR.

I PR A - B IR RE, R4t
1E 58 PR IE A ES IR T, 5 T 50k S 1 s AT A 2E
IR T AI{ P, P2, ..., PX} A g AR 56 UE PR 35
HERTS i *%i\@ﬁﬂ/ﬁmjﬁ’ﬁﬁﬂi?@ﬁﬁtﬂP* &1

P* =arg m}gx{R(Pl), R(P?),...,R(P")}. (2)
ZENS AU SEIL 1 FEn 84 1) B Bt S

FRE U, AR PR 7 AN L3R 7 R AR,
B A HoE SR s A R, B0k T R SERE
SRRV L JhILESI8)

[EEELTN
RGHRRRA R
54>
LIE DN
ORIOWIMNE B> HRTEH T, 47— Shr s QOSUARMNNE B>
T 151 i -
ST BRER AR T — SR SR 3 20 AL, sk
IE: AT —5: e, 407 5 I, 45=5: wa)fE,
ZLJ7 005 wgfiff, stttk
AUHRN :
SCAMME B> BATESH T, 77— 54 P \SCARMIINE B>

RERENO TEE oI A4S A, BENR GRS hIEIAE 1
HHZRERA, ATEANLI LR TG <R EL R

AR, HEZ I ZHL o QRGN

TR i
T HETATT 5 M SRR 4 ZERHLA R, sk

HAE: A7 — 5 RIEME, 407 5 RECSNE, 4T7=5
K HCea 1, L0775 DU 5 SR MR A, o

&3 EF!

N

NIRRT 2 B etk RGAE E IR BN AS TR A i 1) [F]
RIENERE, AL — P& T 3R TR R Bk ok
B HAZO LS 2l $R 7R 48 2 I e B Re A
{10 TR S Y 5 MO OG 2R, 5 S R e AR AE AR B
VR 225 1 B8 Refk O AR U S E 50 A 45 28, A
T B WA 7 A g Y SCHE B, 3 5 [T BA R S 1 —
itk B AME.

3R T BL USR5 R g sk 4 4 1 22
St BART S, L@ 25 PR R RO £ R e
A PR H T R AR — A7 B AR R ) A, R g
Re A 1 AL & B VE4R &, 3B 75 0 ik 37 2 35
()8 SCER i 5 A = PRI TR, T T 0 X A
%. RN RIAHRT RS, Bt R5 N
ie€1,2,..., N EEBNRERN 2L, AERE s, &
REAA 3% 1008 SO A AN . 1 a, R B RE A
iIBNE, ¢ o H AR ) B YERE 7 i (AR A
fifts B EHERFSEE ). PRI ] R om N

a;,c; = m™M(sy, hey). (3)
Heb:he, = (a1,¢1), (a2, ¢), - ooy (ai_1, ¢y ) NETF
BREARINE S 708 815 MO R REAA G 1 SN bR
£, RIS & B A Sk
4 PiE5HE

AT B EX] B vk (LRHDF) #4741 vF
il IS AE SR B IR A, Wit S AR
T35V R G Tl B O i A A 1 R SRS, 3R IE 1%
TIEAEZ AN Wi [F) R0 2R 5 N6 R R 4 357 T ) 25
Hrikfe

4.1 MHEKE
A FET B EHEESNGTE” ITREE
TN
RGN IES MR ZMRIEE, W 2P 2L = ARGIRTES>
A5 SN -
RSOMIE B> HuTAR T, 47— S s QAN E B>
FE 451 4
AH—"5: oH: ﬁiﬂﬂ%ﬂﬂﬁs 2%, Hah—5 HaikbFAE RS
B, weer, BYfE: Wil =%

A5 i H%E
= ':vKM’F WL 52T
AUHN «

ARSCULIIME B> MATAR T, 7 — S AP QARG B>
< T SR> 1Jﬂﬁ§ﬁ5‘aﬁﬂﬁéﬁu*§§“ F‘LFU\?f’ﬁkﬂ“rﬁﬁlﬂ%

I?ﬁﬁk?k B JE AR AT AL S L R SR AR &, FEAERTE AL 1’EJ.
LR ORI AL B, 'ﬁFFI"JESZWIHJEﬂA%%@%%EX

TR A
07— 4 FNEI438K0, BT —SHPIMSHEE, sk,
BE: E'Féﬁﬁmﬁf

2077 =5 W1 BEPIAT —SIEERIGE, HRA S akesn(E,
Y07 =S REAAE SR, e fE: M =5

A —5 56 =S ERR, Hmﬁw&h*
SU R, e FE: BT 5

£igit



860 = % 5

xR E41%

FRAE. % B RN A HEEANLE T sl 15
B, Mg R I LB 1L 5 s R 4, e R e
S GRAT 55 4R v R 05 ORI,

N A VAl FEVE RS, AR SCEE X 2 % 20 4 %
4 16 Xf 6 =l R ZEARE, 20 Beit T R
S5 R MR KA. R T 2y
S — ZR A AL X7 47 B TS, BLR G vE Al

*Lf

.

(a) 2% 2% st

(d) 2% 2 KK

(b) 4%t 4 Mz

(e) 4Xt4zKHHF

TN B E RS PRI R L

Hkyg sttt sl 4 pow, frfia s it
2L PR S, H 2007 AR VAl I B BE AR S,
W7 Ik BT B A B RN E ECR A B PSS (IR
P AR BVE TR, 52U 2, J7e o i g ik
Wz AL BE T, T 5 N PG A2 & (B AP,
L E S ) K 3 AE A B ] A B ATLAE R

.
3

W

(c) 6X6HMmE

"%

(f) 6% 6L

4didh

ME

*‘F -
4*

¢
~

B4 HRGERTE

WM HECT, L0 N7 WIAA SAH RIS 5, Ak
TAET 38 3. R ORAE R 35 % HLR & SR8 1) TR R
], W o B R N d,,,, | € [0.1d,,,0.15d,,,]
RAERTT AT ANLA I FEES, d € (2d,,,2.5d,,) %
2036 X5 T NALBTLE 28 28 (1 B 25, 2085 X5 (9]

G AW wPIFE [0,27] FREENLAE K, TEAMLI
1 J% hAE [20 000 ft, 28 000 ft] H B8 HL ¥ 46, 18 & v 7E
[180 m/s, 280 m/s] HEEHLHI4A.

REFT, L4710 R AL T35 77 60 6l el Py 2L
A 5 B AR, Ak T-BH R 2595, anfE 4(d) 5 4D
FiR, dys dy € [1.2d,,,1.5d,,] 5 BIRAEL T5 TEANL
PG 2 51077 5 77 BN TE AL EE A LRI FE .
B J5 , A i 0 77 W B TE A B R L a3 R 41777 T
ML, P53 T 70 26 28 (8] (¥ BE 25 9 RAF N d, € [1.2d,,,
1.5d,,]. B Ja, HARA8 BRI a6 5 g 5 5 7 s
[F).
42 XTHERSMT
RN G LRHDF S0 1 201, 73 5l g B
7K F (state of the art, SOTA) % i 25 25 435

5 2 AR GR AL 2 S TPV SR R B B, R LA
FEARAE B R T

1) LRHDF: A 3C i th 5k, SR RS & -
G s O I =R A S V3 I R M S i o
DeepSeek-V3.2-Exp (1) 4k B 8 A A KT 5 A
JREJEE.

2) PJOH-TED2: PJOH-TED2"™! & [fi i) b 4L §E 7
TR SR RE IR A, A T B ek e 2,
M Ay 2 R B B A DA L] 5 B T A XU B
Sk, AR AL A P 2R 5N IA S SOTA /K-

3) MAPPO: % % i 43T ity S B AL B 7% (multi-

agent proximal policy optimization, MAPPO[ZG])
AT N T 2 8 s IA B P R s Ak S 3] U,
i £ A IR, A AT IHE SR 1&*;%/\%”%1%
AT LA A5 IS, (et 2 A 1) 0 S W [ 25 pE 3 4
R R A ) BRI Ak, A< SOl MAPPO )il 45 B
JE AR R e, TR 52 iS5 LRHDF A
I].

3 FhEVEAE AR E R Z BT B AR FE— 3, ANTE b



#348 AR F mEly

feE P A KRB SRR RILE 3] 5 R R H ik

861

1 5 SOTA EEXMLER MR/TER/AER)
AR 7= e it LRHDF PJOH-TED2 MAPPO

g5 84% / 10% / 6% 96% / 2% / 2% 84% / 12% / 4%

2%$2 FRE 58% /24% / 18% 22% / 74% / 4% 34% / 50% / 16%
e a R % / 17% / 12% 59% /38% / 3% 59%/31% / 10%
i R75 76% / 12% / 12% 96% / 0% / 4% 72% 1 22% / 6%

4%$4 RR Gy 72% / 20% / 8% 36% / 48% / 16% 16% / 70% / 14%
SRR 74% / 16% / 10% 66% / 24% / 10% 44% / 46% / 10%
T 78% / 14% / 8% 92% /2% / 6% 86% / 8% / 6%

6%f6 RR s 50% / 36% / 14% 32%/50% / 18% 22% / 68% / 10%
LR 64% /25% / 11% 62% /26% / 12% 54% /38% / 8%

2%t EAFfE % R Hoh: PJOH-TED2 5 MAPPO
REE TR AL ST R SR L, A AR 2 %) 2,
4 %F 4 J 6 %F 6 = Fh i ZR RS S I SR B AR A
PN ZR 3 A0 5 53 A0 S0 47 B4 DITERBY BUSCR:
FH B 55, DA B D) [ e ek a5 0 B3 e 5 SRR
Y, BFTA Y5 FPIG AR CE AVALE, EE
) ITE A RV N BEMLAE . BRI SR ST
I3 A R ZEAE 22 52 B 1000 #6025, 56 I 25 R 4R
50 FEAT H B FF AT 200 YRS BUE B, f &G
Zrid A2 TR PR Re A AL LY AT I, LRHDF ) Ay 2
T RAE B Y 1) sk Sk, HAR R R A1k AR A
PUIL BT 100 #RiEARIS R, MHAIEAURAE 50 AR,
EFXE 2 % 2. 4% 4 5 6 %F 6 =Rl [A g AU, R
48— [0 KT & BB L e 5 R F8 A3 o, o7 &
X AN [ ASE B A 5.

W 5E G, PAS S A i i R A R SR 40
FEWE, V-6 N B PR P S R W T SR, MR
56437 5 TR 50 J5, 15 2 1R R 45
RIERTER | W, iEMT R R Tk ReXT b, B — 4 ik
2 i v (M AE 38 DUIREL I s H R 7 B =R
LRI A

1) 7EH M7= R, 56 T3040 %% 21 1Y) PJOH-TED2
5 MAPPO H %M 2L T LRHDF &%,

2) fER K5 (RPN 2Ry A b 5¢) &, PJOH-
TED2 5 MAPPO [ /i % tH 3 2 % T %, LRHDF J7
TENGRFE T A R B 2R

3) TER Kyt S e 24 454 45 R, LRHDF 53%
{2248 T PJOH-TED2 5 MAPPO %2,

RN FIRILR, W13 3 LU T 4518

1) PJOH-TED2 5 MAPPO fF Jy %t % ¥4 Il 45 1
SEAL A ) B, TR ISR B o A — B A
I VI ZRAE NS 78 0 UG W s RFAE, DRI SR I H B
R, R T SR AL 2 SR I T 55 5 3 55

IR RE.

2) TEAE NN o A SRR I 58 R 3% s v, 2K
SERA A ) B DR R = 0 R A BT IR, H
FLU N> X 3% 74 F 1008 R PR AR S 3 Gtk
Ry, FEUEREE T M2 N, LRHDF K+E
KB 5 AR 35 3 i L 4% 1008 FH R 5 02 AR
TE 75 AN S5 R AT IE A G BB 7 AL, R T
TPz AL RE.

) GEE MRS REE TSR 9T,
LRHDF 7E4E 77 ;7 5t nl 32 VERE (1 [R] I, 2R
Yy s Ay A& e E YSE e 7 i PJOH-TED2 5
MAPPO (¥4 ik FE A # I  43 Ai, FLAE 0 A A% 55
(01 e 35 EE 1) 24 T AR SR I

e Ah, N SIHLHI A B, A% ek 2% ST AR
A HAE R ARG SR G 248, 1T LRHDF j@id 42
N LAERIBI AL 5 B 4 0 2 aCHERE, SeBl 1 40
P T ROE R 5 P E B X — 22 TR SRR 37 sl
WAL B2 AR G R TR ERRAE I ZRBY, 1
LRHDF N i jof 15 S THT £ 7= 18 28 R AT 56 35 24
RIS, N PSR B AT S B Re R W R
BT B RSB AR AR

g5 bk, 15 J 45 R W, LRHDF J5 A 7E AN [F]
Y NIz AGRE )07 T B A W R AR 34, S0 T AR
BN A AN IR 0 S S SR
43 JBRERSS

HIRAIRFT LRHDF HESE b & 4% 0 2L A4 1R BTR,
ARATRTE 3 AT SR AT B AR b BARTT S,
WIS SRR TR AR TT VS 2 R R T R P SR AESE,
AR 3 PR AR, B AR U R

1) LRHDF: A% 3B th 5%, R R H 7R 18
A AR A B 5 R T T A () 22 5 e AR b R
J BE L.

2) w/o reflection: /£ LRHDF J: At I, # &g w



b - Ve S
862 # # 5 x K L41%
K2 HMEER MEERAE)
TR Yy e LRHDF w/o reflection w/o COT

ot W R 84% / 10% / 6% 70% / 22% / 8% 6% / 14% / 80%
252

RR = 58% /24% / 18% 28% / 50% / 22% 16% / 54% / 30%

5t Y 76% / 12% / 12% 56% /32%/ 12% 14% / 56% / 30%
4314

RRG 72% /20% / 8% 28% / 54% / 18% 10% / 72% / 18%

6t TR 78% / 14% / 8% 42% / 42% / 16% 8% / 78% / 14%

KRRy 50% /36% / 14% 40% / 46% / 14% 20% / 56% / 24%

B A IEARAE AL, 3 2 T2 50 HR AT iG 32 R
P°.

3) w/o COT: 7 LRHDF &4l |, B ERIE T B 4
I 22 B R A b B e BT O SR pLA, BN 2 B4R 9T
1T HE R SR I AT

AT T Rk SR PR 1A ) L S R A IR R — 2
SR AH [ B 18 25 7 5 5 060 T SR 2. R vPAl Bk 1)
ZACYERE, BN s S SRR & N I A6 R
e A B B N BE AL AE A, BR2H SR EAT 50 (ML
2R, W Rhgs Rt T8 2 . NS R R TERE T L,
A — 20 Hp R R A v TR B Y LU B 3058 .

2 Fs B R SE I 45 A8, 56 % (%) LRHDF
FEAE A 2R A 5 37 55 T 35 3R I R A A ) 1 2
PERE. 4R B PR A AL ] Bl 0t T 4R 1 2
BRI [F] 7 BT U SN, B RE A4 ) PR B 35 L B
LR, HA, YR B SR R R 2 B
Wi B A 7 B AE 300 Jm 2R, B R AR A IR A 2
15% HI-F3 2.

T AT AR 2 AT, 1 R 2 S 1 32 B R AT ) N
NELF BT : 1) 2B EARMRAL LS S, 5 Re ik
WA T NN BT & FIRRIRE 4. RE X 44,
B HEA IR AR RN IR, 3R AR A BRI PAT BE AT AR,
BT = 540 R BARA, & 6ok 7E S
RSRET AL (e o A S U1 3) b B 2, 3

> = _ I
B oF L [

R 1 e R
F saadls

BUMERE T . 2) L bpdE T YRR 2 B e iR R P
BN A, 25 T8 AU TR IR #6 e i 4>
PRAEHE, HELLSEHL “FE gt 2" “H AR S5 AL
Al O HE B RE /7 5 W R BE A0 Rk 25 )™ B AR 24 1 8
RVERE. 25 EATIR, ShasFeon LA L i i 1R85 1 5
W B R85 G T R Gt IE BLRE T, T Bk R B
SO A U e e % P 41 B I = R 22 A RE AR TR
e R VA Rl S 6 45 RAESE T BT SR AL A Rtk
5 b B
4.4 TTRREMEEZRRIR T

EARE R A, HRAE AT WAL 7 A, B th SEAS
A S A T 5 T8 2 A rp 2R B D S ) 92 A 1 e
i FEE T H B L WIS P £ SR R BE 7, Ak Y 2
e A RS B SRIZ AL AE ) 5 R TR
(ISR LU B 8 BE AR A T 24T D, A5 A
6 X 6 K F I, X LRHDF S0 Fr i 3L 7] fig
FEVESARBEAT 20 . B 5 FRoR 1 — R S IR R
Y 8 AN IRBE I S AHRLEOAR F AR, Bk frin .

B, fE 6 X 6 RAKIFT, WIS 2075 /N 3
TN T /N IR NN, B T5 hr b T40
J7 I RMNE I 2 Ab. B R A et £007 S0 210K
H 3 A7 A R T BN (B 5 19 A), /2R B 5 Ak
THAL R AR5, B SR P o Y™
J& 37 23 18], W8 SR Ty 3 4 ) R Ak, AT G s

W aisiss
L I

— 2077/ W55
— S

X ELITIHETT
X PeibiA T AL

Paaly
() R sk



%34

ERME @mmigT P AN KIETERNBLEI BRI L 863

e B R i g (B 5 1) B). TEBL I R o, AR FE IS
T RL (¥ 2 S oA RRE R AR 5, 2007 TE AN
R — P SR R 5T R — e WAl
B 5, B R A BB 1 7 1 14 B, R R A A
i AR X T 245 (B 5 1 C A D), 240 F gy
52 H IR E R B AR SRR S,
LRHDF #& '3 £ 4275 A ML LAgw BAJE =X 43tk 7k e I 3
B, oy mIfER I e BJ7 (B S I E), A b (S 1)
F) K& F77 (5 (1 H) TE R H6 A 8. 58 pobt B 16
pRERANE TUNGEL L = R UNTIBA ek TN A
Hm B iE T N — BB ANL (B 5B E ~ H), 18
I JR R 2 4T — AR S W 7 T8 AHLIE A il
g, R R I R Re 5 2 8 se iR v IR o
F AR, LRHDF X BL— 2241 75 T AW AART, BT
divE T 6 2R T ML, BUASHEZR R

25 L RTIR, RIS B 45 SRR, it oKIE S
BEAY 5R AL 27 2] 73 J2 TR SR SR AN AT ALt P
JE U5 FZE A, P B K R S P
BE 7 1) v 2 TR SRS, 0 3% Oty 5 U R 2 T HE
G\ BN WA, R I 5B T s, BMETE 2L
LI M9 R 5, AR AR B2 m Ak
AR HERL AR ) 5 R RS dE R M RE, RO AR TS
Mg K 5z R 71, 2N R4S 5 %10
RO SR S S B S AR AL T AT AT % AR
5 & #

AR SCTH ) 2 AL B R R 3 5, SR T — b
RA KIS 5 A 50 2 ) (1 0 J2 SR AE 4. it
FEon AR A IR AL, 388 i BRI 5 15 5K Bl $ 7 ST
AR R, DL R TR B AR X B A R Y IE
JSERE 75 K g T SRR 1 b R B S, X
AR 22 BE AR DME AR, DASR R 2 4 Ak ] B[R] .
R E S IR G T B B 45 R, Frig hAE
ZUAE Z PR S 3 50T, 350 A HE O s ) 1 g
PR 540 5 0z A P R, T Rl SR — DR sE T
REAL O I S B

KK FORE A ST AR 2 2] 5 K8 S AR A
(R FEE R R4 15 2, TE IR SRAEA U T, TR E R B
KB & B ES 37 2 AR F7 (0 2R Ak b, VR B Rl o
% I TERE AT 55 I B R VERE, R AL
JZE BE R (T SRR S e AL, 2 T PR B P
FAEIR, A AL = 20 25 T 2R 1 SE i M 225K ok, 78
JS7 FH 6 Hb 75 T, SRR FUREAEAS 1R SR AR 2
AP T B E T, AL RN T S B B R B
AMERLE, ATTITEZ) A X PLIA B PSR LA BT iz &

JS2 V5 U R IO Y R R RE R R 4.
SECH#k (References)

[11 Jordan J. The future of unmanned combat aerial
vehicles: An analysis using the Three Horizons
framework[J]. Futures, 2021, 134: 102848.

[2]1 Emest N, Carroll D. Genetic fuzzy based artificial
intelligence for unmanned combat aerial vehicle control
in simulated air combat missions[J]. Journal of Defense
Management, 2016, 6(1): 1000144.

31 S5, B35, skaz, &5, FE TR0 ) A AU i BR

A BVEAG T[], FE 5 PR, 2024, 39(9): 2995-
3005.
(Ma J W, Bi W H, Zhang A, et al. Close-range air
combat situation assessment based on fuzzy dynamic
weight[J]. Control and Decision, 2024, 39(9): 2995-
3005.)

[4] EEA, BB, BT, & R TEB BRI

IR P [ SR ). S R, 2025, 40(6): 1847-
1854.
(Wang G Y, Zhao X H, Xie Y X, et al. A collaborative
decision-making method for unmanned aerial vehicles in
aerial combat based on situational awareness[J]. Control
and Decision, 2025, 40(6): 1847-1854.)

[5]1 f5dvd, Sk, XtsEms, 25 FETRBENIALIE 38 EfficientZero
FITE AL A R BE w5 (0], 15 ) 5 1k 3, 2025, 40(11):

3273-3286.
(Ni H, Zhang S, Liu F W, et al. UAV air combat
intelligent  decision-making based on domain

randomization enhanced EfficientZero[J]. Control and
Decision, 2025, 40(11): 3273-3286.)

[6] Nguyen T T, Nguyen N D, Nahavandi S. Deep
reinforcement learning for multiagent systems: A review
of challenges, solutions, and applications[J]. IEEE
Transactions on Cybernetics, 2020, 50(9): 3826-3839.

(71 VLEW, IR, ERE, &5 R NI R RS

PR BB FLIR 5 R[], b B TR, 2024,
26(1): 117-126.
(Jiang B T, Wen G H, Zhou J L, et al. Cross-domain
cooperative technology of intelligent unmanned swarm
systems: Current status and prospects[J]. Strategic Study
of CAE, 2024, 26(1): 117-126.)

[8] LiL, Zhang X B, Qian C X, et al. Basic flight maneuver
generation of fixed-wing plane based on proximal policy
optimization[J]. Neural Computing and Applications,
2023, 35(14): 10239-10255.

[91 LiL, Zhang X B, Qian C X, et al. Autopilot controller of
fixed-wing planes based on curriculum reinforcement
learning scheduled by adaptive learning curve[J]. IEEE
Transactions on Emerging Topics in Computational
Intelligence, 2024, 8(3): 2182-2196.

[10] Pope A P, Ide J S, Mic¢ovi¢ D, et al. Hierarchical
reinforcement learning for air combat at DARPA’s
AlphaDogfight trials[J]. IEEE Transactions on Artificial
Intelligence, 2023, 4(6): 1371-1385.

[11] Chen C, Song T, Mo L, et al. Autonomous dogfight


https://doi.org/10.1016/j.futures.2021.102848
https://doi.org/10.13195/j.kzyjc.2024.0984
https://doi.org/10.13195/j.kzyjc.2024.0984
https://doi.org/10.13195/j.kzyjc.2024.0984
https://doi.org/10.13195/j.kzyjc.2024.1443
https://doi.org/10.13195/j.kzyjc.2024.1443
https://doi.org/10.13195/j.kzyjc.2024.1443
https://doi.org/10.1109/TCYB.2020.2977374
https://doi.org/10.1109/TCYB.2020.2977374
https://doi.org/10.15302/J-SSCAE-2024.01.015
https://doi.org/10.15302/J-SSCAE-2024.01.015
https://doi.org/10.15302/J-SSCAE-2024.01.015
https://doi.org/10.1007/s00521-023-08232-6
https://doi.org/10.1109/TETCI.2024.3360322
https://doi.org/10.1109/TETCI.2024.3360322
https://doi.org/10.1109/TETCI.2024.3360322
https://doi.org/10.1109/TAI.2022.3222143
https://doi.org/10.1109/TAI.2022.3222143

864

# # 5

xR E41%

[12]

[13]

[14]

[17]

(18]

decision-making for air combat based on reinforcement
learning  with  automatic
Aerospace, 2025, 12(3): 265.
Sun Z X, Piao H Y, Yang Z, et al. Multi-agent
hierarchical policy gradient for Air Combat Tactics

opponent  sampling[J].

emergence via self-play[J]. Engineering Applications of
Artificial Intelligence, 2021, 98: 104112.

Piao HY, Han Y, Chen H C, et al. Complex relationship
graph abstraction for autonomous air combat
collaboration: A learning and expert knowledge hybrid
approach[J]. Expert Systems with Applications, 2023,
215: 119285.

Qian C X, Zhang X B, Li L, et al. H3E: Learning air
combat with a three-level hierarchical framework
embedding expert knowledge[J]. Expert Systems with
Applications, 2024, 245: 123084.

Wu J L, Wu H X, Qiu Z H, et al. Supported policy
optimization for offline reinforcement learning[C].
Proceedings of the 36th International Conference on
Neural Information Processing Systems. New Orleans,
2022:31278-31291.

FEE, s, BELR. BT IRAZ AR A & VB 2k
SR D[], $EH) S PSR, 2025, 40(11): 3329-3339.
(Wang X S, Yang L, Cheng Y H. Uncertainty-aware

offline reinforcement learning with mild
generalization[J]. Control and Decision, 2025, 40(11):
3329-3339.)

Dasgupta I, Kaeser-Chen C, Marino K, et al.

Collaborating with language models for embodied
reasoning[J/OL]. 2023, arXiv: 2302.00763.

Yuan H Q, Zhang C, Wang H C, et al. Skill
reinforcement learning and planning for open-world
long-horizon tasks[J/OL]. 2023, arXiv: 2303.16563.
Wang Z H, Cai S F, Chen G Z, et al. Describe, explain,
plan and select: Interactive planning with large language
models enables open-world multi-task agents[C].
Proceedings of the 37th International Conference on
Neural Information Processing Systems. New Orleans,

2023: 34153-34189.

Zhu X Z, Chen Y T, Tian H, et al. Ghost in the
minecraft: Generally capable agents for open-world

[20]

environments via large language models with text-based

knowledge and 2023, arXiv:
2305.17144.

Ahn M, Brohan A, Brown N, et al. Do as I can, not as |
say: Grounding language in robotic affordances[J/OL].
2022: arXiv: 2204.01691.

Carta T, Romac C, Wolf T, et al. Grounding large
language models in interactive environments with online
reinforcement learning[J/OL]. 2023, arXiv: 2302.02662.
Driess D, Xia F, Sajjadi M S M, et al. PaLM-E: An
embodied multimodal language model[C]. Proceedings
of the 40th International Conference on Machine
Learning. Hawaii: PMLR, 2023: 8469-8488.

Yao W R, Heinecke S, Niebles J C, et al. Retroformer:
Retrospective large language agents with policy gradient
optimization[J/OL]. 2023, arXiv: 2308.02151.

Qian C X, Zhang X B, Li L, et al. A partial joint
optimization algorithm for autonomous air combat based
on hierarchical reinforcement learning[J]. IEEE
Transactions on Cybernetics, 2025, 55(9): 4145-4157.
Yu C, Velu A, Vinitsky E, et al. The surprising
of PPO
games[C]. Neural Information Processing Systems. New

Orleans, 2022, 35: 24611-24624.

EEEN

IR (1999-), 53, WLk, 320 5807 [F) A Ak 2 =)
5% 5818 3%, E-mail: gianchenxu@mail nankai.edu.cn;

TRE B (1984-), 55, 2%, WL, EEH T 5 A bl
A5 AT #E, E-mail: zhangxuebo@nankai.edu.cn;

2518 (1993-), 55, YHIm, {8+, FZWE 5005 M stk
>, 28 gE 4%, E-mail: theory@gzhu.edu.cn;

BB ER (1995-), 2o, SEIGIW, i, = T 5505 A 58
b5 > 58 66125, E-mail: zhaomh@nankai.edu.cn;

TORLAE (1986-), T3, B, 18 L, 32007 [ AR
REAT S5 LRI %5 R4 Bk 2R, E-mail: khhuang@nudt.edu.cn.

memory[J/OL].

(21]

[22]

(23]

[24]

[25]

[26]

effectiveness in cooperative multi-agent


https://doi.org/10.3390/aerospace12030265
https://doi.org/10.1016/j.engappai.2020.104112
https://doi.org/10.1016/j.engappai.2020.104112
https://doi.org/10.1016/j.eswa.2022.119285
https://doi.org/10.1016/j.eswa.2023.123084
https://doi.org/10.1016/j.eswa.2023.123084
https://doi.org/10.1109/TCYB.2025.3579745
https://doi.org/10.1109/TCYB.2025.3579745
mailto:qianchenxu@mail.nankai.edu.cn
mailto:zhangxuebo@nankai.edu.cn
mailto:theory@gzhu.edu.cn
mailto:zhaomh@nankai.edu.cn
mailto:khhuang@nudt.edu.cn

