5512 4 CIR T Vol. 53 No.12
2025 4F12 A ACTA ELECTRONICA SINICA Dec. 2025

ZR e AL 7~ DEERN RIS B AT 3%

SHARE R R N, e
(1. R AR 5 TAREBE VT I0H M 21320052, 10 Ko S5 pL-S5 80424 Be , YT IR &2 2111005
3. ZRACRF AR A4 e, TR BH 110169)

B E: Z8aekos k2% (Multi-Agent Reinforcement Learning , MARL) A A 4 B4 2 2 25 #1855 4 RE AR UM
L5 T A [n) LAY ER A AR, AR ORAE BRSSO PRGEU R, TR A S A B RERLAS L B REIR B S X P g A4
SROEBL T R R ORI, 28 BEMR R G rh sk A7 AR PR AR AR SR SR 1 A5 1 20T DRME A 42 A 2 R 02 2 A8 ) At
7% MARL AHAS T 58 AR AAE AL > T SR PR AR . A SCH i B T MARL 14 BE A A5 5 BB HE SR , A B JR W] 5 1
5 53 T UL By R AT SR AR AT A AR &, 255 A AN A3 A P T RHE T3 1 14 DI I DR S A M A K, %
A A BRI S 2 B S et A5 Oy T A T A AT L DR RIS 53 M 132 | 2238 e A4 F A L A
A AR AR BOR AT UG . TR REA b A SCH OB T TR 5 1]« — 20 T ORI 5 A (Large Lan-
guage Model , LLM) [ MARL, id izt 5 | A LLM f RV BRFN 5 J2 LR BE Iy, AL 5540 Mg 51 5 b F AR 75 AR, LU
FETHE BEMAETF AT h Bz AL 5 PMERE ) s — 3k T 0% ~J 19 MARL, 1 [7) ZAE 55 5 70 A iE R 35 55, SR TE A X 7
B 55 7 BA A SR R T B PR R 38 3 2 2] 2 o] B AR AR B IR U B e AR AR RO s R AR T AT R Y
MARL, I FE T 1 T AL | PSR 234 AR Dt J A5 D7 vk g i e S R g A BE , D SR w1 A HIL IR 5 42 4 M A e
SCHRF 5 POJE R MU MARL B4 I 5 30 2, 2R SR B ARk IR 25 4 B2 2l 3 A SR AN 2R a5 T8 Sl 7 ek
()R, RR IR A BB AU 2R UL s T2 28 RE IR i Al ] 2SO A2 XURG 2 i R de e o 2
WFRAEXT BB A E PERIR IS PEIE T 92 20K . IS, A SCES A UME 538 5 P 2R AN 3% 5, 148 T MARL
TE L 5% 22 0 Y 3 v T 4 R A OO T A7 B8 B S AL TR PP SRS TR A R A Bk, B TE N R 22
MARL (B WF5T 5 TR AR R 2% .

KB R TR R IEIR  RIE F AL Jeo o s T R s 2 R s ke >

ESTH: EEARFERE(No.U22A2011)

FESES: TPIS XEkFRIRED: A XEHS: 0372-2112(2025)12-4756-31
L F % 3R URL:http://www.ejournal.org.cn DOI1:10.12263/DZXB.20250418

Multi-Agent Reinforcement Learning: From Foundational Theory to
Cutting-Edge Algorithms

HAN Guang-jie', ZHU Sheng-chao’, LIN Chuan’, JIANG Jin-fang'

(1. College of Information Science and Engineering, Hohai University, Changzhou, Jiangsu 213200, China;
2. College of Computer Science and Software Engineering, Hohai University, Nanjing, Jiangsu 211100, China;
3. Sofiware College, Northeastern University, Shenyang, Liaoning 110169, China)

Abstract: Multi-Agent Reinforcement Learning (MARL), as an important framework for handling the problems of
agent cooperation and competition in complex dynamic environments, has achieved rapid development in both theory and
application in recent years, and has shown broad prospects in fields such as autonomous driving, swarm robotics, intelligent
scheduling, and adversarial games. However, problems such as environmental non-stationarity, strong policy coupling, diffi-
cult credit assignment, and complex safety constraints are widespread in multi-agent systems, making MARL face greater
challenges compared to single-agent reinforcement learning. This paper first combs through the foundational modeling and
theoretical framework of MARL, starting from formal descriptions such as Markov games and partially observable Markov
games, and combining typical paradigms such as centralized training with decentralized execution, and communication-

based cooperative decision-making, to conduct a comparative analysis of existing methods in terms of information utiliza-
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tion, computational complexity, and convergence properties, and summarizes the core technologies such as value decompo-
sition, policy gradients, multi-agent credit assignment, and communication modeling. On this basis, this paper focuses on
summarizing several frontier research directions. The first is Large Language Models (LLMs)-based MARL, which, by in-
troducing the knowledge reasoning and high-level planning capabilities of LLMs, is used for task decomposition, policy
guidance, and natural language communication, to enhance the generalization and collaboration capabilities of agents in
open environments. The second is MARL based on meta-learning, facing multi-task and distribution shift scenarios, focus-
ing on the rapid adaptation of policies to new tasks, new teammates, or new opponents, improving sample efficiency by
learning “learn-to-learn” initializations or adaptation rules. The third is MARL based on explainability, using methods such
as attention visualization, causal analysis, and rule extraction to enhance the transparency of the decision-making process,
providing support for policy auditing, human-agent collaboration, and safety supervision. The fourth is the application and
deployment of large-scale MARL, focusing on the problems of training efficiency, communication overhead, and scalability
brought by the sharp increase in the number of agents and state dimensions, exploring mechanisms such as hierarchical
structures, population modeling, and parallel training. The fifth is multi-agent safe reinforcement learning, starting from con-
straint satisfaction, risk control, and robustness, studying safe decision-making under adversarial perturbations, uncertain-
ties, and policy games. Finally, this paper, combining two typical application scenarios of cooperation and competition, dis-
cusses the challenges faced by MARL in its deployment in real systems, such as insufficient sample efficiency, difficulty in

simulation-to-real transfer, and insufficient analysis of fairness and steady-state games, aiming to provide a systematic refer-

ence for the subsequent theoretical research and engineering applications of MARL.
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0, (s.a). RYEM 4R Q {8 bR BN T SR &4 gk
JRER QIR

MANZEHLENFE , VDN DL 4 Jmy B )3 25 4 1 25 0 W
BAFS (B B 2 PDRE S SR ML AT RERN 45 O, (s, a).
LR AR 5 F AT BC " 554k T A 37 Q 2 2] AR
PRk A AL ), R R LA S B R S by
WU R EEAR R S5z ke . TR RE T
BRI, AR R0 45 55 20 56 [0 50 A B R e A G A
L 5 TR S SR R

VDN A S Fe R BE S 2 BR . Lok b & 45 =
A BT Rk 0 2k ST PR AR A, 0 VS 1 220 T A4 B 7 B VR i
B SAEEDNR] D5 R S A YIS RS
B0 Pl T 4 e AT sh A AT R B
AJFE EHRE—A BN ET A, ,a,, - a,). VDN H
RELASS O, (s, @) M ZRME B I 25 3T ARLak 2K Bip ], A A A
TR AR RPIRAS A RGO 22 , o T % M
WO REAAR " S A . e T LI 5 SRR TN T
X — N B O AT, S EOW 4 A Sh gt 5 A AR
B AMERE 1 T R . XAl IS g R T RN A% i
{EL PR T3, an QMIX 55
3.1.3 QMIX

QMIX POV 575 — 3 T BB AU MARL J5 3%, &3
AR R B A 5ok S R4 )R QB . 5 VDN AN,
QMIX ANASCHKE Jo 35 Q fE PR BONIRT 30 388 3k — Aol 22 99 4%
B IR EB Q R EAE L M IR A, NI 15 2] 2 )7 QA
PR :

O(s,a)=f (0, (5,a,). Q5 (s:a,). -+ Oy (s,ay))  (7)
Horp R R I A 22 %%, T2 2K R Q
{EAUA 4R Q18 . QMIX A HL T VDN (4341 T Hifig
g3 ik f IR R AR Z ] 19 & A4 BB, AT figt ke T VDN
(AR T T S B L5 B SRR I T . QMIX
AR AT Frs 1) FL i P20

aQtot ;o
TQ,- 20, i=12,--,N (8)
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QMIX Z JIr LA B3 2 i 1 2 3, 2 K o CTDE
HEZE SR YN AT 4 5 B, T PA T 301 4 BE AR
B ST S0P . R E S i B0 A T G 7Y
OB, T L R IGM PR

arg max 0. (s,0)
- (arg max O, (s.a,).argmax 0, (s.a,).  (g)

-+, arg max QN(s,aN))

Horr S (8) Z LM (9) W T A5 . H B U2 ATl
— AR LTI S Al A R A E T R e aT L
FEHG B G BRI R AL S 2 04 Ry 3 e 45, i I
Erp AT AT

PR PR SR PR S B S A O R P T S BS54
PERIE , I 5 BT A5 B 43 i A SAA T3 R AR X 55 5 @] om
PR 4 Jmy P (L PR O 1% BIR ) 76 36 A2 TOM B 8 — 28, B3
HIERT 55 52 8A e 5 . 35 06 38 1 s il
KR, N — ik — " BUARGS, W ie AREA ShE AR AR AN 2
P 5 A 118 Jiy 35 e D0 DR 422 100 A, B BRE QX X DA A
ik, 255 G A B 22 5 RE BRR . IF H, QMIX &
1o X 28 i TR A AR, I AR Ak 4 T B AR IE
K(8). INHEFE M EER L 00,,/00,> 01 J5 T i 8 11 57 ik
W RARAE T, A R TR W IE a5 e . [RIES,
ME LB H2 2 m < B0 STk sl i AR AR X AR R s
fe )1 LA NFED A

QOMIX FEFZ GRS R B T R ArmPERE, JC
HIEEZF IR R G . M55 B 4% B K Bk ]
B AR 2R PR S5C ZR T, QMIX 8 A B A S A A i bR B A
RENS A RO MR BEARTT N, P2 B AR R G AL RE
TE R FUBE S VAT 55 98 VR J3E 23 I ) A e, QMIX
BRI BEAS 3 P THT 55 58 %
3.1.4 QTRAN

FE QMIX 2 Al I, QTRANY 5 75 Wk % 35 T 18 bR %K
) MARL ) S8 1 o i 1 2 s i 5 . A0 9 i H
“ARHRS QAR T R 2R 2 34 AR rp U 4
Ja) O(s, a) BN BEAR I RSO U (x,a,), VA R — A
EIREAE A SR EL V (s). QTRAN FE—~“ A8 fa %5 1] 7
Hh I e R B AR A R (- RT3 14 R
BCORHERAE XS 55, NI AE AN B BRI A AT HE T A5 8R A
HEZ A S D AT RO AT A7

— AR B AR

(Dt —8: . AP Ok B A e i sl E
a’ N5 ] o SR I T — B, X R SR R R

Os.a")= D U,(z,.a; )+ V(s)

(AR B A AREIRE SIE a RN 2 -

(10)

O(s.a)= DU, (t,.a,)+ V(s) (11)

0 A Sy dme L BB 81 i e AL R DR S
HAEAT O A R R = O I B, DA kA
P RS B0 7 A B DR ARG . I i L 79 9488 5 45 2 4
PRI T 3R 55 205 RN 2 PRSI P 25 43400 2 T
£ 0 5% U, XEWLHIAT LIEA WK E J e fbn]
PATHE, RIEHE AT 2R BA M E D R B iR e Lt
DA 5 H R R IEIE il gk —" R0 B4

5 QMIX X} HE AT HEFE A R A5

(a) FEZRIK J1 77 18, QMIX AR A B 1 7 O iE IGM M
JoT, R b [ A A B R AT A TR] ) i B 3 I
259 511 QTRAN HI 55 1 S8 4 B2 i, 368 3 32 ok 250 |
T, Sevr & R E AR R R E L 2 i PF 4z
e a5 — M TR A SO R

(b) 78 AL AR A 5 1T, QTRAN 5 22 R B 2% 2] O
(U VIV 20— SO R YR RAE T i R 4K
AU 55 PR BRI 1115 2 B AURR , RE AR S0 5 e M AR
TR ZE 4 ) QMIX.

AR, QTRAN TE 43l O (B PRELHT , B R A &
Jai il O 18, i B O T A R RB 1A 1 O 18 722 Ak G e Fh
K FR, B Lk Ry 8 B R 0 AN () 25 350 4 JRy 2 il 114 2 A
QTRAN MILIAE T, BERES A IR Z M Z & i fh B 3],
JUHOR AR Be R Z o] i BIME Ao P =i fE b g 8
PREFA BB AR 2 2] 1) P-4 R — B . X 45 QTRAN 7£
V2 S MEYEAT 55 o, BB A R B % S 308, JF
ARG IR,

MAE 2B AR TR, QMIX B9 TR A R SR X 1
“TE [ BTERICE 7, T QTRAN 38 3 75— BoPE 2 o T S vt
WA U BRas R L AR AT e 1 Y 32 11 832 4 1
P ORIE T 0 Sl i U Z B 5k T, Rk
RETEAAAE BLR EUR M i SERUMEIRFSEEIE T
BB A BN AT % . Hl T U, RN
PRI AEME— 2 — AR 59 SR BGE I AR
AT fiE B 2 i 5 U a8 1 , e B AR SE ok HAGE
R BIERFENS ) 5 BAR MR (b5 TR T .
3.1.5 QPLEX

16 QMIX LAl I, QPLEX " iy 15 3 16 5 7T LA HE 45
g AR ER TCM A&, $5 T B 2 ik 1) 255 01 7. QMIX (1)
Bl JE BRI A - Q=S 5. 1, ) SHEEASNMARIH g, 1
ARt . AR RS X T0 5 BB A A TR
L —F(IGM %411 ) , AT 32 F5 CTDE Y455 4 B AT .
AN SRR AZ R, BITE A A F AR A28 Ak, DL Z1
A EAR S E B R S 306 DGR A a5 %
PFERL & AN 5 o

QPLEX IF [ [F1 )3 133 W a0, ZE AR IGM 11y
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B4R T, A8 B E” WA EIL AR |, R XS
SFRUR . AP 2N
q;(t,a,)=v,(t,)+A4,(z;.a,), EAI(T[’ai):O (12)

O (5. m.a)=V,p (s.0)+ D A (s.1.a,)4,(za,) (13)

Hrp, 2,20 B4R AL

XFERCA 325

(1) P 353 gt 10 FHXT Bk ™ A 4 X5 50 v 4 5
Rk A5 A3 BE S W, DI 2507 25 T

(2) 4, X ZhAE R A8 R GE ReAR B M AT BE & SRR
ZH A VR A A A R s ), DA 3R 3K 25 AR T
W] 5 A D096, AT [A A, = O fR4F BB BE A5 IGM &%
WATER LT

(3)&4 2, 5ahE G H HBER AR AL, IO 3
B AL SRR, (AT B Ak [ QMIX, PR QPLEX 4% 41, &
QMIX Y BREIR , it I B MRk 1

ML BI AR, QMIX AY BAE 2y SRR UE T 1)
PATHE B8 T A5 28 B AR 5% 21 RS 19 42 R AL
L, SRR RGN R 2E : O Tk A s fE w2
e R A P 1 25 AR o s, SR 54 2 v AR IR B A
BIAE s @ PIME O Z Bl 30 VE f0 G B (BLRL Gy . 5e 85 )
SRS B S AER ME LA I . QPLEX F8 “ P 32 B3 + 3 1
SR REE” TF S 5% 3 P 2 i 22 19 2 el , REAN TS
PAJE AT S 1 TGM AT A TR AR E U 25, ARG o
SRS B MEAE Y AT SR A T RO, R A A
HQTRAN M — UM 20 s 58X SR ST,
Y KT 0] S AR A (R 7 55 Y

QPLEX A Eb F QMIX [ £ 5] S 45 ok 3 45 B
I, QPLEX 7E IGM A /R RN 2T “ B &R " 0 8
I QMIX S il 125 s i A e 15 ik b, 5l AML
F dueling 5 (MEAZ S5IR G2 5 BB 2 0(E
FHERAR B 45 LG 2 ) A iR, A B 4 5 5
% b, QPLEX £ B T QMIX () CTDE JIl kil 2 5 8 ) 2%
SRMAC AR DT AR RS ARG, HIFE TG 245 PR R IR) A
Y ANAE I IME AT 55 B34S B R E IO HE Tt

SVARSKR T B R AU MARL 7 “ I S04 T 1 —3%
KR R Z (R BT 38 W (EATS A 52 4 P A 1
=IO . HAEIAAE T LA AT SR 0 H bR o A A il
o A PATIE, B T RS IR 0 5 B Y Y
D RAT RILAE 5 FLA AR U AE e 238 Z BR IR S
B BLAS S 5

(1) Fik 1 50 PATIER G5 ME I BT R AETE . LA
VDN BYLEMERT A5 QMIX SR & 03, 30
5V 3 A A AR B 4 JR A R0 RT A il ST B R =)
B0 54 Ry 50— B0, N S A o A AT . ik —
“IGM S5 7y Sk 3t ol AT HE , HV R SR HERR T K 77 2

AR A D) B B O R B SN E SR, B
BRI RGBT QTRAN 38 i 768 A8 4875 (] 5 | A — ek 45 X
SR SR M PR T sR B HE] AT BHm
FFEA S, VI TR AURG . QPLEX 1AM ST 2 e
FPLIZE IR X SR SR U FEAN IR IGM 1
FIHE T 3458 T X S5 A P I R] 1 2 1 . SR R] R IE A 40
H A A A3 BT A TVE A R T 9 8 & o
A1k = 25— 1) Z1 o -5 4 v DA

(2) HEF- A2 5 15 43 Bl 5 BOW U1 o 1 i A AR
k. 28 et IT kTRl H bR sR A BE T [a] 5%, 2250 ]
T B I 22 43 R 1Y) 1 2800 25 A IME B s h gliioR
Gy B E S Al G A R U AL 5 U2 IR S . (E
Oy R — B LR TR A B T (A4
A G HAEME— | S 10 42 SR (B T X R 2 4 AR
FETE ] HERAE KUK 5 AR RS . 24 WL Ay 53R B
M o, A AR SE 27 >0 2 IR TRV SR s B SR A 56, T AR
PR, AR SR M AE 43 A AN D5 B T AR fd vk

(3)FUBLAL T A 535 0 A5 AN T B R L. 4
H 2 Critie BUIR A 26 B R BRAR AL SRR B S5 RS
He R I 2 m i R S8 A S RIS B VR A ]
P FE B IG AT Y2 H AR5 B A5 N 4 507k DL DR 5K
EFaE . 55T CTDE () MARL ZE A4 76 T F27% i Ik 7 22
A A R RS R 5 WU R A8 i 38 15 A | 5 5 S
PR R whge . RIE R K450 Mo i B 5 WS
BL, A AT e AR 4555 7 14 [R] st 2R 45 Rl e i 84 45 4 1
MG 22 2R B i RGEEZE .

P AT A58 3 SIS 7

(1) 157 DA RVBCIS £ 3 B “TGM 29 3R 10 n] 678 11
B o TR LA B/ NG A AN L 2 56 B 3
SR

() TFBEAEE 5 | A AT BRI S A2 vk A ],
o 4n LA PR SR —B0PE P34 i sl AR R S E DU R
TREAAR T & i (5 A I S5t UG

(3) FUBLAL I 25 i 38 {5 SRS 98 A B Aw, 3k
BT A T B RS S TR 22 RN b R
iR ZE—R R TE ) 2 HAR AL, NI TR
BT BT B — M Re T

25 b H KRB0 B AE CTDE HEZR R a7 1 nl it T
SRRy L B HHE A IRt ok 5 ik
AP SN g — U . BlLe R R e R M5
Sy BC AT HERAG L SGE A5 TR — IR R A 1 R S A A
b UE %oy AR E AR TS S SR s h
BIRFEEA A 77
3.2 ETREEHEER MARL

I TR WA E 1Y MARL 55.7% J& MARL P (1) ) — 2%
FELAY S, B E A A BEAA 1 SR R BOR B K
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b SRRl T AN SR AR AR oR B 35 SRR TR S
SRR A T 7. JE T SR W B FBE 14 ) 15 30 Y FH B
BE b Fh BT B A 7 R R SR s S8, DA AL SR s AE
BB AT R . ST AR B R A L TR
W Aof %) 7 12 7 Ak TR RIABE | e A s A 25 () i 48 B
(B TN O

TE SARL H, SR 6 B 5 v6 © )1z e T 45 Fi AT
% AN L DDPG ™, SRTT, MARL FREE v i) 555 s Aefs
J5 % TN 0 R RN A2 A, ROA A R RE AR W AT AN
AR A AR S s, 3 57 31 H A 56 1A 3R s 1 52 i), 3
I Sh AP AR AR

TR o0 B T 9 O A% O SEVREUI | 3 3 X G g o st
P28k, 0B EE T sl T o Ak SR s
PREL. ST — AN RN 7, (al s), Horb 0 KR SRmg 1Y
B, a AT, s RS, AR e KR 24 5w A9 3]
APl .

JO)=E,[R]= E””[iy’r,] (14)

Ho R BRI BTl , r AR ]S 3R AR A
IF il y YT T . X s i S 8 05 R
JE R AR A B TP o W R s 2 5, A 301 2
AT o N A A a L R TR A L T L ST
ROl I 22433 .l R RE IR I B CIRZS L 3h
YERZE R FA) , T LA A6 B2 I 00 BT SR s S50

T R X MARL 1 % S Ak ) 0, F 55 34 1142
W T — S Y B TR I R B MARL 55.3% . i,
COMA ™ F MADDPG ' J2& 19 Foft 3 AL 1 546 W of 7y 2 .
B YE, MADDPG 275 “ 85 Hh il 2k 40 AT (R HE 4R
K RSB R Y R B 2 AR R B A — 2K T
2 FENGRB B, AN RE MR TC B A Actor, [R5
A DLERA UL 55 156 s Ryt A i 4 =X Critie, FH T
TEAG 48 RE R ShAE 78 2 51 £ 7 58 1L F B8, i 7
Tofs BEE A b B R RN BA A 5 0 T g AR AL R £
BREARITA TS RSB ARFRE . TEBATH B (R B
£ A I Actor J& T R ER LI A0 7 P 3k, B RE R,
Tt 2 S s B K

MADDPG (1% 55 357 L 1T 238 R 58 i A~ e AR i oK
W 2 00z i 2 SR A R I, 6 T P A Ml Actor (1)
S E K Critic XHZ R BERSIAE A I AR TR LG 1
Critic SR B 2243 L H B A shVE M (E , B Bs A i B
(6] 45 A1 AR 25 25 H T — B 220 B4 Sh VR (5 R4 A,
25 56 [0 55 00190 45 5K BT T Reue I 2k Bk A s A
B BEIR Y H bR Actor 22 i . X REMSUE15 56 ms 1 AL 76 1%
S g /R 28 (A TP R R R o BER B BE A5 5 TR sl i 4
rh A AR SR s T A A e iy 2%

MADDPG [ 3= 2 fJt AR B AE W5 4 . — S, 2 p X

Critic 520 4% (1T 2207 (35 8., 753 % W 56397 A 0538 i 3
b8 il A S1 W 5 25 0k | S5 AR S7 2 3 (9 3 P R
0, R W AR R 8 B S G
P, 3h 0 B WO R MU LR 2 . SIERI:, %0y ik
U BRI T RS A Srh 2k Criic 9% A 25 FE B
B R A 5 0 2 B B AR R AR
SRR ST . A3 AR AR, IR0 B Sk
WipaRE S, 5 B A AR SRR AR T e . TR
KU 5 24 W A7 74 A DR RS, SR T 1 e 7
TR B AR 4 5N T HOR A R . 1 (UK R
W h , 2R IR A ek £ B R Critie 1O BEIRAE )
HE— 2 R A B O R X R AE e T
MADDPG 3& £ b 45 LB i 55 i il LI 125 32 BR AT FH 1
MR SR A AT 55, T 08 A K RS 5 4 35 43 T SO0
B PR AR B A (4 B0 5E GNN S0 L LR
TFAT b S Rafd

1E[R]—% CTDE HEZE R ,MADDPG B R (i S =X
Critic 45 B VI 5 , (ELRL % W 6 1 475 L B9 2 (8 10 o 125
B To KA B T A4 9 B e £33 1143
BRI . EOVLR S 2 A SR 4 [,
B VA B 1 75 5 2 B BN A BB B 1 T4, 7 2 K o
TR T BB ST R ) R , AR M
BB R (T 55 P T . COMA ™ TE 2 o e
BRI — 2 P AT T Hh 1 7 0 . 107 A 1
B Critic, B SIIENME O(s, @), R A4
Bl I A S A SR L L (S LB
SR S R IR BN R b

Aw)=06u- > [7'@lH)0(s.@.u™))] (15)

RS 3 AR FE A5 5 R i ok — A B R HS T
A2 /D" HEZM T A AH B8 m TS
Bl 1) ). Actor 133 T SR A B PHAT T 43 HILIA
IR R . 5 MADDPG #f Lt , COMA 4 it AR BRL7E 3 551
1 O A T Ze A 1 i bR BT iRk 3, 15 FH 40 i 75
Bb , A B Ty 25 W 2R AT @4 h X Critie ZE VIR 1 58— IRk
THIZ2 38 IS ROV T BA A SR I AR A R i A A
P ORI 25 TP B AT TR b . Il
FHID R « Critic T5 22 AR A SV, 4 5 R g
PR SRR 1 T I 3E A 5 i e S P4t B s VR 5 1k
—WRINGAL, ShVE2S AR K Bk % 2 i 75 B2 s 4 & R
RS ARG B Critic Al TR 22 30K, AR SR E . Bk
M, AT LK 38 1 R ARG MADDPG #2411 “4E rp
PEAG Mo A AT A A B 2487  (B7E T BADME S 5%
R BRSO AAA FF Z20 i COMA £ AR ] B 287 Y b
T R SR AR, DL S S RS I R
fig Rl 2g > Al IE MRS E S
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TE MADDPG F1 COMA Z Ji& , 52 3 B “ S v X PP
IR S5 S ARG T A5 A BC AR 2643 5 22 Ak
RS oy 25 R, HL SR B ) B EOh R X PR g R
FEMCHTAR SR . AU 26 1] B, MAPPO'*" 5 il CTDE f&
% AALLOGs.a',a?, - a ) B R I LAl 1, 95
NI it SR WA A 1 55 511 B 410 ) 3 35 R, AL AR I
PRI ZR ] B S SR e
MAPPO (4% 0o 07k 2 FH A vh 2 Critie THEE 504,
CHELET SUEHASTE) L Actor St a0 T 54T H 5 58 37
Lyy=E[min(r,4,cliptr,.1-&1+e)4,)] (16)

Horp v N IR RIS LR L, e WA K B . MAPPO 18 i3
SR 5 By Yn A e [ R A () &2 3, Rl fe i
S B HUEAE | 38 B S0 43 il LI S R e . 5
COMA A ., MAPPO A~ P &g 544 it iz = 52 2k o Sk A 4
A3 WA A I 4, 77 2 A0 o e 1) P A 11 5 < S v
TR R B AT SR s A 5 0y 25, R A R R A B
e R BUESE0 E

{H MAPPO BYAANAE T H AT & on-policy , FE AR
A B off-policy J5 12 3 423X Critic X 4 Jay 8T 42 J) 15
BAEMKE, X R GFH R ERSEE S5 R L H
B2 i e Aok A A e, Z 22 ME F T4 AR
Critic | S 35 52 3 o 5l 70 ff iF — 2D o fb . Bk I,
MAPPO A] # #l A 7E COMA Z J5 Xf “Fa gl gk 5T i
SEELT A T AR NSRBI 8 CTDE K5 B, By
BT AR S SR IE A o A AR IR A L 2 Y
o M 5 B A 45 T &2 B | il i SC Y MADDPG .COMA
FRINAE A 22 A 5E rp HLA ] A i i 48

SRy — 2D BT WG 2 o) AE A BB AR R G R
EE, SCHk[ 64 1 HE H T HAPPO B 1 . 3% 7 k3l 13 JF 91
PR BHT AL G T 2 AN BRI AT R T ok 1
[ R, [ A AR B T PPO 78 F e M AR AR T T AR
# . HAPPO F503E H T F M R W 2544 . 24T 55 s 2 A
ANIFIBE S REAIAR R G0, 78 52 24T 55 b R B o B )
YR v AR D R .

SVEER A BT R MRS B 1Y) MARL D B3R A OR
WAy F2 4%, 38 2k S HAb TR A IR B A8 B BT IR 1
T B2 (s B TEAT BE 3, AR 3 T i £ sh 1R 5 v e 431, O
FESE YN o3 A AT 7 2T 4 R PR 25 28
e PR . AL HI A4S 3 J7 i - O LA H X Critic
REamuE R, AT Z BT 808k
BAb T, DT RSUE 25 1A SR s 174 B 5 3 ik 25 4 Ak i 1
FH 23 BB P A ] 43 i 80 A R o 3 2 1, 42 = BIME 2
A R s A HTFLIN 5 AR b F B, Wi i
BT EARS T SRS T, 3 B0 SRR RS, $E Tl
Syonr 2 P

RV IE U I 484> T H 4 . MADDPG {4 B4 i

SE P RS 6 JBE B REAR R AL S, LA P X Critie 27 > 4
AENA GG SRR 5 R AT LI 37 5, (H 7 BA R
o3P L HE A RIS . COMA 7548 rhsCUPP A i Be il 15
A s, R i o AR B S A 14T BA ]
FOR anfaf A8 4™, AT Z i 5 20 TiE 5 2R RE A  Sk 1Y
Bl A 22 , 42 THE VR AR 55 19 7 2T 303 . MAPPO LA 3
R RO, 45 G 5 P X Critie AR EAL T, 7EA
MRS 40 P S e A 0 B2 T A BE AR E AU 2R3
5 EER Y B AT 55 T 5 B, Wk R 2 B UM SR 1 iR
FEJE . HAPPO 3 — 20 1] ) S5 A8 UK 5 3147 BT, SR I
J A B a3 B A BT LAt/ AR B SRR S 4 S T
Pt

X —ZR A7 58 44 i R R A AR
Hh P 0 1 AR S22, T = 552 e T ) 2 4
5 A3 IC , P o 09 U1 55 e Al A AR DI 45, S Rt
R E L E IEP RS2 SCE N I b J € PRI RV
A M B R 252 sl A b A AR E MBI R AT 55 R
B FEACH X2 R 5 B S 5 AR, 2
Ji T i BT L AR RUCRR N B i 18 R SR 5 12 5 TE A i
G 22 il O BT 1R 2 sl R R 2R Gt P AT T RE BT
22 LTSS .t e TR LA R 5
AL LATE ) SR 25 i £ vh X Critie 42 THAT 9 %
P, T2 SR J2 45 5 (B0 il S S S i A A A5 T 0
TEF 2 I LR W I i 5 o B4 TE B R A B
AR AR G2 ERS E AT 0 5 48 AR IR
ARy WL R AR . A B R ZH A BT, SR A
LA AR R UM AR 5 DR A 55 R R AR IR, O
(B3 FE TR 2 2 R AFHOARTE B AR
3.3 ETIEEEA MARL

MB-MARL (Model-Based Multi-Agent Reinforcement
Learning) J&: — Fft 56 T BB A BT AY MARL 735777, &5
e 28 14 5 (L R AR W A 12 1 MARL 7 325 AN [, MB-
MARL #1227 > P15 ) e RS AS BRI AR, 7 4D 3
SR AT R, DT g 27 S 2803, JU AR A i 2 il Al
RIRBZSIE R AW B Bl I e
FME 7 ST RHEE A, VAN 158 T (EL ek BRI SR B J3E T 0k
HREARCREAR I A L . JE T 1% J7 k3l A 4 A
SRR AL RIS L 1l 34 T E AR

(1) PRI st

FE MB-MARL ", B e (Al 1 5 PR BE Y 52 20 4R
BHR B P(s) s, a). BT HON7E 5 — A ks
s FHATEIE a F BRI s 172 L . AR Tl 2 2 3
S A I ST A AR (s, ). R RE A FE B8 Tl
TSRS BB E IR S i 223l , AT 51 47 8 AL

(2) LRI

e BN PE AR 2 5, 8 RER AT LIE 3 75 #R45
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AR v A TS AEL, T AS ) Sh 1 Tt 4 B4 Vs A 4 il R
ARASHFERS AR L S AT R 4 . il ki F oy
3B BB AT ATEA BRI B A B BT TR 1o
SRARAL . TR, 4 BE AR LA PR AL R A T 2225 i P L
T, R RE LU R R Rl A AT s AR . I R i
LA B[] A AR R 1 TSR A

(3) sk ms Ak

A S A DL K] SRS A T K il S s, T AR SR
M T 265 14) BT . A REAACR 3 TR 1) P Ak 12k, n Q-
learning . PPO o HABR fh 27 > J5 32 , 38 a3 SRR 03 44
SEATE IR A

MAMBPO* 2 22 $ 1) MB-MARL (1) T4 , K B4 i
P& MBPO ™ 411 Ji& 2= 28 g A . I ZkI0) vk 4 v 22 ) 28
TEREARALS , 2% 2] — A4 h U UL 5, T 10
T 2SI 52 i o, .7, ~Py(0,a,), RFTIH
FARFET [ B LN N7 A7 3, O B sl (R L
MAMBPO F A3 AE F AT IR PR R AR
FETE . HRBRTE T 3 45 O % 4 b I 2 5 A 2
2 MIREE S AT A AR (N S O & SR <A ) HOG
SRS RS AT ULI AR, AR 2 3] B A7 B s @ RS ORI
PETE, B R AT TR BT LA BE AR I PR B BE R D
YR IR RIA] 487 Y H bR v A 2215 ; @MAMBPO Al 4™
JEVETE KRB R Ge P B T4 b 2K Critic 538 (F /476K
FEEY . TR b SRR S R + BRI A AR
{6 FH SR M, SR A IR B J 2 il O 25, A 24T 55/ 22 3
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