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Abstract: To address the cooperative decision-making problem of multi-sensor systems during
mission execution and threat avoidance in complex adversarial environments, this paper proposes
a heterogeneous sensor cooperative control strategy based on multi-agent reinforcement learning.
First, a two-dimensional adversarial scenario is constructed, which includes primary sensors. secondary
sensors, threat targets, and stationary surveillance targets. Models for sensor maneuvering, emission
control, target detection, and threat lock-on and engagement mechanisms are established. Subsequently,
the multi-sensor cooperative management problem is formulated as a multi-agent partially observable

Markov decision process. Under the framework of centralized training with decentralized execution
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(CTDE), the multi-agent proximal policy optimization ( MAPPQO) algorithm is employed for
cooperative decision-making. In this framework, the primary sensor accomplishes traversal and
surveillance tasks by jointly optimizing its platform maneuver strategy and emission parameters
(power and beam pointing), while the secondary sensors share the threat risk of the primary
sensor through maneuver coordination and emission-based decoying. To cope with highly
contested conditions and sparse feedback, a reward function is designed to balance mission reward
and survival risk, and a three-stage curriculum learning strategy is adopted to improve training
efficiency and policy convergence. Comparative evaluations were conducted over 50 test episodes in a
simulation scenario containing one primary sensor, two secondary sensors, and three threat
targets. Results show that, at a coverage threshold of 0.75, the proposed method achieved a
mission success rate of 82%, outperforming the threat-aware heuristic policy (66%), the
independent proximal policy optimization (IPPO) policy (68%), and the random policy (0).
Meanwhile, the survival rate of the primary sensor reached 82%, and the average coverage rate
reached 83. 5%. The proposed method effectively balances surveillance utility against emission
exposure risk, enhancing both the mission completion capability and the survivability of multi-
sensor systems in complex adversarial environments.

Keywords: multi-agent reinforcement learning; sensor system; adversarial environment; multi-

sensor cooperation; target tracking

%60 %

1E AN BAL X BUAE 55 b 2 34 RN BE )
P SE AT 55 OO A0 B3R L TN A% TR 2R GE A S AR IR
AT B BT B 7R S IR L H AR 5 R
AT S5 R AR CHAER] ., AR BTN a1
R Gy H bR 5 B0 S LBl 40 L AR AT UL I
SERFIE A% G 10 B — [ 5 A% JR s T X DL A2 2 2% X
YU T RO oK . 2 A% Bds O ) 2 ok 5
ZUE WL A B, AT A R S TR) A 5 AR D R H AR R
SRR B DRI By XY i A B S O I

TE 2 AR 18 as H AR RS &R 42 b, o] 764 R %8 U5
FAF T G B HE A AL RS I AT 55, 2 5 R 5E
PEREME 2L 2, BEXT X — ) B, 2 R FHER T 1%
TR TR AR, A O B 38 o AR R Y T
PERSE S UL T 1] DL K 9% 9 160 SR s R A7 G A s il
T d5e R AR & G2 09 {5 B 3K MURE 70 80 H AR R B
PERES

Rl 58 b 3d (0] L, [ oA Ah 2 2 A T 22 A% 2 3%
ERI T, Hd, ATy vk R B TR BB R b
1) A% T A 1) 7 125 5 e AR B 45 L B R A
TR HIORE SR b R S B E UL B4 . 1 4, Hoang
SELEREPLAT FRAE BB HE 22 T F) JH £ Bernoulli 38 i
Al Rényi HCRE AL £ A% SRR 4 425 1 % s Jiang 4R
H 3 F Cauchy-Schwarz 81 BE #) 15 B IK 3h £ 1% B 4%
P O A RS A BLAE BB A 2 H AR R
rh I A2 SRR 5 IR I A AR R T H AR R R

zkxb. xjtu. edu. cn

PERES Y,

53— 7 AL TR T AR A 30 43 AT L
JR ] J pe 3 it FE (POMDP) , i 3 3l 2% 8 %) 55 3T o)
oAk 3% 45 W 5 mg T . Krishnamurthy 28 3% £
A5 i POMDP [ {H 3% 0 H T 2 D) g & ik 4 B, 558
TR 22 fe /BN . Schope 541X 22 H A R i H Y
By IR B R PR [R) R, $2 1 32 PR POMDP AE 42 52 3 B 25
PEREMAL . A S 2E 3 Wl POMDP L FH F & ik %%
T ] 5 A 22 A B A T8 AR A A T o

R IT R AR IR AR R G AT 55 4 e S O 4
Hl R T E IS SR . SR L G T E B
DR AL BE TS 1 J7 18 5 OB T B RE 0 i RGBT,
I HLFl 5 1% B AR B R GRS e B i 34, L H 58
BB ERE. 755 2% 8 8 55 oo b 36 5%
o R GUIRES B AN 5 P 0 P 3 A ) A PR R
PG GEAE AL 7 1 X DA S B S i e 3, IR Bk, An T 7
S BT SC B AR A I I AL TR A o R L AT
SR —A B PR Pk O A T I A

AR R BE i Ak 2 2] SEAS O R i AR e
i I VR85 28 2 2] B A R A A B AR A AR T B
S ) AR B Tz L IR TR IR R B LB
R B A AR A5 B A UL L AR R BE AR
fh2E I HEZRR , A W 55 R FH 58 Ak 2 2 92 30 75 3K 0%
PR R A AL R DL Y R H bR IR B A AT
S5 U0 CBGAIE T SR Ak 2 2] AR Bh A IR EE R AT Aot .




EORR ]

TR L S R 28 R ARSI Ak 27 T 1Y 2 A s B ) 42 o SR 73

TE Z A5 AR U [ 3 5 v o 45 A5 38 1 A5 2 Tl BE
MR B LR, NH B AT 55 AT f ik A7
DhFEIP R . A% S B R AR A 2 2T D YA Mk LU s )
X Ff 22 EARZ B EMER R . XX — ()i, 24
iR Ik 2= 2] (MARL) Jy 22 3 K R 58 1) B3 ] e o 4
BET — B RLHEZRD AR, 3 T A Il 24 1K
AT (CTDE) i) MARL J5 i 78 PME D SR AT 55 rh 45 31
TN AL 25 B AR TR 0 M R W A R AR
(MADDPG)"" | Q fH IR & 5 (QMIX) ™ F1 £ % fig
AT ity SR WP AR TR (MAPPO) %5

BT BRI U N ROIF IS MARL J5 3 i
F T 2 A% 5 U R B 5 B2 R0 BE R A, Lee 5544
REE MARL L FH 5 3530 15 56 & 0 (0] 8, 76 %
U832 B A 30 5k 22380 e R D 10 S B0 7 e 2k ) i
SIAAEY . Li X LR TR A U W S 5] R AT
%3t T 3T MARL £ T8 AVLE BE VLR B9k,
A P ) A R T T OH AR 8 R R
Beatty %78 Jo AALHE A& 1% 20 45 20 ) - 42 10 3 15
BIB% i MARL 55k i i 28 G A UME e K ik
T A5 B 35 A X Mk M D H AR R AT 5 P U
TRTAES k™ . Yu %% MARL 83k
N T A% g 2R G s i 3 gk AR R R T ] A AR IR
e, WER T2 HAR R EE R . Cai SF1EfE
A E BB o e S b K R TR A R
LA Rl QMIX B3k Ak L 3 48 22 1) 1
[ A B 73 1 L O i o e R AR
FEUY L B X R IR X U B, Feng 4R M I F
MARL 1) Z F s RS0 TR A T i A e 7 T
THE T REN S B, Zhang Fif — 52
T 43 )2 MARL A B R] T 90 5 s e 58 5 3k S Bt
T TR IR A S R RE M 22 RE AR fk
) BV AN B 2 T Rl TR Gk 22 B bR A B AR A
PR S 4 2 I 1 G R 2 —

I A TR G AE AL SRS 42 1 T T HRAS T K A A
R ARADRAFAE SR . B0, REB TR R 2
DRV H b R RS B B T A B3R O A AL 55T R
R BE [P R, X 02 A SR B A R AR R A AE
P 5 XU R 3 ) % R A /b LR, BT B AR P
Z B BB R Ge i F LAIR AL P [R] O 3 %7 AR A
55 5 Bl % SRR 2% T BE 22 5 0 3 1 S A9 B [) AT o A 547
BONA R, LTSN M R SR A A ST
{388 o Al B A% R 3 Bh i S P L o E XU I 1R
PO AL R T L B = R AR S A
oo MRAM A RS 5 5 D) AR ) H bR 200 51k

zkxb. xjtu. edu. cn

AAG T BE L ) AR 2 38 g gUb B AR 8 1 KU
A Al FE B RN £ 5 2R A A M =2 1) 52 0 Bl A8 AL AT
SR —A B PR Pk O A T I A

BT BRI, A SCE X B 2 X B T i £
A SRR I )45 B () A0, B 0 AT 9% T UK AL R P I 2%
PR B AT 55 AT 5 R Bk AL D O A g Sk T
MAPPO 11 2% G (4 P 5] 4 ) HE 42 , 52 34T 55 0 25
SR EAFRE 1 Z B B A . O D bk [a)
AR SCHF R T R ST TAE .

CUEF XL G A% SR 8 B 1k X L3t R &2 28
PRI 1 9] F0, ) L T A TR IR AR AR
H A% DL K B bR 1 22 4% 825 U W) 4 Bt 37 55, 9 4
— A AT R LI BIL ) L R B bR B R DL R AR
% 58 A AE .

(2) 1 X6 B2 2% Ja I A 15 1 O A TR A A B
AN TR [P) R, B S R A SRR DI T) 1 S o R 3k AL A
3 KA AR T B SR B AR, S22 $H 5
FAE IR

(3) %% Gt B8 BE A 5k Ak 2 > X DA A 3 5 A
i I ke 5 4 ) B 4 3 T MAPPO B9 £ 8 RE 1R By
[P HIAE SR . B FE A5 RS 5 KA IR 2% A Sy S 4
REMA I 6 4R PN SR o BT DL 52 90 2 45 IR 4%
PRI, NI AR 55 AT R S5 RE A AR T Z
i) 51 30 Bl 2 - A

(4) T8 33 7 B 52 56 50 0F T 35 7 vk A sk . S
B 25 R W %7 ¥R AR AR UE H AR W AT 55 58 LAY [R]
AT BB 08 A R AIR = 12 J 2% 2 32 Ja I 1) XU o A T 4
T+ R G ARAT 55 TR

L5 b R SCHE TS R AR U e f 2 A%
AR RGO RO S5 AR A AL IR, AR 2

SRTE H AR BRER RS B2 B AR S AR IBUSOR A9 12 IR A4 B 7
TEANTR) A S — 28 25 18 T UMy H B 4 22 A7 A8 25 A
O HE AL AR T A R AT ORI K B AR S
B A A A BAT AR D RE 2 T 54155 H bn 9 5
PR REMA . a5 S UAR AR P TR BL A L S B
5 PRAT B HL IR 55 B IR A A 2 1] R B A e . A
SCHT R A Y 3 T MAPPO 19 2 %7 58 7k P ) F2 i AiE
BN IR T S 2 AL A R G n A b
IF) e S SR I T — bl i T 5T R i

1 ) AR 5 2R G A

1.1 FHE5FEEHEE
A SCWF 5T 3T L B T A 245 R A% T [ 45 3 )
B, 5B atoh T HEE T X, LB A A bR R IR




74 [ 7 . ]

PN

%60 %

(A= N S R N Sl L R e A
B RS WEE N « € [0, W],y € [0, H], H
HW R H 43 500 3 47 B XS R L DX SR
v T AR R A A R R X S X S B Xy <
Ve B RRIG X yoo < v <<y, B EIX .y =y, B
S H I Iy, SR e DX W DX 43 AR A
FER AL AR HE AU X B W ALy, U X5
B DX o3 S A o R AR AR HIR TR H Y XY Il 5
A

TGS REAFAELL T RHT R,

(1) FAEEAS R RGBT 2, 2 R UH —
A 49 0 KRR L 115 56 BUSE U X T [ e B
T S il W AT 55

(2) AL I AS R 5 T TR A 0 | 30 L G
1,2, N — 1. N & g S8, 3 2E/E F AL 45
Joi B AR UL 5 3= g5 5 | R B bR, LGP 4% 8% AR

) U B AR A7 N, A 38 7 B XN, X
O 7 A SR A5 W o BB B AR B A2 J 2 s S 5k
JERE R B AR F A BE AL B R, F 5 U7 TR
iR A

(DY AT e WA Hbr, A
N, RoR . FAG RS 75 2 7E 28 8 B DX 2o 72 v )
LT IR I RO 3k 28 H BR AT 0, I 7E W AE R T
A58 1 H AR A

EY SR E S ICRSMWME 1 iR,
2000
[ BRI
B AR
A H A
1750 F [#] 7€ H A
1500 4
1250 F
- X
£ 1000t A
750 |
500 | A
250 F
|
HRURX on
0 200 400 600 800 1000

x/m

K1 i HE s ST R AR B

Fig. 1 Illustration of simulation scene and element layout
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