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Abstract  An application of deep reinforcement learning makes it possible for unmanned aerial vehicles to complete
an autonomous maneuver decision-making. This paper proposes an unmanned combat aerial vehicle (UCAV ) au-
tonomous air combat maneuver decision-making method based on the reconstruction of situational assessment mod-
els in combination with the proximal policy optimization (PPO) algorithm, providing effective strategy choices for
1 vs 1 within visual range (WVR) air combat. In response to the problem of low model fidelity, this paper, firstly,
establishes a dynamic model of a six degree of freedom UCAV and defines the attack mode of WVR air combat.
And then, in order to improve the adequacy of the situational assessment model in describing air combat, this pa-
per reconstructs the angle, speed, distance, and altitude situational functions based on the division of air combat
states, and proposes a new situational function that describes the potential for maneuver. In terms of reward func-

tion design, in addition to rule-based sparse rewards, sub target rewards are established based on the transforma-
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tion of air combat states, and shaping reward functions are designed based on situational functions to enhance guid-

ance capabilities. Finally, an expert system is designed to be a competitor to evaluate the work presented in this

paper on the high fidelity air combat simulation platform (JSBSim). The simulation verification shows that being

confronted with the fixed maneuvering opponents and expert system opponents, the intelligent agent enables to ef-

fectively improve the convergence speed and winning rate of the algorithm by using the method proposed in this pa-

per.
Key words
WVR air combat;expert system

B TH S R R AR A, R R 25 K 2
AL A EA BRI R A I 2 I AR Sy —Fh
PLER AR - . 22 60 4R QB g A 4+ I 4R
T NHUER T 32 B T 22 AR A T 3 dee e i AR S o
58 s Jo NHLBIIE B RE 0% 7 A 4 X sk N B2 S 3 A
PR M 4 4T o O RORS . ok 2 iR b L 4% 25 1A
R4 FH R R TN I 4, TE AL TE AHLE Bt 34,
eGP WIS IE R P R N IR e P S
2 BT ZA R GBI 2R . TEAHL A £ 8,
R AR, J& T AAE K HL (unmanned combat aerial
vehicle, UCAV) #EAT [ 2225 {0 BT o 25 H 6 9 G i 44
A REHS i UCAV 3 N 2 25728 A0 14 537 2R 5%, sl /b 1l
T FE A2 N 5% T T, ] A A5 B A 1% 338 0 Ak 3L L
W {5 TP B A8, S B A TE T {8 17 A RO P RR
il BA 3z 0 R T AN R R

TH S P B AR 22 2 3 DR il DR B 2 DO 1) et i
17 T RAWESE 0 B 0o W5 5 8] R KRG
TREES 2] Ak ) 46 F BT . T X SR vk i
FLL T Tsaacs 25 A AE( Differential Game)™* , i 5k
A SRR L T IR T B8 L K T [R] A SR XLk
522 3 A5 A 1 ) R, SR I R e AT 4 o O 125 0k oK
fi- . 52l (influence diagram) {25 B 454 Kl ie
RIS, DL Y O 2 R 52 e e 3R 00 R R AT
B SR SR RO 18 B 38 40 A o O i B 6 43 A1 405 1
FHREHERTY . LRRERIE AN AR ML LK
PO E AL, 38 5 UCAV 7 25 i o o, Tk
MEREARS IR 2% 3 (deep learning, DL) F| % &
N T B 22 W 2% (artificial neural network, ANN) 5
REHAELAE A BE ), B R b 2 S ML) th
T B IS OC R . AT S o TR B bR T 0 2 B Ak
B AR F AN #4752, L8 T H An Al sl 18 ) F0
T AL Bl s SR gt EL A A0 3R A S R R A
Ak 2% 2J (reinforcement learning, RL) | F “ix 48 ”
BL 8 3 5 20 58 58 Bk A7 > SR L 1 8 RE 14 fiE 18 18
HAWHRE ¥ RR AL A LA R, W
FH B & ¥ A QLearning” . DQN'" | DDPG'* |
SAC 4, LSR8 Ik e 5 7 TR R 5 4 28 1
23 Wt FRHEA TR A AR AT IXOE T ARME S I, BB DR

PPO algorithm; mobile potential; six degree of freedom aircraft model; situation function;

23 (8] B AN 4™ I 8 T Il 7 24 A E Y T e, S 3
[ UK g PR M S S PE AN R, 2016 4F, Alpha AT
GUSERE I A i R BT M7 — 7 36 [ 28 4 AR, DL
554k 2% > (deep reinforcement learning, DRL) &
o0 1788 i 8 R AU 7 Pk & e . L DRL Ry
PR B 6B 5 J7 o IR AL IR Be AR 1%
BUAITH B 7R 0 2 A5, O ik 7 T 88 ol 28 180 4% ] 4
o A ML Bl P S DR i ke O AR

SCHRL16 JUEM] T RL 89 A EAL3h 5K 0wl 47
P, R, UCAV 3z g {UAE 2D -1 N 2% J& . X o
NAERR RHLAE =4 % 8] 58 sh it s e b . SCER(17 ]
P T — R TIRE Q %= M4 (deep Qnet-
work , DQN) B F g HAR BTk . O T Bk %y
A R T T — DT Min-Max 556 0 B
B, B 45 R R B, DQN J7 ik 1Y J 0k 1 RE t
Min-Max 3% 5 77 ¥ SR SA &, SR, 76 4 28 0 2%
8 i A TP AR R BE AR R R AE ] L X R RE B W T
WOTE RS . SCERC18 4t T —FPE &2 Q
I 28 7 e B v R Ak 2 T B R SE LT S hod e
BLEN MG Y B 27~ fe 235 By B AILAE A [6] 19 =5 v
XHUEA T A EM AL R, SR, 53
BRL16 13601, 3T 5 1 JE A2 b X UCAV 1z 3 Y 52
Mg, SCHRC19 38 M 7 —Fh e T E Q MRy
UCAV 258 A 0L 8h P SR AY 5 SR T, 78 25 K
BT s b, B8 A P 2 M5 Y L X T RE 2
THEEA K T R B f O SR Y 2 ) G R . SR
[20 48 Hh T — 7l 25 1 DR 25 0470 VR B2 A 1P 50 s Ao
SR B BBl SR A LS A SO Y S 2 R AIE
iNE3- 7t S TR SR

25 b AT SCT DRL FEZS % A 32 P57 A B
AT 2 DA R — 25X R AR R R, K2
g ZYEEs P g = A R JC AL R A S
VB A5 A B 22 il pR BB T I R I AR TR e AR
MV RRR . N LA B Tn] 8, AR SCH T — i
TR F A S PPO BIEMZ AW E KA
FWS PRI, E A LN H 1 EETE LB
FRORIE E LBGE R s T RO IR R IR B
HY g s SR AR R 3 52 9 A5 S B0 400 4] B B



5 6

FRAK A AT —Fh ek PPO S5 A T AHLZS B LS e 307 I B 5 79

I ST A A AR 2 ST A 5 AL 3 v ) 2 ST
PESHIPAE AL 48w T A SR AL AR A PEAY fiE

Z 5 BT A HIPAE BB IR R L 5 R A
Bl IR T b 2 Dl 3 [ A I 2 Dl R R B T
DRL Sk il xt T REAR A 51 FAE M . BRILZ 4,
P AT B A R B Ty 3L M I TR AT A A A Y
a2 u] L AR fEJC AMLAY LB BE 1 R R Tt .
[l S B BTt T AT 28 R PR IR LI = 18], O 245
SOPPATAS T (14 o B DAL B SR AL . )R B T 2
TR ERAR L X RGN T W — X — IS R
D5 B BIE T AR SCEIE R AR . D AR R LA
SCHE B HLBh Tk ST VA REAE A SR S R IR LN A
JETRNHLIEAT 2= ML ko . 48 7 UCAV H £ 2]
BLBh M I fe 28 S B2 SO

1 TANEZHRIMEERE

1.1 ANEHETCHER
LR AL R 2R B RGE R Ak
HA @B ARLE B4 A7, O T 52 BB AT 5 14 36 )
P A SO PR 58 5 LA S 4 AR s AR LR R
i Bl b 57 T AP BB L
1) B i B ~F- 1T 14 R L 1
2) B KL BA [ ot e 73 Al A E SE T Y
WA, G5 o R R
3) {15 T ) I S A I g =9. 8 ms”
) B CHL A Sl HIL Y 2 25 AR o 2 R S BILHE
J14 1 RALHLK J5 1l
5) MR se =S R X T Bk L
AL IZ B AT A -
J¢—p+q sin ¢ tan 0+r cos ¢ tan 0
(9=q cos ¢ —r sin ¢ D
L/J (g sin ¢+7r cos @)/ cos 0

x=u cos 0 cos ¢+ (sin 0 sin ¢ cos y— cos ¢ sin ¢) +
w(sin 0 cos ¢ cos ¢ sin ¢ sin ¢)

y=u cos 0 sin ¢+ov(sin @ sin ¢ cos ¢+ cos ¢ cos ) +

w(sin 0 cos ¢ cos ¢— sin ¢ cos ¢)

;L:M sin 0—w sin ¢ cos 0—w cos ¢ cos 0
(2
o Ry CHLIREL f1 50 S CHLIRAD £ 5 ¢ 2 RAL IR
FUAA s vy Wb 530 g TR B 7 M T AR A R = b
3t
1.2 ZRERNLAXEEZTHRREX S
TE— R —iT B b, 2 B2 & UCAV Z I 1)

ARG A7 B AR X 2 25 M T — X — 3 A R AR
JUIEZR . B 2 28 UCAV B HEA JLAT G & 7] HH
AFRT ffy B2 RN BE B 5 L NI 1 TR

Bl —%t—3 B 2 R FEA LT 56 &

Basic geometric relationship of 1 vs 1 WVR air combat
Lh LA 61, LOSline of sight) ) UCAV Z Ji]
B WM 2k , AT A(antenna train angle) Jh i H1L K 2k
fRE M, R&EWEMAMERE R ATAEC [0.x]. AA
& UCAV Iy #E A ffi Caspect angle) , #F A 1) 75 [
N AAE€ [0,n], HCA (heading crossing angle) A
At 1) 22 SR L A 1) 22 A TE Oy HCA € [0,7]
3/9 &N 2 UCAV 1Y 3 SahIr 25 9 s BhJ5 iz iy
— SR AR AR L, T U] T R — TR T ) A —
BRMLAY A BRI S 2R

MG 2 BORSAE B 5 2 AL E R ¥ =
HOIR A 4 3B 7 (B IR L TE X BTN B, 4 A
REWRN IR 1 s,

K1 ZHRES
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Fig.8 Training reward variation curve
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I ZREE ARG 18 & X7 LA AL S &t I
matplotlib Zx AT Bk ol AL . & 10 s 1%
JHA B3l 1 3 B e 25 3R By PPO B8 ik Il 45
1000 [l J5 /9 — WAL W W7 RL AT Bl .
St 1o B T e B AR I e RE A B 3 5 A AL B
AT R R R T AR A, EL R S BE
B e o IR 3 BRI Bk Y B D7 R RE AR
FEXS L7 fE 5 38 i A TR R R 7 2] B 5 i 1Y X B oK
W, 51 SO 2 [ 2 DL 3 25 i o b R A

h/km
W
W

wkm 2 15 -10 3
y/km

Bl 10 X4 ALl AT HLL

Fig. 10 Fight against simple maneuvering flight trajectories
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Tab.7 Initial situation of red and blue parties in 3D air combat
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Fig. 12 Schematic diagram of expert system decision logic

ZLHE XU RPN 2 h 8 O 8 R R 1 I 25 Dl
A an & 13 i . B Al LA B I 2k
YRHCI 14 T, 24 Jily v 50328 9 T A o E BH I 25 2
TESR, O IES 450 YIS 5 B A W8
20l R AE 2T 400 YNGR R PR )5 1 4R 0l
W, B J5 28 3k 2 i U 3, B A 650 [l A 5 AR IR
B BBt i 26 R 20 7E 850 [nl 5 JEA YL B .

15
10+
| =
s
B o}
oK
“sif HA
,WK — DA B
— B st B
200 400 600 800 1000
Il 44

P13 i > 2 i 7 1 i 2%

Fig. 13 Reinforcement learning reward variation curve



5 6

FRAK A AT —Fh ek PPO S5 A T AHLZS B LS e 307 I B 5 85

JEZ AN 14 FF s, 3 b7 B A0 R 0 BN
72.80% .60. 40 % .55. 40 % . XF [z FH o R0 el i
WL BRI SGE B T 47,06 %, ERE ST

31.41%.,
500
REF
400r 364 IR
= 300} 302 vy ™ ENLG
X
200t 1
112 124
100} 67 ﬁ
24
0 [ | .

AT BUREH HER
L0 A S
Fig. 14 Winning rate test results statistical chart
TEYN R o, 10 sf 6 5B SHL I AL 3h i |, OF
ffi Fl matplotlib ZE 5 Tacview ¥4 347833 v] 41
fb. 15 JEoR T U4 1 000 4[4 J5 B9 21 1 WU
LR ZRE B

-4
ykm - 02  x/km
K15 XML E A4l sh AT HLE

Fight against complex opponents’ maneuvering

Fig. 15
flight trajectories

“h A 16 1 2R L R By A AR A 4 b 6 Btk
. TEMZEI IR B B, W MLTE 3 B2 | e B S AR [ L A
FERF G RMENT 48 B s A8 3 H LI
B T FF K 78 85 7 hr i B9 B2 b, 40 R B Tt
FEBE AL BN B A R X, 38 2o 4 4k 1 B R AL 4 AR
TN R A B X iEAT B 300 R, 4
D7 BB AR IR XUy R AR Y B 20 U7
SHHLEN LR T W T 1 ke T, BT i B T
i L4 s Mei , WEALEAT T AR BE AL 3l T FE A = BE A
PFAFLL TR T RS RS 2 B B XL
73129 1 000 )5, 3 7 FRR 22 B e 2007 B 20 )7
WA SRR T WO A 2 ik, B 3 A
BB, B GBS R B R AL # L 0 R S O 4R
THE S A w5 e B RG AE U —E B
FEPLA G S 20 T i R o o B i o 78 R Y B 4 By
BEL WDy ST R AT RAHLB B E L £ 5 7R R B i
R R AR WS 7 056 3 R HE T, de 2 R T AR AR A5 K
R 253 I AR SRRk 1) W 5 2 e AR B X 41
J7 RN i H IR ER 2= 2T BIA 18 PRI L 5 5K

PLFHE R XL p U A

0.8

a7
0.4\ z

P
R 00} m ‘
ka

-0.4 p

0 500 1000 1500 2000 2500 3000
P

Bl 16 23 pR B0 Ak il 28

Fig. 16  Situation function change curve
A
5 %A

AR PPO 8k — % — 3 15 23 5% % v A
TE 152 ity bR B0 B DR ] S, it R — o 3 B AL
BT 2 B R B0 2 il oR BB T O s R A R
B3 H bRl 5 A S8 X 1 1R G 2 Jh 25
B T R SE 0RO 2 RS TN A W E
R LRI AE (5 B SE g L 58 AR ST )
GBI TEX L E R RGN F0f, MR T T
31,4156, U BHIZ 5 36 X & 4= % T 138 1 1 5 e
e 51 5 0 A K S BILE AT AL 3 U 3 0T B A 25 %
Flo R B 3207 T R 6% 48 o IR B iR Ak 2 2T 1 I Rk
R, e % B AL B R T SR R T
33. 33 %0 XL R R RGN T 5 U SR 42 T T
A7.06% ., LiRSEERZEB IR T BS TN L A SRk 2
205 A R S R P R Y Oy i R AR TR Y

&% ik

(1] SEREAE . B DUNT, o I, 55 0 BB 28 MO R R R 4y
Hr 5 REELCY/ /5 U b 48 #5422 Sc 4R b
B R Tl AR 202105,
DONG K S, HUANG H Q, HAN B, et al. Analysis
and Prospect of Intelligent Air Combat Decision-mak-
ing Technology Development[ C]//Proceedings of the
9th China Conference on Command and Control. Bei-
jing: National Defense Industry Press, 2021:5. (in
Chinese)

(2] BT IREE. NS S F I AN B B2 1
PRECRUR AR [T ], K T X 40, 2022,38(4) 1 1-3.
CUI Y P,XING Q H. The Challenge and Inspiration
of UAVs to Field Air Defense from the Russia-U-
kraine War[J]. Aerospace Electronic Warfare, 2022,
38(4):1-3. (in Chinese)

[3] BATHER J A,ISAACS R. Differential Games:a Mathe-

matical Theory with Applications to Warfare and Pur-



86

2024 4

(4]

L6]

7]

(8]

(9]

(10]

(11]

(12]

suit, Control and Optimization[ J]. Journal of the Royal
Statistical Society SeriesA (General) ,1966,129(3) :474.
WEINTRAUB I E, PACHTER M, GARCIA E. An
Introduction to Pursuit-Evasion Differential Games
[C]//2020 American Control Conference ( ACC).
Denver,CO:IEEE,2020:1049-1066.

PENG X Y,ZHAO Y,CAI Y J,et al. Application of
Multi-Attribute Decision-Making Method Based on
Fuzzy Influence Diagram in Green Supplier Selection
[J]. International Journal of Computers Communica-
tions & Control,2024,19(2):6111.

WANG X B.XIA X Z, TENG R J.et al. Risk Assess-
ment of Dike Based on Risk Chain Model and Fuzzy
Influence Diagram[]J]. Water,2022,15(1) :108.

QIAN C,ZHANG X, LI L,et al. H3E: Learning Air
Combat with a Three-Level Hierarchical Framework
Embedding Expert Knowledge [ ] ]. Expert Systems
with Applications,2024,245:123084.

LI B,BAI S X, LIANG S Y, et al. Manoeuvre Deci-
sion-Making of Unmanned Aerial Vehicles in Air
Combat Based on an Expert Actor-Based Soft Actor
Critic Algorithm [J]. CAAI Transactions on Intelli-
gence Technology,2023,8(4):1608-1619.

LI G L, WANG Y X, LU C, et al. Multi-UAV Air
Combat Weapon-Target Assignment Based on Genetic
Algorithm and Deep Learning[ C]//2020 Chinese Au-
tomation Congress (CAC). Shanghai: IEEE, 2020
3418-3423.

CHEN Y Y.ZHANG J D, YANG Q M, et al. Design
and Verification of UAV Maneuver Decision Simula-
tion System Based on Deep Q-Learning Network
[C1//2020 16th International Conference on Control,
Automation, Robotics and Vision (ICARCV). Shenz-
hen:IEEE.2020:817-823.

HU T M,HU J] W,ZHAO C H,et al. Autonomous
Decision Making of UAV in Short-Range Air Combat
Based on DQN Aided by Expert Knowledge[ C]//In-
ternational Conference on Autonomous Unmanned
Systems. Singapore: Springer,2023:1661-1670.
KONG W R,ZHOU D Y, YANG Z,et al. UAV Au-
tonomous Aerial Combat Maneuver Strategy Genera-
tion with Observation Error Based on State-Adversar-
ial Deep Deterministic Policy Gradient and Inverse
Reinforcement Learning [ J ]. Electronics. 2020, 9

(7):1121.

[14]

[16]

[17]

[18]

(19]

[20]

[21]

(22]

W OB B, B BT SAC BRI TE AL A
FrS R (1] R 5 05 1, 2022, 44 (5)
24-30.
LI B, BAI S X, MENG B B, et al. Autonomous Air
Combat Decision-making Algorithm of UAVs Based
on SACalgorithm[]]. Command Control and Simula-
tion. 2022,44(5) :24-30. (in Chinese)
HAMBLING D. Al Outguns a Human Fighter Pilot
[J]. New Scientist,2020,247(3297) :12.
FRANCOIS-LAVET V, HENDERSON P, ISLAM
R, et al. An Introduction to Deep Reinforcement
Learning[ ] ]. Foundations and Trends © in Machine
Learning,2018,11(3/4) :219-354.
MCGREW ] S,HOW ] P, WILLIAMS B, et al. Air-
Combat Strategy Using Approximate Dynamic Pro-
gramming[ J]. Journal of Guidance, Control, and Dy-
namics,2010,33(5):1641-1654.
LIU P,MA Y F. A Deep Reinforcement Learning Based
Intelligent Decision Method for UCAV  Air Combat[ C]//
Asian Simulation Conference. Singapore: Springer, 2017 ;
274-286.
ZHANG X B,LIU G Q,YANG C J,et al. Research on
Air Confrontation Maneuver Decision-Making Method
Based on Reinforcement Learning [ J ]. Electronics,
2018,7(11):279.
YANG Q M,ZHANG ] D,SHI G Q,et al. Maneuver
Decision of UAV in Short-Range Air Combat Based
on Deep Reinforcement Learning[]]. IEEE Access,
2020,8:363-378.
KONG W R,ZHOU D Y, YANG Z,et al. UAV Au-
tonomous Aerial Combat Maneuver Strategy Genera-
tion with Observation Error Based on State-Adversar-
ial Deep Deterministic Policy Gradient and Inverse
Reinforcement Learning [ ] J. Electronics, 2020, 9
(7):1121.
mERERRFE,F BTN ERENE RS
FAPAL)]. 52 T4 42 .2021,42(7) :1553-1563.
YANG A W, LI Z W, LI B, et al. Air Combat Situa-
tion Assessment Based on Dynamic Variable Weight
[J]. Acta Armamentarii, 2021,42(7):1553-1563. (in
Chinese)
SCHULMAN ], WOLSKI F, DHARIWAL P, et al.
Proximal Policy Optimization Algorithms[ EB/OL].
(2017-01-01). http://arxiv. org/abs/1707. 06347.

(% %F . AL4R)



