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FI 7 L Bh P SR 732, FE SN b 51 BN BB RIS OR B, IR T7 2 RHEE TN 77 k1
i, £ ZHUHZE BB R F R A% G 07 VR WA SR AR B2 v, R e vt T 2 2 Sk

TRPE DAL 7 ST BOR T N T 5 i e S A, VR B2 s o ) 7 iR LR S S K T vk —
BAEMNMR . B E2] ATEE ST SRR L AR SRR B GE 2L R BT E, %
TIN5 R 0 [ B D SR 9 2 B IR R SR D AR S TRV 4E 5 NG5 70 i AR Lot x5 2%
{155 AT/ R W RN 5 A B RARTR T, PG, &5, /£ MACA (multi-agent combat
arena) 1j I [T HIGHIE T SV 0 R

2 MxIfE

BT AT AE 22 ML U PR 4 v 2 R R SRR I 1) R, AT 2 B s A 5 S R S 2L o ks
R SR M R REZ I RO BT, AR N A AL SRR T EOR, B A DGR A
SOIHEOR.
2.1 THOREHA

TR R TN I ZE A% R B AT Z R A 22T OODA [Hl#% (Observation M
%%, Orientation #|W7. Decision {3\ Action $WAT) FIHRSKEER L. Jo AHIARTE BB KR 55,
56 B SPIRES M ORISR, AR L shahE. 25 5 R 2 SR S ) R A T R H T K& DT, R4
FR g BB AN, T3 T X SR BB T T B R RE 78, VLR RS T =28

BRI T REIR 7. W Getz 25 B $2H T “WHARX R (two target game) R 1% 45
B e 23 SR RS 4 T A A AN, FB AT BCORIBIE 7 B R IR 75 . Austin 55 1O 48 H B2 TR FEXT
HHIBLBN TR TTV%. PR R 5071208 e M LBl sh VR BBy B 2 AN AR LB SR # I pL3h s 7k
P, P FH AR BRI X7 BT AT RERIALBN A&, e Jm R BB AR 20 5 R0 AL 32 3 7 R AT SR A
HET 1S B AR LR P ).

B ORRETERRAN . B W& A G5 N2 PR st 387 7 200
A% R B EI R A SO A Y BT O EE T T — R 2 AN B E IR LR s T AR
2R IR 7S D2 [RDRL T B SRR R R . B RIS R A A R U 2 T8 AL IR B £
i) L

=R BRI T E. ZEINEVRA S S T ks R, DL IR A AL R
A 8 O 28 ), SR e 1t B 2 0 JR BISRAE LA AR LI 2% 2] e . i/ A% D81 BT 2 B e
AR FEE 1 7 1 SRS 2 B AR — P 2 o AHLERRIEH 77 %8, Sun 55 M4 S H —Fp 2 8RR A4 40 12 S 0E
B RE AR, FEIE I FEZR I 2R S0 159 BB 28 T FO AR AR SR m . it 14546 (101 3t — ool iy 5 s
A SR S BE, 18T T 3 % 3 B IRIAEE AL PR Ve, b AR T 07 AR 2 A DGR, Tk
S ML RESE, R T A SR A

IR = RTTVEAEAE T B ] R

FET0 SRR I TR SR MR N A, A S, G TR RS s &, wek ., HaE; BT ER
RGN INERIG T L KA AP, SN R S B ORES, 4R R BRI REE
I, AURKHE e R FRHME LU e Lok 3, T8 R R S Tkt s, Vr 2 TAEE 2 TEH . #
Bl X R R, 0T R ARSI S LUE Y — Lo 5T AR N B T 2 AL AR AU, I
X sl A S A T O, (HORRER OF AR L X AW RN 5 b % 2 ks &, SBURIE %)
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2.2 BWAFEFES]

HATS 27 ST AR 93k IR K27 3] B 2222 2T, HLas 2 S B RE M SRS L, A S it 3k
AR (0 2 i I BT R 4%, (EAERIIR IR R I RE R, JUHAERG R AL A 52, AR MEZRAT 1L 17 i) 22 0. EL
RIMEE R LEALES 22 S SRR, O 1L Q0B T 22 2] & 5 Ems. ik [16] A AR
ZN R R AR e AR B IR AR 45 S I ZRAE B B B AR AlphaStar, ££ 2 Frdf 8 i3k b o M 7 3k B
XK, SEBUKVHEL 99.8% HIBTS; SCHR [17) St — MR RS f7 =2 I HESE, (EAIAIEE AlphaStar 5/
FITHSCE ISR ) 2 B BE AR, (AR BENE /8 B B 30 X h s BT T 10 RBL; SCHR (18] REAR AT 27 >
BTN RIAET, 15 REVRRENS(E R B TR 5e A R B MAh, B0 5% ST R H ALK
BBt TE N KRR AR T AL SRS T7 IR T2 AL 119200,

2.3 PEBKES

I3 JR SRS SR SR A ST 1) — AN 5. SR s 3] B R R T N SRR R Ak I L) B AR,
R 224 18 R gt P T 19 AL, SE A 55 0 RO A R I, T B 8 e ke — A SR I, X L R4
F oA PR T (1) BT B 1) Bl R A SR A AR A 555 (2) FERT— A>T I 45 R AN R — A4
TR BRI N, 2 R e 2123 4 Wang A5 P42y 2 sl A ST RS ShBL &
NI, R 18 F S BT AR AR T SRR A 17 Yang 45 (2] £ 3 XF 3 /2 BRELE
I N 23 JR 2% 2 B RER S STHEZR, A AR T 2 B RER I FEX BLIR SR 534k, 0= i Ab 5 5
W FHAERUBRE 42 1 . R85 2 Wk i 5rp (26.27),

3 FTERREZNZ=EIMAE

BUA IS R TE R 2 2 TN BET, ADBCRA T otk S 5%, 2R TRANLEM B 1 Xt
1 BN PUER I 5, REEH E L RN TUIGRERNIR RN, ASCH X Z YRR b
5, SR M RS2 ML BSOS U, fRIFR H-QMIX J7ik.

3.1 BRIt

TE 22 %8 BeAAR 2 ik H R B T2 I 21 4 Jy 5 I8, AR SOH 22 8 B 23 R SRAT 5528 FE O — AN 4 ]
NI G IR AT R g s B2, Hoedl (S, A, Por, Z,0,n,7) Al 4 s € S FaRREHISLRIRE, A
IR, Bk g e G ={1,... ,n} EHE—ANNE o9 € A, FERHR—NKEINE a € A= A9, HTHE
RS REL P(s]s,a) S x Ax S —[0,1] FEABDRE R #. BA LR, ra 8 el =
—NEJNEREL 7 (s,a) 1 S x A = R, vy € [0,1) AREITE T

FEFB 73 P IIR B vp, AR RE AR IR SRR AL O (s,a0) : S x A = Z FAFMEMARE
o€ Z, MRS EMIN I L RRN 79 € T = (Z x A)", BEHLFEES Q9 (a9]79) : T x A — [0,1]
PLIAE R 264, BRA SRIE Q ECA ST EE R BT £oR N

QW (Stv at) = E5t+1:ooyat+1:oo [Rt|5t7 at]a (1)

R, Ry = Y20y re AERITINRN. NGRS R RE AR 1 Sems = ST UL B B sl E 8 1 52 AR
.
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AT B R R 2 WL S AR 1 Fos, EEAS T RAERM . CATIIERE
JZ BEEEREZE . ML B . WA AR . WG E R AR B SRR
PN B TRSEJZ AT I ZRTE 8, IR 0 AT BIE ap SEGEENE o MR GRS AL B
jﬁ’* IS5 AZ FR o AR N PR 2 B AR BB AR, it S D X R BN o, R T %
- B E PSR IR ES of, 0;, WK (2) A1 (3) Fom:

oy ={o',... 0"}, (2)

o' = W™ @ oy, 3)

Horb, o AWEUEAX BRI, N R RERSEL, BB wm = {w™?!, o™ w™ N ol
o™ NEFREAC L AT MRS, MBI REMR m 5 n FIBE BN T BEE IR S BUE I, o™ = 1, RZ, w™™ = 0;
X PUER U6 3 A AL B o3 A R L e e o AR IR 2 iR S AE N B KA B; R AR
A IGTELIMATIG G, IAMS RS H0Z 0 B i, Wb Eak R, ERIGE R, ITaE. BikianfE
PR ZET QMIX 28] {H R 28 S Beih, AT EE SR E I TR b v AT BN E Z B G ol iRl
BREL QY (75, ap), BATAIE R FZ M TN T sl F R S BN EE R EL Q' (73, a;), WU FIRIR N
MNERERE RS Q (7, a7,67) Z A, W1k (4) Fiow:

Q% (7, a) ZQJ (7,47, 69). (4)

Jj=1
A A5 R Qo 2R (5):
argmax,: Q1 (71, al)
arg max Q'°*(7,a) = . . (5)
arg max » Qn (7", a")
¥ (5) FHNRIREAR, Wk (6):
8C?tot

70, >0, Ygega, (6)
FAE TR A M 25 s i, Pk RN
b
Z{ tot _ ot (1 g s; 9)) } (7)
=1

Horb, b NRERINZRBERFEALIR KD, o™t = 7 + 4 x maxy QY (7', d/,5';07), 6~ AR HIRMLE S AL
Q% (o5, as™) A QF (07, ai™) 73 AR AR BEAR I T2E R AT L BGh i fEsh 1 s AL, R4 (1)
AR R,
3.2 DEIMERKMLE

ZHUEIEXT PUR — TR A AT S5, TE AN ZAE SIS PE AL (O T il iR LBl 93K R
SCHR PR TE AM LR AR BT 55 12 RV 0 09 AT ENME af ABCHEAE a;. RATBIE RSSO AL
FRAT AL TP P, 7 B4 R i A O SRR 350 B S A58 B T M SR
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Figure 1 (Color online) Algorithm framework
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T NBLTE A O HUAE 55

3.3 EXRZWES

AL A SR L S RNR, KL RN 790 S T AHLRS LR SO I 5 B Lxt i
L F R, R AP PO R 2 R T K e i B 18 S RANIZR. 31U 1075 I 80F A
RELE T A7 00 A 00 #IRAG R, 5 AR B X B4 56 RE A% 72 b 22 X 25 I 2570 301 51 D 45 B, SR TR
RSSO 2. BEAE I GRiEAT, & X A0 IH A2 5005 125 Bl 2o A vh ™ A ) v o B 2 9 7
PRI g 24 Lo P At P BT 26 B A 22 96 Kt i AT IR AR R R LS

3.4 ZENHRTH

FEZ NI R PRI A, ERE BEARAE — BUBCI I 18] Y 3% 22 76 Bl SIS DR SRAT 5. W R 7
FEBNGE R SR AT 55, AAERAN I (1) IISVBATT &5 /D, s ELRLE/N; (2) X
P& LRI, BRI INZRACERAR. A ISR, SOk [29] SR —Fh g e 3 =R, B
SRR B R BB 7 50 R 06, R RETS FEAL ST 22 00 i) BARBIY Bk 1. AT — Mtk i 22
W WA T 18, AR SRV R IO R RN, BRARIIZRME L. 207 iR 4 AR S RT3
R, BB IMES D N R BUESS AT 2], WA 2 fos, 8 e TR 3 pia i 8o 20l
KRR BRI d, d OV L (W di, dy, di) BORDX R EOT PRI 2, HRA8 0; R P ARTE AR
SHEFEPOY 1 A MARBHECLE (A e, e5, er), REIR IR N D IREL: 1, HIELR: 2, 7TE
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Figure 2 (Color online) Schematic diagram of experience decomposition transformation

286 3 IFEPTUF SN R R R R A BE 5 AR BRI RA AN B R A B, TR
Wk, %J5ik—J7 Y78 1 BRIl A O R AR i 2 56, 5 — 7 TR S 2% R B R 2 il LA B B
15 (BB BR L), PR TR S 5 SR e S
3.5 NERRBIN=HRBIIREEEL

IR R LA ISR A BARNGNE 1. Horh, AT RSN 4R  Mrady S 28 R T R X Bt
Hadhia (1) AT EFIFET e SULENE (3K (8)) SKILHEA B A E S B SO IR T4
% ARG ER R AR o R (9) AT AR RIS T AR RBEE RS 2,
HTEHLERERM. X (9) 1, m; AEERE o 15 j PRWIES, d; X HUEE T bR S5
Pz, 2 dy = 1 I, FoR M2 gk 1RO L.

a = argmaXaQ(O7 a)v *%% g,
BBl MR 1 e,

T T {ﬂ'j|dj =1,5 € [0, trounal }- 9)

4 SEEEMIALER

ARG T G N “CETC-MACA AN Z EReRmmLE T 67, %6 &2 2 B ekt i s
VERETE IR ARANPEAL FOIRES, SCRFLL I XU 22 29 AR S A0 W e M 3 S rh b A7 28 R R X .
SO0 AR 55 w153 F) CPU A Intel Xeon Silver 4210R, &4 NVIDIA GeForce RTX 3080, WAF 64 GB.

4.1 ZHXRIAE&IT

R H AN 3 s, s P AL X0 A LIERE « BORARTE, 2L (205) RAA IR H
LT AR R, B CEHL (FOHL) BRUCR B TR0 0 7592 58 IR k3. X3 58K 10 km,
%& 10 km HYIETT A X IR, FE BT STz s b, OIS I E L, RS SR I 2 A,
XA A HLBEAT 55, 4 SBE A O L BORS BLIS [R) G5 PR N A7 35 L 2 8 e, SERERFED KON 1 s, [l
XFPURKTN 600 s, XUTHIAGEE B2 8 km, BOEMLFI AP 1a14 9 0° J5 ), BEM B 07 o3 in, sl 3= 22
PERE K ATARIRZAS BEE LR 1.
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Figure 3 (Color online) Confrontation scenario
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EER: WL Q107 an), Q7 (oF, a]), QPN (P, al), QN (rl,a}), ERAKM B, UM T, < € [0,1]
1: for epsoide =1 to N do

2: St, Of ¢y Oijty Gf 1, Qity Tf ¢, T4, = env.reset();

30 IR HEIERN AR tounds

4: for each step t = 1 to T in the episode do

5: if t mod t;oung # 0 then

6: WER IR AN, T careedy (@2 (0%, a7,)), egreedy(QU (o1, al')) FLL Tk HLE
ReAA ) a% s ag . = (8);

7 R = (2) 1 (3) iHE Sfy1s O?,t-&-l’ 04115

8: TR RRERE vy, rrs

: K A (SZL+11 O}L,tv O?,w a?,t’ aly, T}L,tv Ti ’O?,t+1’ 0?,t+1) EN 7

10: else

1 HFR (9) B ARPRE 0 SN T HEREREE -0,

12: % Toob TANERAEK M B;

13: end if

14: if step t mod tirain = 0 then

15: T (7) EH Q107,a7), Q(or, ), QIPt(rr, al), QI (1, ap);

16: end if

17: end for

18: end for

i EHERIMLE.

4.2 1ERIN)E

i P AR SCHR HH 1R 73 J2 DR SR 2 WL 23 IR AR R S A 7 ST B R AR, 35 AR ST 5 vk ox s o > v

W R R BT XL

(1) P&V REQ G CIRAETT SN RS R . BT AR E A BR 1, SO

PLEGE S A B TR BOE AR DT RE L IR Ok, SRR IO1E S BAN AL B, Mot Bt AT 7 L2
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x 1 BAUERERRANEIRES

Table 1 Parameter and initial state of aircraft

Category Value range

Category Value range
Radar detection range [0,1800] m
Number of missiles 6

Ally’s initial position Left side of air combat area

Ally’s initial speed 200 m/s
Ally’s initial height 2000 m
Ally’s initial course 0°

Flight speed range [50,300] m/s

Missile range [0,1200] m

Enemy’s initial position Right side of air combat area

Enemy’s initial speed 200 m/s
Enemy’s initial height 2000 m
Enemy’s initial course 180°

=2

RE=EER

Table 2 State space information

Entity name

State information

Ally
Ally’s missle
Enemy

Enemy’s missle

Position, course, speed, number of missiles
Position, course, speed
Position, course, speed

Position, course, speed

* 3 oEZEER

Table 3 Action space information

Action Value

Course Turn left, hold on, turn right

Height Pull up, hold on, dive

Speed Decelerated flight, steady flight, accelerated flight
Attack Not attack, target ID

R4 REngit
Table 4 Reward shaping
Event Reward Event Reward
Kill 10 Missile escaped 2
Out —2 Detect the enemy 3
Win 30 Lose —30
Draw —6

Ao BAR L 2.

(2) BTt A LR SRS 1 4 1A

TR B E B EhE, AT R SRR =

JE TS Bk a2 5 Mol R Bl S L 5 . 9 R R S A 2 [ 4R E, A SO AT Pl sl A1 ik

TR AL R, BAR LR 3.

(3) Zhihistit. 2t 2 ANERIy, 73BT g MBI ri. oy, RAT ML AL
F ra, v P35 ZRNBEAT I 25, Uy RS 0 2 5 FH SRAT I B s 8388 il oy REATUINZR. BARRIADRETTHINER 4

F.
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x5 MENEBSHY

Table 5 Neural network hyperparameters

Parameter Value Parameter Value
Optimizer Adam Replay buffer size 3000
Learn rate 3E—4 Discount factor 0.96
Batch size 300 Initial expert sample size 1000
801 (a) 0s (b) —— VDN
70 H-QMIX
90 — QMIX
60 — COMA
~ 851
~ 50 S
g H
; 40 § 80 1
< -
E 30 2 759
E £
20 —— VDN O 701
H-QMIX
10 QM 65
0 — COMA 60
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Episode Episode

4 (MEMFE) EAXEE. (a) BEIILLE; (b) SIREXILE

Figure 4 (Color online) Comparison of (a) win rate and (b) combat loss

(4) WAL BETE. AR SCRI R AP 22 P 28 A0 35 1 J2 07 1 a5 R A e R 2%, BIDRAT . T R SRR RIS A
W 2 SGE R AABL, 259 R P UL RGRUZ X 28 250, S NIRESAERE N Z8 AT 7 ZE e IH—feAb . 2% BLAAH
SR 5 FoR.

4.3 BUEXHESIIE

N T SRR AR SCREI A 80, SR IR BT 7 VA iR S 2R SR AE S A U BT T 6 B
SEIG . LB LR L2 B BRI (VDN k. COMA B33 301 QMIX Hik). seid Mk
R ERHR AN TTTHIEAT TR, SR A8 RS 45 SR 40 R LR (1 5 B, SE36R8 5 5% 5 B R,
AT RIS, IR0 Lo R 4 Fros. Hodr, B 4(a) 8 5 X 5 IEZXTEEAE R, B 4(b) N 5 X
5 AR FERT A5 R, H-QMIX ASCHE H I 2 R SR 7%, SE4e o Z RN 4R P 348, A SLEREA B 5235 4
NP SNTE . MK gl FERT AR B, A SRR H 0 7 VELE IS5 AR 0 B 2R R A R B S T R R et LU BV,
[ IR )11 03 R S S50 1 v 1 oAt U732, H-QMIX D5 VI 4R 100 #6225 BI T aR 8L, 1 QMIX
5 VDN J7VE7E 300 #0452 )5 A B Ws, COMA MERISUEE 5 H-QMIX FHif, Hk ks R
2.

T MR E LR ANERE, SRIRAE 5 X 5 XIS T, KA SR G Em L3477 X Hrillis,
AT 100 20K, FHECIEN R 500 J&, MRS R a3k 6 s, R TTLUE H, H-QMIX JiEfENE
BRI T T EE B, FasE Mt T

LRE VARSI, W UUE AR SRR H VA AEXT U 3 b i R d b B30T HoAh S 2ot U v HL
IR R, VERERINI AR SE , BOIE T VAR A 2.
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*e6 BEZXEMALER
Table 6 Algorithm test results

Algorithm Average win rate Win rate std Average combat loss Combat loss std
H-QMIX 0.647 0.036 0.695 0.020
QMIX 0.588 0.103 0.725 0.055
VDN 0.612 0.032 0.759 0.022
COMA 0.516 0.028 0.809 0.015

®7 HMIWRE
Table 7 Ablation experiment setting

Algorithm Hierarchical network Transformation Expert learning
H-QMIX v v v
QMIX X X X
H-QMIX-noH X v v
H-QMIX-noED v v X
H-QMIX-noET v X v
801 (a) 1001 (b) —— H-QMIX-noED
05 H-QMIX
—— H-QMIX-noET
_ S g5 —— H-QMIX-noH
s P
% 40 ,f_j 80
£ £ 7
= —— H-QMIX-noED &
20 H-QMIX “ 7
—— H-QMIX-noET
—— QMIX 65
0 — H-QMIX-noH 60
0 1000 2000 3000 4000 5000 6000 0 1000 2000 3000 4000 5000 6000
Episode Episode

5 (MEIRFE) HRKNER. (a) BE; (b) AIRE

Figure 5 (Color online) Ablation experiment results. (a) Win rate; (b) combat loss

4.4 HREAE

ASCHEH I BEIELE 3 AN TN QMIX FEHAT 17 sk, At FAS R B R B2 1 B 5t 1 s
Wt TiHAsLLS, 78 H-QMIX Sk a2 b sl 2e ik —Fdodk, 78 5 % 5 XPuass o LLs Il ga L
RS HEE B WR 7 Fow, R VIRERE S BSEENL], x AREAEE.

Kl 5 ATH eI Skt e gE B B 5(a) A (b) RN mh L IR I Zhid RERE R L R R LE L
MEIHR R LA H, 2 B St 7= AR s A BT AR INSRIG &5 3Rk E, ERE R e 7T, H-
QMIX-noH, H-QMIX-noET, H-QMIX-noED J5iA¥IME T QMIX J7¥k; FEURSIE FE 75 1Hl, H-QMIX-noH,
H-QMIX-noET, H-QMIX-noED 77 %Il 25 5 24 75 Il ZRUS S0 B2 77 T 350 /s T QMIX J73%, Hod H-
QMIX-noET HiEW SR, H-QMIX-noH WSk, Ui B 458 7 i a1~ S fos 5 (1 £ 7t sk o
/N FEREZ 7T, H-QMIX-noH, H-QMIX-noET, H-QMIX-noED HikE T QMIX J7ik, = 5
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Figure 6 (Color online) Comparison of inferior countermeasure. (a) Win rate; (b) combat loss
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Figure 7 (Color online) (a) Missile avoidance; (b) efficient attack
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A hierarchical decision-making method for multi-aircraft air
combat confrontation
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Abstract In air combat research, tactical decision-making aims to improve the gain of game confrontation and
then the attack efficiency of one’s own fighter aircraft. Most existing tactical decision-making algorithms are
designed based on the rule-based approach, which brings difficulty to designing and solving the optimal solution
for the complex environment of multi-aircraft air combat. This paper proposes a hierarchical decision-making
multi-aircraft air combat method. First, we draw on the existing human expert experience in the initial stage of
training to guide model training; second, we design a hierarchical action decision-making network according to
the tactical action types to reduce the action decision space dimensions; and finally, we decompose the training-
generated adversarial experience in stages to reduce the strategy learning difficulty. Experiments in a multi-aircraft
air combat simulation environment demonstrate that the proposed method shows better performance regarding
training convergence and decision-making performance compared with common multi-aircraft air combat decision-
making methods.

Keywords multi-aircraft air combat, action decision-making network, game, hierarchical reinforcement learn-
ing, decision gain
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