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Fig. 6 Optimization design framework for formation

configuration based on penetration channel model
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Table 2 Formation setting

YEHRERIT x/km z/km
JUfap ey -30 30
A1 40 -60
2 40 -70
U3 30 =50
R4 50 -50
S 60 -30
JaU6 70 —40
ST 80 —40
S 60 —40
JAUH9 60 =50
A0 60 -60
B 70 -50
12 70 -60
B3 70 -70
14 80 -50
U5 80 —60

*3 BERTHRMREER

Table 3 Performance index of winged aircraft

Rpg/km Ir/(°) Ppg Kpe Mpg W/m
180 65 0.95 1.6 3 0.8
AL/m Ares/m’ Maes  RoJ/km V/(ms') gy, /(mes”)
5 0.3 0.5 300 2000 60

R4 FNEZEENMEREIEIR
Table 4 Performance indicators of detection and

interception threat

Rog/km  9x/(°)  Poe Kpe Mo W/m
150 45 0.9 2 2 1
Am Ares/m’  Maes Ry Jkm  V/(ms) g /(mes”)
7 0.9 0.3 300 1000 120
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Fig. 9 Optimization results of formation configuration
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x5 HABBERILSERTLE
Table 5 Comparison of formation configuration

optimization parameters

x6 MTEEIAESHIRITER
Table 6 Design results of time-varying formation

vector parameters

RATRS AAXTHERT A, /km AR AEOL#i/(0)
AR 10 -21.71
KATER2 50 -142.78
TR 48.84 -131.25
KATHR4 70.71 -97.78
KATRS 78.59 -93.05
kiraRe 50 -52.78
ATERT 58.82 -47.8
KT8 67.96 —44.12

KL
Ggl Rk B ARZekn Tﬁﬂ%ﬁ?{?ﬁm
&I " j 7/ TR
VES TR REL BER: fEE/(°) e o)
296.4,312.8,
VES 0.7059 17 172.2
299.5
338.3,319.6,
2
S 0.708 6 19 302.7.338 322.8

Tee 1~8XF T4 H CITa8 0 YA X HE B A, (i =
1,2, 8) FIAIX A @ (i = 1,2,---,8), WIFE 6 JIf/w .
WRIEF 15 6, 440 K 1Y JUA] v o0 3 AE

18 s Ji7 (1, = 1, + 18 )Y (0,0) km. [ fb 15 1k 22
01(t2) = 01(11) ,0x(12) = 0,(11) ,05(t2) = 05(1,) O4(82) = Ou(t1) ,
i B MM I A 0 422 Al o L KR AR AL, &
K B8R W) Ih 7 B 1 I8 B AR BE (n) AR AR DT B
gikmE 120m, ATES, & 7REARHE
Jei WS4 B S5 AR il (o) = 339.7°, R %€ By 3 i 45
Frik 3 08331, #HiMmk X HITEHH: o=
(339.7-322.8)/18 = 0.94 (°)/s = 0.016 rad/s -

*H
30t 0
20}
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Fig. 12 Result of optimizing rotation angle of each group around

type reference position
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Fig. 14 Communication topology optimization process at different times
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Optimization design method of winged aircraft formation configuration and
communication topology for cooperative penetration

XU Xingguang"®, YU Jianglong"*, GUO Hongfei’, REN Zhang'

(1. School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191, China;
2. Beijing Institute of Mechanical and Electrical Engineering, Beijing 100074, China)

Abstract: In the cooperative penetration application scenario, there is an immediate need to optimize the
communication topology and wing aircraft formation structure. A formation configuration optimization design method
based on penetration thoroughfares is proposed to address the issues of reference benchmark selection and modeling
of aircraft/interception force/battlefield relationships in formation configuration optimization. The leader aircraft’s role
is obtained by the optimization of the communication topology. The formation configuration is referenced by the
geometric centers of the leader aircraft and each team leader in turn. Explicit expressions for the formation
configuration are designed to eliminate the dependence on obtaining prior information about the leader aircraft. A
penetration thoroughfares model is established for winged aircraft to ensure their advantages in detection, anti-
detection, and maneuver avoidance capabilities at various battlefield grids. To address the issue of balancing
information sharing and network load on communication topology optimization, a communication topology is
constructed under the constraints of formation configuration. In order to optimize both formation configuration and
communication topology, a topology switching strategy depending on battlefield conditions is suggested after a
communication topology optimization approach based on minimal spanning tree and optimal rigid graph is presented.
Finally, the effectiveness of the designed optimization method is verified by taking the cooperative penetration against
military threats for winged aircraft as an example.

Keywords: winged aircraft; formation cooperative penetration; formation configuration; communication

topology; optimization
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Multi-robot cooperative area search and coverage method in
uncertain environments

CAO Kai"?, CHEN Yangquan’, WEI Yunbo', GAO Song"”, YAN Kun', DING Yufei'

(1. School of Electronic Information Engineering, Xi’an Technological University, Xi’an 710021, China;

2. College of Engineering, University of California, Merced, Merced 95343, US)

Abstract: For the problem of multi-robot collaborative search and source localization in unknown environ-

ments, a distributed collaborative search and coverage method based on Voronoi diagrams is proposed. In order to

assure safety, this method initially addresses collision problems caused by the physical dimensions and positioning

faults of the robots by building Voronoi buffer zones based on each robot’s placement uncertainty radius. Utilizing

sparse Gaussian process regression and the centroidal Voronoi tessellation (CVT) algorithm with an uncertainty

regularization term, the distribution of the unknown concentration field is reconstructed to achieve collaborative

coverage. An adaptive environmental exploration strategy is proposed to enable environment exploration without prior

information. Simulation experiments demonstrate that this method can rapidly complete exploration of unknown

environments and accurately locate the position of the pollution source.

Keywords: multi-robot; Voronoi tessellation; source localization; sparse Gaussian process regression;

collaborative coverage
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Active obstacle avoidance based on an improved dynamic window
approach for off-axis full trailer vehicles
HU Dandan', ZHAO Jinju1 , NIU Guochen" %"

(1. Institute of Robotics, Civil Aviation University of China, Tianjin 300300, China;
2. Key Laboratory of Smart Airport Theory and System, Civil Aviation Administration of China, Tianjin 300300, China)

Abstract: Full trailers are at a significant risk of collision since the local planning algorithm for regular
passenger cars does not completely account for the entire trailer system. To address this issue, a refined dynamic
window approach (DWA) is proposed specifically for off-axis full trailer systems to enable proactive obstacle
avoidance for unmanned full trailer systems on unstructured roads. Initially, the sampling of the towing vehicle’s
speed constructs a velocity vector space. The motion paths of both vehicles are then forecasted using the kinematic
model of the system and the data that were sampled. Subsequently, introducing sub-cost functions related to the target
point’s position, an evaluation function tailored to the trailer system is proposed. Finally, the optimal velocity is
selected based on the evaluation function to ensure the system safely reaches the target point. Experimental results
demonstrate the method’s reliable safety in obstacle avoidance tasks, with a minimum distance of 0.83 meters between
the towing vehicle and obstacle boundaries in real vehicle experiments, and 0.89 meters for the full trailer from
obstacle boundaries.

Keywords: full trailer vehicle; dynamic window approach; unstructured road; active obstacle avoidance;

kinematic model
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Table 2 Flight schedule in Tianjin Binhai International
Airport for each study period on August 1, 2023 (partial)

ML= HLAISE, I BE

A0001 1 480~540
A0002 1 480~540
A0003 1 480~540
A0004 1 480~540
A0005 1 480~540
A0006 1 480~540
A0007 2 480~540
A0008 1 480~540
A0009 1 540~600
A0010 1 540~600
A0011 2 540~600
A0012 1 540~600
A0013 1 540~600
A0014 1 540~600
A0015 2 540~600
A0016 1 540~600
A0017 1 540~600
A0018 1 600~660
A0019 1 600~660
A0020 1 600~660
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@

K6 K EBRHLZMN R ML TR

Fig. 6 Topology process of Tianjin Binhai International Airport runway-taxiway-apron system
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Table 3 Topological node (partial)

Eikd LA 2 K /m
0 1 2 200
1 4 5 200
2 36 37 200
3 39 40 200
4 2 3 100
5 5 6a 100
6 7 8 100
7 10 11 100
8 14 15 100
9 19 20 100

10 21 22 100
11 24 25 100
12 28 29 100
13 31 32 100
14 34 35 100
15 40 41 100
16 2 5 400
17 3 6 400
18 5 7 660
19 6 8 660

wi ;Fu Wzﬁ%i@t [24]0

F4 EERASY
Table 4 Key model parameters
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Table S Aircraft joint optimization allocation result

e HEERY g P BUEA/min || fHLEE AT P A /min
A0001 6b—7—8—11—15—16 3 A0061 6b—7—8—11—15—16 5
A0002 6b—7—8—11—15—16 4 A0062 6b—7—8—11—15—16 3
A0003 6b—7—8—11—15—16 2 A0063  43—42—44—46—48—52—50—53—57 0 1850886
A0004 6b—7—10—14—15—17—20—22—25—26 10  ¢as714 | A0064 43—42—44—46—48—52—50—53—57 0 (14'00'_]5.00)
A0005 6b—7—8—11—15—16 I (8:00—9:00) ||A0065 6b—7—8—11—15—16 4 ' :
A0006  43—42—A44—46—48—52—50—53—57 19 A0066  43—42—44—46—48—52—50—53—57 0
A0007 4—5—6a—8—11—15—17—20—22—23 9 A0067 6b—7—8—11—15—16 2
AQ008 6b—7—8 111516 5 A0068  43—42—44—46—48—52—50—53—57 0
A0009  43—42—44—46—48—52—50—53—57 19 A0069 6b—7—8—11—15—16 5
A0010 6b—7—8—11—15—16 5 A0070 6b—7—8—11—15—16 4 924026
A0011  4—5—6a—8—11—15—17—20—22—23 7 A7 43—42—44—46—48—52—50—53—57 0 (1500 16:00)
A0012 6b—7—8—11—15—16 4 A0072 6b—7—8—11—15—16 2
A0013 6b—7—10—14—15—17—20—22—25—26 10 734551 || A0073 6b—7—8—11—15—16 1
A0014 6b—7—8—11—15—16 3 (9:00—10:00) (| A0074 4—5—6a—8—11—15—16 3
A0015 4—5—6a—8—11—15—17—20—22—23 9 A0075 b8 11—15—16 4
A0016 6b—7—8—11—15—16 2 A0076 4—5—6a—8—11—15—16 3
A0017 6b—7—8—11—15—16 1 A0077  43—42—44—46—48—52—50—53—57 0 53.6186
A0018 6b—7—10—14—15—17—20—22—25—26 9 A0078  4—5—6a—8—11—15—17—20—22—23 o (16:00—17:00)
A0019 6b—7—8—11—15—16 3 A0079 6b—7—8—11—15—16 5
A0020 0b—7—8—11—15-16 5 A0080 6b—7—8—11—15—16 2
A0021  43—42—44—46—48—52—50—53—57 19 A0081 6b—7—8—11—15—16 1
A0022  43—42—44—46—48—52—50—53—57 0 84.0740 | \0og2  43—42—44—46—48—52—50—53—57 0
A0023 6b—7—10—14—15—17—20—22—25—26 10 (10:00—11:00)|| Agog3 43—42—44—46—48—52—50—53—57 0 78.8442
A0024 6b—7—8—11—15—16 2 A0084 4—5—6a—8—11—15—16 3 (17:00—18:00)
A0025 6b—7—8—11—15—16 1 A0085 4—5—6a—8—11—15—17—20—22—23 9
A0026 6b—7—10—14—15—17—20—22—25—26 8 A0086 6b—7—8—11—15—16 4
A0027 6b—7—8—11—15—16 4 A0087 6b—7—8—11—15—16 5
A0028 6b—7—8—11—15—16 3 A0088 6b—T—10—14—15—17—20—22—25—26 7
A0029 6b—7—10—14—15—17—20—22—25—26 10 A0089 6b—7—8—11—15—16 4
A0030  43—42—44—46—48—52—50—53—57 19 A0090 6b—7—8—11—15—16 5
A0031 4—5—6a—8—11—15—17—20—22—23 8 A0091 6b—7—8—11—15—16 3
A0032 6b—7—8—11—15—16 2 A0092 6b—7—10—14—15—17—20—22—25—26 11 88.3615
A0033  43—42—44—46—48—52—50—53—57 0 980985 [lA0093 6b—7—10—14—15—17—20—22—25—26 10 (18:00—19:00)
A0034  43—42—44—46—48—52—50—53—57 0 (11:00—12:00)|| A0094 6b—7—10—14—15—17—20—22—25—26 9
A0035 6b—7—8—11—15—16 4 A0095 6b—7—8—11—15—16 2
A0036 4—5—6a—8—11—15—17—20—22—23 9 A0096  43—42—A44—46—48—52—50—53—57 19
A0037 6b—7—8—11—15—16 1 A0097 6b—7—8—11—15—16 1
A0038 Ob—7—8 111516 5 A0098 6b—7—8—11—15—16 3
A0039 6b—7—8—11—15—16 4 A0099 6b—7—8—11—15—16 1
A0040 6b—7—8—11—15—16 3 A0100 6b—7—8—11—15—16 4
A0041 4—5—6a—8—11—15—17—20—22—23 8§ A0I01  4—5—6a—8—11—15—17—20—22—23 8 78,1026
A0042 6b—7—8—11—15—16 5 A0102 6b—7—10—14—15—17—20—22-25-26 10 (19.00—20:00)
A0043  43—42—44—46—48—52—50—53—57 0 A0103  43—42—44—46—48—52—50—53—57 0
A0044  43—42—44—46—48—52—50—53—57 19 |[13768 ||A0104 4—5—6a—8—11—15—17—20—22—23 9
A4S 4—5—6a—8—11—15—17—20—22-23 11 (1p.00 13.00||A0105 6b—7—8—11—15—16 5
A0046 6b—T—10—14—15—17—20—22—25—26 10 A0106 6b—7—8—11—15—16 2
A0047  4—5—6a—8—11—15—17—20—22—23 9 A0107 6b—T—8—11—15—16 5
A0048 6b—7—8—11—15—16 2 A0108 4—5—6a—8—11—15—17—20—22—23 7
A0049 4—5—6a—8—11—15—17—20—22—23 7 A0109  43—42—44—46—48—52—50—53—57 19
A0050 6b—7—8—11—15—16 1 A0110 6b—T—10—14—15—17—20—22—25—26 9
A0051 6b—7—8—11—15—16 2 AOLTL 6b—7—8—11—15—16 3 (20:7030'2;7:00)
A0052 6b—7—8—11—15—16 4 AO112 6b—7—8—11—15—16 4
A0053 6b—7—8—11—15—16 3 AO113 6b—7—8—11—15—16 1
A0054 6b—T—10—14—15—17—20—22—25—26 9 A0114 6b—7—8—11—15—16 2
A0055  43—42—44—46—48—52—50—53—57 0 96.5446 || A0115 6b—7—10—14—15—17—20—22—25—26 10
A0056 6b—7—8—11—15—16 1 (13:00—14:00)
A0057 6b—7—8—11—15—16 5
A0058 4—5—6a—8—11—15—17—20—22—23 7
A0059 6b—7—10—14—15—17—20—22—25—26 10
A0060 6b—7—10—14—15—17—20—22—25-26 12
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Resilience-oriented joint optimization of aircraft taxiing route and
apron assignment in airport

KOU Weibin"*, YU Kairen', WANG Jiayu’, ZHANG Yuhui'

(1. College of Transportation Science and Engineering, Civil Aviation University of China, Tianjin 300300, China;
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Abstract: A joint apron-taxiway assignment model is designed with an emphasis on improving system

resilience in order to alleviate the impact of severe weather on aircraft taxiing and enhance the resilience of airport

surface operations. Firstly, the performance of the surface operation system is characterized by the taxiing time of

aircraft, and the resilience is quantified by the loss and recovery of system performance. Then, based on the

topological network structure among the runway, taxiway, and apron, the joint apron-taxiway assignment model is

established considering the taxiing time, passenger boarding time and system operation resilience. A three-step

algorithm based on linear iteration is developed, taking into account the complex nonlinear model. Finally, a case

study based on the Tianjin Binhai International Airport is conducted. The surface operating system’s recovery speed is

enhanced by 16.67% and its average performance is raised by 20.68% following optimization. In addition, the average

resilience and recovery speed are increased by 20.33% and 27.15%, separately. It indicates that the optimized scheme

can facilitate the system’s adaptation to severe weather, reduce the performance loss in the adaptive period, propel the

recovery speed of system performance, and ensure its relative stability.
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Table 1 Performance metrics of data link device

L Kl
TAESB/MHz 1420~1520
WHE R 22 /m KT 100
HUEE A <1
AR FRE RS /km =5

TG A B B, AR #R LRI B0 R GPS
Tl Bl S B M S AL A W B R, X S8 UG T IR
R R R, R TEEAS R, N
KT AR
3.2 RIEIFE

R 6 3 1 Ry s R R BE 1] 1T, R0 4 K
i 4 frs .

RIS ST 700 s iR R, EEAEE
% 9 52 [ 1) T A7, 600 s B, /N4 A 3] 3 RSk sk
ik, IR Pk an &l 5 FoR o

K4 54518
Fig. 4 Field test vehicle and test site

45.806 0
»
e »
45.8058 - L -
!."‘_\ o
45.8056 F P
S 45.8054 / R A
B i B
e RS
45.8052 /. o TGS
R s AR
45.8050 —//" B O
o LIS
45.804 8 : ' :
126576 126578 126.580
ZRE)

5 BT
Fig. 5 Trajectory of field test vehicle

33 RMIERDH

BPE 58 £ A H 213K 5 ] (time of arrival, TOA)
ST AR IR, BPE S ] S A S AR A ] A
7% B [ e R4S 211 S B) A AR X BE A R . IR, 4K
s 61 00 R OKE B2 5 B B TR A% R AR 2 TR A A 2
VIRFR o BRIZ AL, PRBE R 2 5 v Bca 6 D)
R E B R B 55 IR AE B AE N PRI E 47
RGN AE B, HORE B S A0 P B e P R
i PERE . T MW 4 GPS 15 8 Al LAl 23K
15 3 I ZE Z (0] 1 BC S R B T4 S B ME(S B, il 5k
PRI PR A S 5 SR E R, &l 6 it . AT LA
F i, BEa i BE 5 SR B8 2 A] ) 22 HE AR iy 1E
FEAE o 3 2 R Bt B D EA B 5 R A A iR 3



%2 T, & T HETEW 3 AUV B E 67 5k 441
140 40
120 —e— HALHH R
—e— HdE 20
100
g
E 80 w O
& g oK
=60 E= 50
40
—40
20
760 1 1 1 1 1 1
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
YEIN s ] /s

F6  EMF I HE s SEREE
Fig. 6 True distance and measured distance by data link between

master vehicle and slave vehicle

A7 %, TR 2% AR AT 2R T B A7 PR L B S ), AE IR
JE FE R I L T I B 52 2 AR PR AR

H—2, B R R DR 22 & 7 s . &
af TS AT, B U EE DU AR 25 24 )7 AR (root mean
square, RMS) }y 45.76 m, ¥J{H N 43.92 m, Fr#fEE K
1431 mo S5 MBEIRZEGET AR bR A 7 7T LA
[o3% — 4 A R A A b (32 It PR 7R T ] R B 5%
£4), 400~500 s i [A] B P BF 358 22 B K, 45 &
& 6 W] LA H, BB R B N 3 42 5 N 7R 22 ) i 5K
N N T A N (T4 & R R VB o N & 7 N A
X A2 K Ay I R ) B PN L S B /N T OB i 1 A 1Y
e /NI I S L, S A 0 B A o 2 AN BB LS Rk
P e Z (R R

100

80

D
[=}

W15 2% /m
£

20

0 l(I)O Z(I)O 3(I]0 4(I)0 5(I)O 6(I)O 700
i lhl/s
K7 BB R
Fig. 7 Distance error measured by data link

S /N RS B A e E i 22 08 P[] E £ 58
VA RS W, 08 BN S D B AR R AT O 22 A
HIME2 I R ERCHR S D R % 22 B 8 R

N VA A SCRIE I PERE, 2090 LA GPS [ %
N0 EE e % i ) Al B 0 B A o A L, OF AR T
EKF Pip [R) 22 {37 8 3% . B0 F U 3 (particle filter, PF) P
[Fi) 2 o7 B30 9 R A SCA Y PR BT I [ o o7 50 92 5
B F— P4 0 [R] o o K 6 0 ERL 15 R

K8 A I BEEEI R 2

Fig. 8 Distance error measured by data link after compensation

EKF 3 [d] 5% {37 52 130 4 EKFD, 038 55 I #F 15 B A
TR B[] 2 67 5 k18 0 FGD, B4 I i 5 Bk 1
UE I P 7] 8 51 B vk30 9 PFD, GPS 1% & EKF
[f] 5 {37 34210 EKFG, GPS I 545 & A 7 & By [6]
FENLEC N FGG, GPS i 15 BORE T 38 I P ) 2
A8 PFG,

M2 LSBT 5 45 Wb ] A A A T
&9 iR, INZEE i 22 an &l 10 i, ARV HE e
{715 2E RMS 414 2 IrR .

45.806 0 |
45.8058
45.8056
§ 45.8054 F
3
45.8052 F
45.8050
45.804 8 |
45.804 6 L L -
126.570 126.574 126.578
ZHE/(°)
o AR LR S —— MZEPFDf &
—— \HEIAIE  —= IAEEKFGH &
----------- ILEINSA & —o— M4FGGHi &

—— MAEKFDf & —— MZEPFG{i &
—— MZEFGDf & o MAEZEM

B9 A BB S A

Fig. 9 True trajectory and estimated trajectory of slave vehicle

HR A ] 9 mT LA 0, A A 4 B A6 %0320 B (1]
R T R B LS, DA ZEHE SR E (1% 25 RMS
9196129 1 m, ARHEE 2 0] A1, A GPS [A] 420
P A S B B R, PR TR PO ) A7 B G B A AR
T8 B EKF P[] 2 o 53, 3 PR R 7 ] B P )
SEA A, il B AR R T I T 1R, SR
FH — B 2% 0 J82 T 19 % B0 EKCF 55055 A0 L 7T DL 3R A5 87
INBIERPERR TR 22 0 BRICZ A1, KT Uk % B A s Ao
SRR B A R TR I o B3, 3 S R R



442 b oam o = Mt R OR % %

2026 4%

............. MZEINS
500 F  —— M AEKFD
—— MZFGD
400 - MA-PED
£ —— W4EKFG
H 0L~ WEFGG
ﬁ‘“é‘ NZEPEG
H 200}
100 F
0 kA ¥ -Y'w? -

0 100 200 300 400 500 600 700
o 1) /s
10 MAERARZE
Fig. 10 Localization error of slave vehicle
*2 TEEEEMRE

Table 2 Localization error of different algorithms
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Master-slave AUV cooperative localization algorithm based on factor graph
WANG Su', HUANG Hongdian®, ZHAO Jianwen’, ZHOU Hongjin" ", LI Qian’

(1. Department of Navigation, Dalian Naval Academy, Dalian 116018, China;
2. College of Intelligent Systems Science and Engineering, Harbin Engineering University, Harbin 150001, China)

Abstract: Using factor graph (FG), a master-slave cooperative localization technique is suggested to meet the
high-precision positioning needs of autonomous underwater vehicle (AUV) clusters. First, the state equation and
measurement equation for a master-slave AUV cooperative localization system are formulated, and a corresponding
FG model is constructed. Second, message passing between nodes within the FG model is derived using the sum-
product algorithm (SPA), leading to the acquisition of the probability density function (PDF) for the slave AUV’s
position. In order to carry out useful experimental verification, a one-master-one-slave cooperative localization test
platform is subsequently set up utilizing ground vehicles, GPS, inertial equipment, and data link equipment. The
experimental results demonstrate that the proposed cooperative localization algorithm can enhance positioning
accuracy by 18.60% compared to the conventional extended Kalman filter (EKF)-based cooperative localization
algorithm. Additionally, the results indicate that ranging errors significantly impact the accuracy of cooperative
localization

Keywords: autonomous underwater vehicle; cooperative localization; factor graph; extended Kalman filter; data
link
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M IE N R I ) A D $ I 2 il (model predict
control, MPC), 3 W] 4= 4 "5 2.t 2 iod 72 v BB % 412 5
EPiE M.

AR AT KT TR T U B A A R ) A
P, AELR I T S P 7 A ask R e 3fe B A A PR A
5o SNt DR T AL AT B4R Y 4 A P [R] I S
Jii 3fe Al 1) T 38 P, AR SCER H —Fh 2 B AR B AL A
5, A ST MPC B, 15T, PRI KL B R
22 . REX HRE Ko FEAE S O0AR H bR LR, $H—
Fofr A AR Ak B I O 2 1 A2 A pR B, T LA O AR
MPC i) B 5 22 AN s B, RT3 LAk
(sequential quadratic programming,SQP) 5 72 X} 4% X
T MPC 5 i) 5 W 2047 SR Ak, 75 30 300 B2 fim ek 225 [m] s
Gy BT AU B AR X MPC Fo e PERYE MR . 58 it iy S
B W UEAS SCREEAE QR UE S VR LAl L, Sfeiisfe &
ariE .

1 ETF MPC 9% BHrFriEftik

L1 XHEFEE

MPC Y £ ZAE AT il i R A ALY iz gk 3G
F R, JERROR 2 28 ML AT BIOIR 25 A7 B0, [W]
(AR CHTER iR <y [1BE 93 RS T A VAL P = oy Bt
S SOt 2 B RBLI] B A 1 iz s ek, 1610
LA B SR

Vi ay Vo ag
N
s | As i
AL AL

K1 s dn s

Fig. 1 Schematic diagram of longitudinal movement of aircraft

B, vas au. v acd3 i AL, T HL Y
JEFUMGERE, 5. sqes 73 31 Ry 52 B ] B 55 400 B2 a] B
FE SCIAIFE 1R 25 As = 5 — Sges o

TR G R AT PR RE, A SCR
[#] 2 B AR R TS 0 SR [ B
Sges = vulh +dy (1)
A oA B E I, ARAE IR T, =2s, R
FAMLZS 2 4 B, CHLIE AT, AR ML S R HL
(2 1 1] B AN A5 /T 50 m, [HIE, dp = 50 m .

H T RALAR B A e, MPC Hir th i) 399 28 Jin s
JE 5 TRHLAY 2 B 0 2 BE 2 AL AAAE AR, S TH R B R
X 2 G0 5 W), e R SO0 B 0 3k R S s o 3k 2 (1]
HE— R A,

G(n)=K/(tn+1) (2)

Kb AR EG K —B BRI R G 0
— BRI H AR

A S (2) R, TROML T EE e 5 S B o R
Evd P

Tay + ay = Kae (3)

s ane, B CHLT R ISR . R4 =L (3) S RHILAY
PiF% . HBE R, 15 B CHL ] B2 5L 5 112 3)
stk+1) = s(k) + Av(k) T, + 0.5(ay (k) — ag(k)T*?
Av(k+1) = Av(k) + ay (k)T — ag (k)T
vulk+ 1) = vyu(k) + au(k)T, (4)
an(k+1) = (1 =T,/7T)an(k) + a.ep, (k)T /T
Aak+1) = —(au(k) — ap, (k) /T

o s(k) EE kB2 KHLIANEE ; v (k) Al ap (k)53 51 M
55 I HSF 20 AR BIL A S RSB I B 5 Av(k) A kR ]
ASHLS HTAL A AR 5 5 ag (k)R k Bk 280 i AL B4 n i
JE 5 Aalk) M ASHUINE BE AR AL 25 a, (k) R F Ge ki A RP
AHLAY I Nk B Toh RAERT ]
B P HLIEIE | AS ML A ASHL 0
JEE I3 A A R A AR S e, B
x(k) = [s(k), vi(k), Av(k), an(k), Aa(k)]" (5)
B B0 HL G i BEAE b T, W) ak) = ag(k) o
F 45 ) B bR S (AR e R AR R 2200 0, S5
A fsp, U] BE 4 = e & M, DRI, g ) R 22
AR T | s B A A R Ge ks, D
y(k) = [As(k), Av(k), an(k)]" (6)

MEIRGE @) AR RITT R AT
{ x(k+1) = Ax(k) + Bu(k) + WO(k)

y(k)=Cx(k)+ D (7)

A u®)=an()I; A. B. C. D. WHESH %
BURRE, 70 513R R

10 T, T}2 0 0
01 0 T, 0 0
A=|0 0 1 -T, 0|:B=]| 0
00 0 (r=T)/t 0 T/t
00 0 I/t 0 Vs
1 -T, 0 0 0 do
c=|0 0 1 0 0|;:p=]|0|;
[o 0 01 0 [o]
~T2/2
0
w=| -T,
0
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1.2 THE MPC HIBFIEMR K
RHLLE I AT I, AU 20 2 L7 2 4 B

S, AN A i B R BE (k) > dos 10 BT %
(R & 3 M, RIVASBILAN 32 ayy (k) 728 A0 MR 2 AN B K
PR, o SRS AV BE S RE | I R | 3 A R i
TR, Sk + il 2 A RSN T

dy < s(k+1)

Vinin < VR(K +1) < Vina

AViyin < Av(k +17) < Avpax (8)

Amin < ag(k +1) < Apax

Aamin < Aa(k + l) < Aamax

1T T AL 385 52 %, AN [R] A T 20 X ik e o 48 1)
FORANE . B, X2 T, B SE AR IIE AL
AT 4, W TR T IE T, LA SRE S K A AT
5 M AF S A B, AR B A T R WA 22

F R KM 2 2 T 5 B R B M ETIE TR . SR,

1R 58 1 MPC 5375 % 22 4 4 & 38 14 48 b >R FH 181
FOEE, TCvkE N LA W B 24 A, TRt A4 7 0 gk
A7 ektk, Bt AS A pR B, 5 H ST AR MPC FRELL
AL R PEAE, LIS WAL I B 403058 . A ik
V1T U0 By 4 45 o 2%, 45 AR AR o B T
Jiik o A MPC JR 3, B s 0 B 38R p, $5 2
KR m, Hm< p, x(k+11k) K k I ZIXF k+1 B 20 5 15
W . 8 PRI EE A m B4 6 A

u(klk)

u(k+ 1lk)
Uk) = )

_u(k+n.1— 11k)
T p BARZS
[x(k+ 1]k)

x(k+2[k)
X(k) = :

x4 plb)

PRI 3K p B4 1 A
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Yp(k+2[k)
Y(k) = :

Yp(k+ plk)

B k%2 )5, ZERTHE A, Wl

0(klk) 0(klk)
ok + 1[k) 0(klk)

D(k) =

o+ plk)) Lok

1 (5) AT RUHE S 2 G0 0 35000 5 7

(9)

X(k) = Ax(k) + BU(k) + W(k)
Y(k) = Cx(k)+ EU(k)+ Fd(k)+ D
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AL ML AT 19 4 A M B ofe Ale 7 3 1 4
HAR, 76 1.1 5@ 1Y gl = AL A il [, KAk
H brig i A AR ME R [A] 8T (non linear programming,
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Fig. 2 Control system structure
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m—1 m—1

Te = llyCk+ilk) = yerCk+ i) + > Nk + il

i=1 i=0
(10)

Xy N RGEW S F s u)y RGN &
BOASHLAY W B2 % s Q. RV ALE FE I, Q=
diag(Qa,(As,Av),Q4,04) o

O T B A P 2 7R R AR 2 1] R A AL
P, B PR O AR 2R B0 ) TN T
NPIRES RS 2% a2 i 22, o, Qa2 2k
HE R, QN ETE HEAE R, Qu W BT,
R VAN E SR, H QM RYIHIEEHE., T
AFETHLT, X2 4 P Fn &7 i P 0y /& R AN TR, BRI,
A 5 Bt T AR AR T AR Ak

% z(k) = [As(k), Av(i)]", FCE AL LB 40 F

O(2(k)) < Qa(2(k = 1))
Ors(2(k)) = Qas(z(k = 1))

As(k) > As(k—1)
As(k) < As(k—1)

(11)
AR (11), 48 AR AL TR pR AR
Oas(z(k)) = 0, As(k) = ASmax
Ons(2(k) = f(Ask), 1) Aspin < As(k) < Aspax
Oas(z(k) = Q.h As(k) < Aspin
Oas(z(k)) = Oas(z(k—1))  As(k) < As(k—1)
(12)

f(As,h) =05 [cos(sm)(1 - Q,+(1+m)Q,]  (13)

X h=3¢+1, e AV — LR AR R, €=
(Av = Aviin) [ (AVinax = Aviin), € € [0, 115 5" = (Assppin — As) /
(ASmax = Asiin) o

B, M As > Aspa i, CHLIFATIRS B %42,
T BRI B, AR LN 42 R, Y
As < Aspin B, CHLEATIRAE 0 FERS, 75 2R UK
KRR, DLsBE G AL & A o e sl Bl 45 5 e, 24
ASpin < AS < Aspu 5, PL[ASmins Asinan | 0 F, 8 FH - U
LI BREL (13).

W20 (9) A2 H A7 pR 2L (10) 1, IFXF LY 4
T (8) AT T T, B A 4k hy NLP [a] 840 F .
{minJ: JWU)

(14)
S.t. AUU—BU <0

KX . Ay=A.-B; A =diag(A,A;,-,A,); A=

A,=---=A,=diag(a,,ay,"-,as); ay=a,=--=as=
[1.-1]"; By = B.—A.- A -x(k); B.=[B,.B,.--.B,]",
Bl =BZ=' o =Bp = [dOa_dO’Vmax’_vmim Avmaxa_Avmin’amax»

—0Omin, Aamam_Aamin]To ﬂ‘j’f%ﬁlzﬁ% E‘]g’;lﬁ‘@, ;{}Eﬁ
Wi A3 R PR RS SRS T2 s ) PP 51 R R ARk oK
fift NLP [A)R5 . A FHRLAS B H 3 32 40 B NLP [] i

(SO S N WA b OBV < 92 NS SR )

LU, ) = JU)+7y-diag(dy,- -, di0p)(AyU - By) (15)
A J(U) R E B FR R A e ROV R BUE % 78
55 UGERET, UL ABEST AR LU, . ;5 HoR ik
B9 H PR UL 8L Hessian %5 4, #] | BFGS(Broyden,
Fletcher, Goldfarb, Shanno) 34 15, 7£ 4 YR 3B AL A %) H:
HATIE R, BFGS Bk B R ER T LR

TH.y. s.sT
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YiS; $iYyi
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(16)
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y_,':Gj+1—Gj (17)
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FI AL fBL Hessian 4, 152 — ALK (quadratic
programming, QP) F-[A] &l

1
{mmszde+VJ(Uj)Td (18)
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e d g QP T IMIB i, d1 2 U Bk 4075wl
I, R4S j IR, SIBAE R I
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A o MR K, EE K (16)~20 (19) S #E, H
BN WSS R AR AR 1] 5 U = [u},u3, -+ u, ]

2 REMSH

K 52 AUE (% MPC A L, AU AR L AT BE 4
H MPC AFsE, BRIk, 48 SCHH Lyapunov £ a2 P
JEUFE R A3 M A AL MPC B RE e 1

B 1 SEHEiHNo,

B2 0 NIEEMM HOzk+1) < Q(z(k)-

SEE AR R ARG 2 s, W R
5t (7) Sl RS E 1

B X Q0 F, BT uk+ilk) =0,i>m,
I, x AT ok V5 85 xg, 20> mBf, x(k+ilk) = x, .
y(k+ilk) = y, 31 AFRAAR x(k +mlk) = x, LI o, B
TE -7 15 (g, yo, u )AL 2 LLF 29, x(k)in < X <
X(K)max, Yk € my Y(K)min < Ys <YK)max, Yk € M1 w(K)min <
Uy <U(K)max, Yk €mo 55 k B 2] EH AR T LIS

m=1 m—1

Te= > My e+ il > etk + itk (20)

i=1 i=0

T IE RS0, & 56 ki 2] B dr R E(20) W B
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DYl
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m—1 m—1
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i=1 i=0
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Hi =X @) Al 0, o T Q@ D9k sE R I, I LLAE K-
iy =0Hu =0, FL, L, =0, I HL >0,Vy #0.
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Lo ZII B R, TEEE &+ LI Z0 A F s il e B an F

[ wk+1k+1) u'(k+1k)
uk+2k+1) u*(k+2\k)
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Jor 5 L Z MR T

m—1
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Lo FILZ T R ANF
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i=1

K 00=00z(k+1)— Q(z(k), H T Q(k+1)<
O(z(k)), Bt A Liwy — L <0, I, R G020 (7) P 2R
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R SR AR SO B A R, SR 2 TR Y
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m 1R,

®1 HESHK"

Table 1 Simulation parameters'”
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R HLTE 37 s A2 A7 B SEBR A /N 50 m, i L%
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I RMEE 13 /s’ 247, 8 Ta H i Ja [,
I, N B e 7 A AR T A% 48 MPC B AR BT AL
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Fig. 3 Simulation results of front engine deceleration taxiing
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Fig. 4 Follow-slip simulation results
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MPC-based multi-objective collision avoidance optimization algorithm
SUN Hui', ZHANG Xuedong', SUN Lianwei', YANG Kaixin® ", WANG Rui'

(1. College of Information Engineering and Automation, Civil Aviation University of China, Tianjin 300300, China;

2. Institute of Unmanned Systems Application, University of Science and Technology Beijing Tianjin, Tianjin 301830, China)

Abstract: This work proposes a multi-objective collision avoidance optimization technique based on model
predictive control (MPC) to reduce the probability of rear-end collisions during aircraft taxiing and for passenger
comfort. Firstly, the longitudinal kinematic model of the airplane is established. Considering the safety of aircraft
taxiing and passenger comfort design objective function and constraints. Secondly, the design of variable weight
functions using relative velocity and spacing as parameters. Introducing it into the MPC to optimize security weights.
The desired acceleration is obtained by solving the variable weight MPC control strategy using the sequential
quadratic programming (SQP) algorithm, and analyzing the stability of variable weight MPCs. Lastly, simulation tests
are used to confirm that the proposed algorithm can prevent collisions under two common operating situations The
experimental results show that the proposed algorithm is useful in achieving the deceleration collision avoidance, and
optimized acceleration change amplitude improves passenger comfort.

Keywords: multiple target; collision prevention; model predictive control; variable weight; sequential quadratic

programming
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Fig. 12 Visualize flight simulation results
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Task planning of multiple UAVs with simultaneous arrival constraints
REN Siyuan"?, WANG Song"?, CHEN Gong"”", DENG Chen"’, PAN Zhengxiao"’

(1. Chengdu Fluid Dynamics Innovation Center, Chengdu 610072, China;
2. Chengdu Innovation Center for Intelligent Unnanned Aerial System, Chengdu 610072, China)

Abstract: This paper addresses the problem of task execution for unmanned aerial vehicles (UAV) swarms,
considering the coupling characteristics of UAV task allocation and trajectory planning as well as the no-fly zone
constraints. A task planning algorithm is proposed that can make the UAV swarm reach the target positions in the
shortest time simultaneously. A "hovering waiting and dynamic speed adjustment” method is used to synchronize the
arrival time of each UAV, Dubins curves are used to design the pathways, and an upgraded particle swarm
optimization (PSO) algorithm with particle swarm mutation is used to optimize the task allocation scheme. Finally, the
effectiveness of the algorithm is evaluated and verified in a simulation environment based on the six-degree-of-
freedom dynamics model and the dynamic inverse control model. In contrast to the conventional PSO algorithm
approach, the simulation results demonstrate that this enhanced PSO algorithm is capable of successfully escaping the
local optimum and achieving a better allocation scheme. Under the control of the proposed algorithm, the maximum
deviation of flight time among multiple UAVs is only 0.5%, meeting the requirements of a saturation attack.

Keywords: unmanned aerial vehicles; particle swarm optimization algorithm; simultaneous arrival; route plan;

route track; Dubins curves
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Self-supervised optical fiber sensing signal separation
based on linear convolutive mixing process

CHEN Zhao', LIU Zechao™"

(1. Xi’an Electronic Engineering Research Institute, Xi’an 710100, China;
2. Zhejiang Lab, Hangzhou 311100, China)

Abstract: This paper proposeds a self-supervised signal separation method based on a linear convolutive mixing

process. The method comprises three components: a linear convolutive mixer, a semantic token extractor, and a query-

based signal separator. During the training phase, source signals undergo convolutional mixing within the mixer,

which is a better mimic of the realistic optical fiber sensing process when compared with the linear simultaneous

mixing process, resulting in a mixed signal that could be used for the self-supervised learning of the separator. The

source signals' embeddings are then produced by the semantic token extractor and used as query tokens in the

separator. Finally, mixed signal and source embeddings are combined and fed into the separator to produce the target

source signal. The proposed method could be even used in a zero-shot setting. And the number of training samples

could be expanded with this random combination of mixed signal and source embedding. In an interior setting,

experimental optical fiber sensor data are gathered, including cyclical vibrations and human motions like jogging. The

results of the signal separation experiments demonstrate the effectiveness of the proposed method.

Keywords: signal separation; self-supervised; convolutive mixing; optical fiber sensing; zero-shot
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AR, SCHR [11] 51X 2 BAs iR ER 7 55, $E R BT A
XA M HIERGE WIS TR IERES IR0
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optics, PO) 15 2| H A5 4 F- i1 N 1Y RCS 15 5., #1M0

A7 HAR RCS B e . TR IR WL 5 H bR RCS 15
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Fig. 1 Schematic diagram of radar observation angle
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Fig. 2 Schematic diagram of RCS prediction process
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Fig. 3 Schematic diagram of closed-loop cognitive tracking for

collocated MIMO radar networked system

2 ET CIgt&4ENB BCRLB #S
BCRLB 1] Pk Ry Je Al iF #2 i — A~ T 3¢, 3 H
ELA WU 77, B0 BCRLB 1E b H A7 BR B50RS BE 149
BrEbRE . HER ¢ RS TR LT AL,
Ex, ((Xq,k —Xq,k) (qu - Xq,k)T) = J}jk (ue, P (18)

A Ex, OF X HARRE S 2 0E B 7 8es
%ﬁ%i@ﬁ, Xq,kﬂ‘jxq,k E@’H(?S{ﬁﬁ‘{ﬁ, JX‘,_‘ (uk’Pk)ﬂ‘j H
R PR 2 x, 0 1 B0 D1 017 Fisher {5 856 P4 (Bayesian
Fisher information matrix, BFIM), 7] DA % /R & 2 4~
iy

Ix, e, P)=Jx, +J3 (P (19)

e I FIJY (@, PSR AR 6 5 A
[ Fisher {2 EL4 M, FL{K %6 k3t 0

-1
J;q,k = <Qq,k + FqJ;;.kil (uk—l’Pk—l)F;)

Jx,, . Py = Z w,Ex, ((H;,k)T (Qé.k(Pé,k))ilHé.k)

JEM

(20)
P HY = 0Z),/0X,, Rl (A v] Ee AT 8 2
TESE Pris B, 75 s 524 R B R R



474 b oam o = Mt R OR % %

2026 4%

3 (20) HP A4 3 I Fisher {7 BUH FEEAT TR . (B2
AR E R K, AR, & (19) 7T RLIT
12 A

-1
Jx,, W, P)= (Qq,k +FqJ;}ik_, (uk—l,Pk—l)FZ) +

Z w; (H;;,k)T(gé,k(Pé,k))_lHé,k

JEM i

(21)

Xote-1

H 5 ) BCRLB J& H1 H #5 15030 U1 0 Fisher {5
B BRI AR Y, BT R R
CX(/_L' = J;(:k (uk, Pk) ( 22 )
X Hh: €y, i H 5 ¢ 9 BCRLB., BCRLB ¥ X} ffi oG
K0T LIE R B AR EAG T 0 B2 i, f R R DR 25 R
HOk AT LR N

L (aZ,k’:uZ,k’PZ,k) = \/CX‘M (I, +Cy, (3,3) (23)

K Oy, (1,1 Cy, (3,3)43 5 22 7R x Bt A p 4l 7
B R 25 . Ml 23) T AL, SR Bl ¢ F B AR
RCS. Ty 43 Fe Al o w25 1 R &5, JF8 AR B
T SR NS P A o s oA

3 JBSPA /5 R

31 MHIREMEE

i H AR B R EE PEAL, AT LS B A B AR
3 — A4k B B . B /M A {E (minimizing the sum,
Min-sum) 245K A 5] H #7 9 BCRLB A E AI{E
Y& B b5 sR AT B /Mb, 7T LA T B A5 00 8 R B
EEAE R . AR SCR A “Min-sum” #E N 257 H xR R &L,
PEARASE A AT LUAR 5 21458 AT 3 2 7 1Y) 3 2, AT S5
PG B R IR S L . O HL Rk B R rh &
# & HAr RCS A5 B, #E— L4 T+ 2 H AR BRI RT BE
AL AR AL T

0
min quskL (wZ,k,ﬂZ,k» P Z,k)

”;,k P, qk
g=1

u s s
st P, <SP, <P

max
Qo
n o __ ph
§ :Pq,k - Plolal
q=1

Q0
Zlqu = @nk < P total ( 24 )

q=1

N
no _ .4 <
Mk = M S Mgtotal

n=1
(€0, 1)
CYZJ( € rcs

Yg=1,2,---,0;Vn=1,2,--- N

9
sy k2 bR g AL, R Y Y= 1,

PRI P AR BN P
ik n R TR 0 B @0 53 1A kB 22 TR K
n RS R ECE ML n KR LS R E;
NN, o 735 R K B 20 B AR g 9 BRI A A
E bR g B B8 B2 0 45 B BE s aes M I AR
RCS $fi s o Tl o

Al LR A5 45 B A B9 R 8 T I AR s, 4
R E B AF HFRRCSIER ., MZELMT, Fib
AR H bR RCS HUMAE L e 6 8 — B 2] RCS {H
R B AR AT IRES, #9557 RCS RHAR L T 207
HR RS FEREAIR, REA AR TR BN R g xR & H
FR BRI
32 EHiEK#E

PEALBE R, o P LA PSR 30 L, R e
ARl S )R A i P ORGSR, B, R
BOAR o AE AR R SR AR T A T I 2R SR B D
WG Z )G, ol T ek i . HRiHRE 4
R =l S R ISR N e BN (TR {4 € acw: (M s a  &
2 (24) T APLAL IR R NP-hard [R)5 ., A 850K fif
I ) 8, AR SCHR H — B L T TR A D R R
o T, BE P HF 3 43 0 I R D ) B E AT R ot
SR . HLYR, ST ok R A T e B Tk R X I R
EATEERE . BeJa, FESRAF I R AR 5 1Y 2R T X TR
HATACK R . BARR B R g R T .

1) AR A . BRI 4h B H AR T A s it
BB I ELAY AT AR, B Poo = Lug/ Q0 2
S Bl R SRR AR Al AT RS, R [0, 171X 1]
WS AR . TR (24) B9 00 Ak TR AR 5
S e ) R,

0
min Y il ()40 Pro)
Hy

g=1

st. 0y, <1 (25)

@) € Qres

Yg=1,2,---,0;¥Yn=1,2,--- N

HH Pk g 2 (25) o i AR A Rl 47K
iff o SRAT IR B 23 IE A9 2% AR T B0 4 st 4 TR A%
HFEH

ﬂ},k #lQ,k
: : (26)

Uro =

M ot Mgk
2) STHRE AR T . 7R w2 a, E L4
AN TTRR L RR BT



5524

T, S — AT R AR R A R A I AR e R IR A 3 BB I 475

Y 0
Al;,k = Z)’q,kLl (uk,oyﬂzfo,Pk,o) - qu,kl‘l (llk,o,Pk,o)

(27)

AR i 50 SR BT R EE oA MO B A5 B 18 SR TR B A
B, BRI T

AlL, - AL,

AL=| : ; (28)

ALY, ALY,

20 HGE B H bR A B BRI, H AR RCS
K, AL G R AR

3) e AR R e . ALF X T 2 (H Ok,
ok B X 7 98 SR E R pR AR TR R . PRI,
FEE R R BCRE AR AT N, X RE T R T R
TN /N HEAT HE Y R 5, A5 3] Ik R 3k R AR A
Mru” .

4) TFRAR VT . B R U AR AR Y A L,
A (24) LA ) ] DL ol 5 (29) H i A
fR ) i, 253 7E SCk [31] T EE . A P sk
X I SR A 7R i, A5 B e 2 D AR A ()P, PP o

Q
: n op 1
IE,IHE :yq’kL (aq,k’uk ’Pq,k)

ak g=1

st. P, <Pl <P

min max

Q

E n o _ pn
Pq,k - Pwtal

q=1

n
@)y € Apes

vq: 152""9Q;vn: 152""9N

(29)

4 MESERKRDH

O B8R AR SC IR A 53 T S0 A 2, Bt
HHBRZ RN HAR 21 5 2 M5 R 0 1
SR, A U B OB H S MR G R4
A A K SO R, BRSO R 1 BoR .
Qi A eS8 b H b RCS R 24k, JF H RCS
BT (5 B A 1 GHz 19 3 B L
TG 2 AR TR A7 RS, 43 2 481 1f P H AR RCS
Kot AT 4 R o QBT I3 N 0.1P g 1
AOUE 20 ki AP H AR BEAT BRI, X R 5 WA i 1) 4
%2 @, = diag ((100/¢)*,10%,0.17)

BB SR S N, = 100, SRR S ]
T = 240 s, SRFEIS (R [AIFR T, = 3 s, B UCRAE 19 20 Hls

Table 1 Transmitting parameters of radar

F5a% EoaA% WKy BNRE mRkRS  BERG
WYLR/MHz I FET/ms m NP TP HHPy
1 1 0.3 02Ppa 0.8Puu Py

90°
120° 60°

150° j 300°
180° = % 0°
210° 330°
240° 300°
270° Hifii. dBsm

K4 Hix RCS HURIE
Fig. 4 Database of target RCS
N —t, A 80 Wik T 05 FLE 5 . & X H AR
YT MR 1R 2 (root mean square error, RMSE) &

Niim
erosias = J e O[30 a5,
(30)

A (rgwoyan) B (RE 490, ) 43 SR TR kB 2 H b3
q MBS B AR § A B A T
41 BERBEHSEHFE

BT IRHM ARG H N=3 4P MIMO &
KA, X 0= 1A BisEE T . BRI
7 B A (—60 km, 0), ¥ 4 7 J& (500 m/s, 0), 5 ik
A bR LRI 23 [8] 73 A5 A & A 5 B s

Hbriz ghad f2 i, Bk % F 4 H AR i 0 £
SR A AR AR T AS AR 4k, H AR RCS 4%
B 2 AR L 32 1 R A A AR R 5 S PR E R
SR VE AL, 580 H bril B8 B I RRAR, 5 2 3 i
HARE R o A SCHR IR Ak 43 e 53 3% mT DAAT 200 A
H E 5 RCS X g TOL AL, T8 T+ H bR

1.5
1.0r
0.5
=T I il »>
& of
} -
05t - ikl
. 2
ok
[ZEpEa
— - * —
== > HARJr I
-1.5 -1.0 -0.5 0 0.5 1.0

x/10° m

&5 BERGET RIS AR [E 24
Fig. 5 Spatial position between radar and target in

single-target scenarios



476 b oam o = Mt R OR % %

2026 4%

BREFKTIE . B4 HARaz shid 72 7 9 RCS 22 s 3
EaniEl 6 Jrs

7

6+ Hik2
Tik3
5 L
€ af
9
~ 3
2 L
1 -
0 20 40 60 80

s

Ko M HARZST HiR RCS 21k
Fig. 6 Target RCS changing in single-target scenarios

Hi &1 6 AT, BRIk 2 FIER IR 3 AHXT T H AR 2 3l
B X FR AT, B IS UL A AR [, PR, S Y
RCS (A —3 . ik 1 76 H A58 gh ok B vh i ik
L A 4 A AR R I, X R Y RCS R AR B A
A5, FEWIUR B2, Bk 1% B RCS fH K F 7 ik
2 FET A 3 XNz Y RCS {H 5 7E 30~ 60 Mt B[] Bz, Hy
ik 1% R A RCS A /N T 8 35 2 A B 38 3 XF L 1Y
RCS fH; 7£ 60~ 80 i [a] Bt, ik 1 %F M) RCS A
KFFIE 2 MTEIL 3 %R ) RCS {H

18 15 A — B 204 1A TR 38 0] U H bR 4T
BRI, XF 0 A9 H A% RMSE fil BCRLB 28 1k 1% i an /&1 7
T, KR B SRR L 8 IR o

500

——RMSE

400 |
300§

200 H4 %

BCRLB, RMSE/m

100

0 20 40 60 80
it

7 H#s RMSE I BCRLB Z5{k
Fig. 7 Chart of changes in target RMSE and BCRLB

w1 7 ] 1, 30 Wi Hi AT 60 Wiz J5 H bR
ik 1ERER . HARS TR IR Z A BE B R AR RO HL
H#x RCS {HAAE, Bk, &7 o iy i ] B g B b
i) BCRLB 1 RMSE A i K . £ 30~ 50 i fif [A]
BN, B A 2 IRER T B e H AR RCS A
Wr b F+. RCSAE MM Ry EEHE, B, Hirm
BCRLB #il RMSE 7 9 /). 1£ 50~ 60 i fi:f [a] B P,

IR LA
1.0

0.9
1
0.8
0.7
ally 0.6
NS
%2 05

& 0.4

0.3
0.2
0.1

3
0 20 40 60 80
Wi

N7

0

K8 AR

Fig. 8 Node selection results

B8 2 XA RCS (E 2RI/, [FEF B 5 ik Z
[i] f0 B R W A K, PRk, H A5 ) BCRLB #1 RMSE
K.

Hi &1 8 AT, 7E 30 WU R, B A% i ik 1 AT
PR o R & 6 mT N, o ] BE 9 ER R 16 R
RCS fH K, If H H b5 5 75 1k Z 0] 1 15 25 5 il
M, HAn I8 1 SR 7 IRER . 76 30 Wi A i, HAR
BOA AR IS 2 FATERER . TR IA 2 FETIA 3 XA B
B RCS {EL AN 23 XA [R], BT LAl & ik 2 FFR 35 3 iF
138 B AR R AR TR o FR D 6 R0, o By Bsf 221 3k 2
i) RCS A 2RI K, I+ FLER A 2 FH b5 22 (8] 1 B
AW N, BT LB bR el B IR 2 #EAT IR BR . 7
50 Wit Ze A, BARAL TR s Ab, 759K B Ik 2 HEAT
BB AT B AR5 A T8 Z )Y BE B S AH R, R
i RCS {H 3 KA B ik AT B, B i B ik 2 4738
B, S5 BB UE T A SCR IR A 43 e SRR A R .
£ 60 WiZEAT Y, HFRSCH B S 1 3 TERER . Hil&l 6
AL, 50 T LA S 7R 35 2 X R (1) RCS {H 20k /s o
A S0 MWTLLfE B 5 ik 2 Z R /N T 58
ik 1 Z B EE S, (HJ2 Y H AR RCS B B 52 K T iR
B DR 0 R 25 A s B, E ARSCH S 1 E
iR, P EA R P EHIR ST B M &R
25 T LA AR F1 B 1 S B 4 O T A0 SR e A 1 4 e
A7 R, FE 4R T 5 AR RS B, B0 0IE T AR SR
PRI AR 3 T B 02 A 5 ARG e 1k
42 ZERZHAER

R ERIRE M A& G N=3 P4 MIMO &
KRR, X 0 =3 A BRI R, O H ik e B
A BEREACEAE, By, =11/3,1/3,1/31. HAsH)

Ris B SRR 2 PR, B IS 0 E Ar LA 25 8] 43 A
A& A 9 iR . 2 Hiwniz sl B8 i & 3k X
) H#x RCS 284 ANl 10 fioR o



B, S5 — T 1) B R R A R TR R AR e B IR AL A e 477

*2 BiREHEH

Table 2 Parameters of targets motion at initial time
EE7N WAL /km WIUHEE (mes™)
1 (20, 40) (100, 30)
2 (=120, 120) (100, 140)
3 (-120, —120) (-100, 140)
1.5
1.0
e 4
05 —
2 .
S 0 * Ik
= © WIk2
éE"j::;
-0.5 S
— Hir1
— Atr2
-Lor * H 153
--> HARJsm
-1.5 -1.0 -0.5 0 0.5 1.0

x/10°m

&9 ZHREE Ak A HARES B 234
Fig. 9 Spatial position between radar and target in

multi-target scenarios

Hi 10 AT, HARig sl v, AR TSR H
b RCS M HAS A, AN AEfk . Wi i &, H
B 5E 55 RCS {5 B B9A ORI, T LLEE T+ 75 35 B R
FH A H AR BRI KT

Ry i —LAIE B RCS TN 4S80 T 35 B K Ty 2 9%
TRAEA o B BRI A ke, B T “RCS Sii i fl-
WHRIHRBEA AL . “RCS I R - 7 oy Bk
AR F1“RCS 0 A L - [ 5 35 RO Tl 37 3 2%t
Fescs s B A T 3 i B A NI E
F% BCRLB AU Fl. MBI AT LLUE Y, [ D R 2l
SR (1) BCRLB A H T 5 g T o S T R B
AL TR M 3 158 B [ I AR ) R S W T 1 R A
JE H AR, D AR R D R R A A AL BB AR T H bR R
ERREEE o RIS, 7 TR SR I8 oy S A0 14 5 W 1 T
$& T, RCS i il £52 A4 56 W& ) BCRLB A & FI AL T
RCS GE iR RIS mE o Rl & 40 Wiz J5, 22
TEHEE . PEHA 40 W2 5 RCS TR I 5% e T A R
EEORG B e, IR RO . S A 12 FE 13
B B R AT TS LR, 40 W12 J5 AN [R) W6 7 ik
PR R A3 O AR TR], AT 1 B 1 BRIERS B Y 25 57

& 12 F1 13 43 %) RCS 483155 84 F RCS T
WAL (52 B 2s 2 . B a8 A H bR 2 (8] 1 #E
B AR B AR IR 2, HETT R 0 B RS .
Pl 12 AT, 7 RCS GEit B SR mE T, e 43 Bie 4h
FEERBMERZ B EA G, a2, 3
P 15 o B el 1) B AR EAT R, B HAR 1
Wik 3 AT ERES, HAR 2 B IA AT IR EE, HAR

RCS/m?

RCS/m?

RCS/m?

0 20 40 60 30
i
(a) HARIAIRCS AL

0 20 40 o 80
i
(b) HFR2MRCSAEL

it
(c) HAR3AIRCSAEL

E 10 ZBirdgs T Bis RCS 2L

Fig. 10 Target RCS changing map in multi-target scenarios

BCRLBAYH Al

—a— RCSTHMA -1k AT A 1Ak
—e—RCSHEIH M- I FIE A AL
—o— RCSTHMAR Y - [ 2 7 LR

700 ]
600 H
500 F|\

400

300 F °

200
100 |
0 20 40 60 80
it
11 BCRLB AL FIXfLL
Fig. 11 Comparison of weighted BCRLB sum



478 R[N S /R NI N e 2026 4F
53T sl IRl
1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 0.4
0.3 0.3
0.2 0.2
0.1 0.1
0 20 40 60 0 0 20 40 60 80 0
G e
(a) HARLBEI S AL (a) AAR1BETR S FLt SR
i s3r e He ) IRy el
1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 0.5
0.4 04
0.3 0.3
0.2 0.2
0.1 0.1
0 20 40 60 ’ 0 20 40 60 0
s Wi
(b) BAR2%E IR A4S (b) FIAF2 e B4 e I
PSR S
1.0 1.0
0.9 0.9
0.8 0.8
0.7 0.7
0.6 0.6
0.5 05
0.4 0.4
03 03
02 0.2
0.1 0.1
0 0
0 20 40 60 0 20 40 60 80
s i
(c) HFR3TEIR L (c) EURR3VEIE SV 5
K12 RCS ST RGPS TR 13 RCS BOBU YIRS
Fig. 12 Allocation results of RCS statistical model Fig. 13 Allocation results of RCS predicted model
3 E R 2 AT IR ER . %%E*TE’JLZJ k5 H ik 3 BER AT BEIR PN TaB B B AR 1, SR T 2 A
P 22 B) A BE s AR AR Ak, DR, R 3R B I R TE HRr R ERERAS . pi Ll feh, BAR 3 I/
AR EAR 1AW I 2 E A 2%, S B0 I R 22 K2 mEIA Lizgh, Pk, BB H AT 28N

R I, 40 Wil 20 2 4, PO R R 2 FTER A
3R BEURER B o [ H AR 2 558 3 Z (Al AY
5 HORBGUT , (45 40 T 20 H AR O 8 I8 3 R
Bio RTEIN3 S EAR 1 Z B MR R R, BTl

Wik 1o

FH 1] 13 A1, RCS FUil A AL 5w T, B 3k A D%
HA L5 RCS Geit BB ms T~ KAk —3. B it
522 EE A2 H K5 H AR 2 8] HE B A5, 24 i 5



5524

T, S — AT R AR R A R A I AR e R IR A 3 BB I 479

S KR, H bR RCS X 52 035 22 10 5 w45/
FE 0~40 Wit Z1, & 13(a) *H HER 1 50 Fe i R A
B F B 12(a) ik R B, 322 R RO B [A] Bt
WK 3 X T HAR 19 RCS {4 % & T HAb H AR, A
I E A 36 T i ) F R EE H AR 1. 40 Wi 2 42
A, BAR VHE bR 25 83k 3 Z A /Y FE 25 A0 3k,
RCS X 5 ik B IR 4> (52 3 K . 254 10 (a) F1
&l 10 (b) H 9 H A5 RCS 2246 & A] %1, 40~ 80 i H
b5 RCS M HAZ LU AWAE A . AT 12 FE 13
R B R A B AR AL R B 3, R EUR R IR RS
YEUR 4 e SR it H A% RCS (1 sh 25784k, Il ZE+5 B
PRI R E IS . 454 & 11 5kRE, RCS 19 I 455 40 5
W& TE 40 i 22 5 W] 0 A0 T RCS e 158 74 S s, ik
B T AR SC RCS T AR L O £ 1 w471 A 20 o
Ry 1 — 25 B IE A ST IR A Ak 43 T B 4 B R
Pk, 75— G HBC 19-13900HX 4L FE 2% . 64 GB NTEI
JHEHL E, FIH MATLAB R2022b #4347 05 & .
R HARZ T M Z HAR 205 8 2 Mg 5 T kT
TRESZERFRP I, 58RI 5 Bt e
[, 59L& 14 s . mEE AL B EHRE
R T IR SR R RILE 0.008 s 245, £
HArZ T s s T B S oK i I 7E 0.02 s 22
A A H AR BRI 2 A rh B R 20 BC 0 S M SR
0.09
0.08
0.07 |
0.06 |
0.05 |
0.04 |
0.03

0.02 I
0.01

1T/

iz

0 10 20 30 40 50 60 70 80
e
(a) 2 F bR i 5

0.025

0.020

0.015

e

) 0.010

pesy

0.005

0 10 20 30 40 50 60 70 80
i
(b) ZHIRZ TR T
14 ARSCRIRAL S MR E T fi]
Fig. 14 Runtime of the proposed resource optimization

allocation algorithm

5 &

A SCEE R B B B AR RCS shS A8 b, 42—
o TE ) B B H B BR R 11 4 v 5K MIMO A 41N &
3% R K DR e IR AL A e A

1) 7454 Hbr RCS B0¥8 B i 5L iy L, 3 2 13
W F UL A B 7 S H AR RCS By sl A i .

2) ASCHRE S — b 3 TR R A PR R A 5
A0S X AR AL T A T R A7

3) A SCHR IR AL AR 43 FL 5 1 RE A8 A i b A T H
B RCS {5 &, #E T+ BB H bR 1 BR RS B, I FL 2
BER 53 B A S P R

BT VR B R R W] AR R AR R FE A A A 5T 5 )
Z—. HARRCS A5G TE B A5, i85 & 5
155 B R Ak 7 2R G o A SO 7E A [ 43 2% F
WAk S5t T AT 05 B, AR T AR ik — 25 0 i %
JRVEE R, it & B AR RCS B8 55 Bl
3, X B IR 1 K SHE S AR AR A ST 43 Bl AN
VPR, SCIIR PR RE A i — AT

£ E Lk ( References )

(1] wHRE, #E, AL, &5 AT EIIRE S HoR BT LRIR 1],
GTRSHFHAR, 2021, 43(6): 1452-1467.

SHI C G, DONG J, ZHOU ] J, et al. Overview of aircraft radio fre-
quency stealth technology[J]. Systems Engineering and Electronics,
2021, 43(6): 1452-1467(in Chinese).

[2] Effe, EME. TUEHEERESHEARTUREITI]. I Tk
2FEAR, 2014, 32(6): 956-961.

WANG W L, WANG Z L. Top down plan on anti-stealth tech-
niques of fixed early warning radar[J]. Journal of Northwestern
Polytechnical University, 2014, 32(6): 956-961(in Chinese).

(3] WA, B IR, 220, T o I GRS Bk i Tk I B B i
TIVEAR[I]. PRI Tk K 242441, 2015, 47(3): 116-121.

SHIJ P, HU G P, LI T. Evaluation of anti-stealth ability of radar on
improved grey correlation algorithm[J]. Journal of Harbin Institute
of Technology, 2015, 47(3): 116-121(in Chinese).

(4] UG, HIESF, £ 5T EgEala 0 5 ik S b S PERe T Al 7

L[] LB AR R 22441, 2015, 41(6): 1095-1101.
SHI J P, HU G P, WANG X. Evaluation method for radar anti-
stealth performance based on evidence fusion[J]. Journal of Beijing
University of Aeronautics and Astronautics, 2015, 41(6): 1095-1101
(in Chinese).

[5] FEE THEREEORM. Jbmt: fizs Tk i, 2013: 14-15.
SANG J H. Low-observable technologies of aircraftfM]. Beijing:
Aviation Industry Press, 2013: 14-15(in Chinese).

[6] NATHANSON F E. Radar design principles(]M]. New York: Mc-
graw-Hill Book Company, 1969: 148-152.

(77 mRot, EZe, fmse, . 1 m AR LR LA M 7 k4R
552505 L MU A A R 0] B AR 2RI, 2022, 11(5):
778-793.



480

b oam o = Mt R OR % %

2026 4%

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

SHI C G, WANG Y J, DAI X R, et al. Joint transmit resources and
trajectory planning for target tracking in airborne radar networks[J].
Journal of Radars, 2022, 11(5): 778-793(in Chinese).

I T AR R (Y TC 2 o3 A 3 TR A B IR A R D TA WS
[D]. JR#R: FLTRHERSE, 2022.

YUAN Y. Research on closed-form resource allocation for wireless
distributed radars with cognitive tracking[D]. Chengdu: University
of Electronic Science and Technology of China, 2022.

GODRICH H, PETROPULU A P, POOR H V. Sensor selection in
distributed multiple-radar architectures for localization: a knapsack
problem formulation[J]. IEEE Transactions on Signal Processing,
2012, 60(1): 247-260.

FEERI, XA, MR, 55 T AR ML S A ORI i 2
B RGERAETN MR L], T 515 B4, 2014, 36(3): 509-
515.

YAN J K, LIU H W, DAI F Z, et al. Nonlinear chance constrained
programming based robust power allocation algorithm for multistat-
ic radar systems[J]. Journal of Electronics & Information Techno-
logy, 2014, 36(3): 509-515(in Chinese).

XIEM C, YI W, KIRUBARAJAN T, et al. Joint node selection and
power allocation strategy for multitarget tracking in decentralized
radar networks[J]. IEEE Transactions on Signal Processing, 2018,
66(3): 729-743.

YI W, YUAN Y, HOSEINNEZHAD R, et al. Resource scheduling
for distributed multi-target tracking in netted colocated MIMO radar
systems[J]. IEEE Transactions on Signal Processing, 2020, 68:
1602-1617.

YUAN Y, YI W, HOSEINNEZHAD R, et al. Robust power alloca-
tion for resource-aware multi-target tracking with colocated MIMO
radars[J]. IEEE Transactions on Signal Processing, 2020, 69: 443-458.
SHI C G, WANG Y J, SALOUS S, et al. Joint transmit resource
management and waveform selection strategy for target tracking in
distributed phased array radar network[J]. IEEE Transactions on
Aerospace and Electronic Systems, 2022, 58(4): 2762-2778.
DAIJH, YANJ K, LV J D, et al. Composed resource optimization
for multitarget tracking in active and passive radar network[J]. IEEE
Transactions on Geoscience and Remote Sensing, 2022, 60:
5119215.

HHRHE, BN, VNG Bk FARRRPEMI. 2 B JEst: i Tl
th R, 2009.

HUANG P K, YIN H C, XU X J. Radar target features[M]. 2rd.
Beijing: Electronics Industry Press, 2009.

AR, SR/NTE, MV, S5 BORDLEX BB ALY S ) S
WFFE ). S 23R, 2017, 33(2): 83-88.

YUAN J C, ZHANG X K, DU T, et al. Study about the effect of
tactical maneuver on stealth aircraft detection[J]. Journal of Mi-
crowaves, 2017, 33(2): 83-88(in Chinese).

INASAWA Y, SAITO M, NAITO 1, et al. Numerical calculation
and experimental validation of RCS analysis for radome-enclosed
scatterer by using PMCHWT-formulation[C]//Proceedings of the
URSI General Assembly and Scientific Symposium. Piscataway:
IEEE Press, 2011: 1-4.

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

YAN J K, PU W Q, ZHOU S H, et al. Optimal resource allocation
for asynchronous multiple targets tracking in heterogeneous radar
networks[J]. IEEE Transactions on Signal Processing, 2020, 68:
4055-4068.

YUAN 'Y, YI W, KIRUBARAJAN T, et al. Scaled accuracy based
power allocation for multi-target tracking with colocated MIMO
radars[J]. Signal Processing, 2019, 158: 227-240.

LI J, STOICA P. MIMO radar with colocated antennas[J]. IEEE
Signal Processing Magazine, 2007, 24(5): 106-114.

FEak, WA, sk, L BT BRI IR A 43 i X PA-
MIMO FBRGEMTTIAIREI]. Tik2E4R, 2023, 12(3): 576-589.
QI C, XIE J W, ZHANG H W, et al. Hybrid distributed PA-MIMO
radar system model for improved target detection performance
[J]. Journal of Radars, 2023, 12(3): 576-589(in Chinese).

LI Z J, XIE ] W, ZHANG H W, et al. Joint target assignment and
power allocation in the netted C-MIMO radar when tracking multi-
targets in the presence of self-defense blanket jamming[J]. Defence
Technology, 2023, 24: 414-427.

YAN J K, JIU B, LIU H W, et al. Prior knowledge-based simultan-
eous multibeam power allocation algorithm for cognitive multiple
targets tracking in clutter[J]. IEEE Transactions on Signal Pro-
cessing, 2015, 63(2): 512-527.

PRI, R, oo, A5 98 T A A ARBRER Y 34 2 MIMO
TRFETCHEIRT]. REE TR FHR, 2021, 43(10): 2860-2868.
JIANG C Q, ZHENG N E, ZUO Z, et al. Antenna selection of dis-
tributed MIMO radar on target tracking with key target
highlighted[J]. Systems Engineering and Electronics, 2021, 43(10):
2860-2868(in Chinese).

XIE M C, YI W, KONG L J, et al. Receive-beam resource alloca-
tion for multiple target tracking with distributed MIMO radars[J].
IEEE Transactions on Aerospace and Electronic Systems, 2018,
54(5): 2421-2436.

NGUYEN N H, DOGANCAY K, DAVIS L M. Adaptive wave-
form selection for multistatic target tracking[J]. IEEE Transactions
on Aerospace and Electronic Systems, 2015, 51(1): 688-701.

Bk, WU, AR, 5 R TIR S HAR RCS 0 A9 AR IR 65
IR BEIR A IE AL O BL U5 ¥ 0] W TS AR B 2R, 2022, 44(12):
4151-4158.

DUAN Y, TAN X S, QU Z G, et al. Adaptive resource manage-
ment method for phased array radar based on RCS prediction of hy-
personic gliding vehicle[J]. Journal of Electronics & Information
Technology, 2022, 44(12): 4151-4158(in Chinese).

NIEHSEN W. Information fusion based on fast covariance intersec-
tion filtering[C]//Proceedings of the 5th International Conference on
Information Fusion. Piscataway: IEEE Press, 2002: 901-904.

YAN J K, LIU H W, JIU B, et al. Simultaneous multibeam re-
source allocation scheme for multiple target tracking[J]. IEEE
Transactions on Signal Processing, 2015, 63(12): 3110-3122.
YANIJ K, LIUH W, PUW Q, et al. Joint beam selection and power
allocation for multiple target tracking in netted colocated MIMO
radar system[J]. IEEE Transactions on Signal Processing, 2016,
64(24): 6417-6427.


https://doi.org/10.1109/TSP.2011.2170170
https://doi.org/10.1109/TSP.2017.2777394
https://doi.org/10.1109/TSP.2020.2976587
https://doi.org/10.1109/TAES.2021.3138869
https://doi.org/10.1109/TAES.2021.3138869
https://doi.org/10.1109/TSP.2020.3007313
https://doi.org/10.1016/j.sigpro.2019.01.014
https://doi.org/10.1109/MSP.2007.904812
https://doi.org/10.1109/MSP.2007.904812
https://doi.org/10.1016/j.dt.2023.03.005
https://doi.org/10.1016/j.dt.2023.03.005
https://doi.org/10.1109/TSP.2014.2371774
https://doi.org/10.1109/TSP.2014.2371774
https://doi.org/10.1109/TSP.2014.2371774
https://doi.org/10.1109/TAES.2018.2818579
https://doi.org/10.1109/TAES.2014.130723
https://doi.org/10.1109/TAES.2014.130723
https://doi.org/10.1109/TSP.2015.2417504
https://doi.org/10.1109/TSP.2015.2417504
https://doi.org/10.1109/TSP.2016.2607147

H2 M BT, S — 0 IR 1] B B AR R O 7R Ik 4 M R e IR A A B 481

A resource optimization allocation algorithm for radar
networked system for stealth target tracking

HUANG Jieyu', ZHANG Haowei" ", XIE Junwei', LI Zhengjie’, QI Cheng', DING Zihang'

(1. College of Air and Missile Defense, Aire Force Engineering University, Xi’an 710051, China;
2. High Speed Aerodynamic Institute, China Aerodynamics Research and Development Center, Mianyang 621000, China)

Abstract: Resources are typically optimized using the radar cross section (RCS) statistical model in the
detection process of conventional collocated multiple-input multiple-output (MIMO) radar networks. However, the
RCS of stealth targets changes dynamically, which can lead to the degradation of target tracking accuracy or even
target loss. To address this problem, a collocated MIMO radar networked system resource optimization allocation
algorithm for stealth target tracking is proposed. Firstly, the target state is estimated using the covariance intersection
(CI) fusion filtering algorithm, and the predicted Bayesian Cramér-Rao lower bound (BCRLB) under the CI fusion
criterion is derived. After that, the target RCS is predicted based on the property that the target RCS is related to the
radar predicted observation angle, and the objective function is consisted of the weighted sum of individual target
BCRLB. Consequently, a beam and power optimization algorithm under the RCS predicted model is established.
Subsequently, a contribution-based fast solution algorithm is proposed to solve the model. In comparison to the RCS
statistical model strategy, simulation results demonstrate that the proposed algorithm can efficiently use the target
RCS information to achieve a better resource allocation, which can increase the accuracy of stealth target tracking,
under the stealth target RCS dynamically changing scenario.

Keywords: collocated MIMO radar networking; predicted Bayesian Cramér-Rao lower bound; radar cross

section prediction; fast solution algorithm; beam and power allocation; multi-target tracking
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Wing maneuvering load control method of high maneuvering aircraft

ZHAO Zhuolin" >, ZUO Linxuan’, QIAN Wei" ", CHEN Tongyin’, WENG Zhe’, WANG Zi’an’

(1. School of Mechanics and Aerospace Engineering, Dalian University of Technology, Dalian 116024, China;

2. Shenyang Aircraft Design and Research Institute, Aviation Industry Corporation of China, Shenyang 110035, China;

3. School of Aeronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210000, China)

Abstract: For high-maneuverability aircraft, maneuver loads constitute the primary design constraint for

airframe structural strength, significantly impacting structural mass and fatigue damage accumulation. To address the

requirements for lighter airframes and extended service life, a wing maneuver load control methodology was

developed utilizing normal acceleration load factor as the feedback parameter and implementing active control surface

deflection. Focusing on typical extreme maneuvers of conventional-configuration high-maneuverability aircraft, an

optimal load control strategy was derived through systematic evaluation of wing control surface deflection effects,

thereby establishing deflection parameters for subsequent simulations. Comparative analyses of wing maneuver load

control effectiveness were conducted for multiple threshold-initiated strategies. Results demonstrate that initiating

control at 75% of the maximum normal load factor and applying a 5° deflection command reduces peak wing bending

moment by 10%. This approach shows significant potential in reducing structural load-bearing requirements and

mitigating fatigue damage in high-maneuverability aircraft, supporting structural integrity enhancement.

Keywords: high mobility aircraft; flight load; maneuvering load control; wing bending moment; control strategy
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(1. EPRH R s KREERE, KUD 4100725 2. KABRGBTS5EH4ETS20E, Kb 410072)

1 B NS ERBELZERRKR MME) 7 ES 2B, AHSMARENT,
REETERBHRARN T L7 ERR BRI %, 2T ZHILALF|F 5] (3D-RTPN) £

HERVS EAWHRK G RMH 2R EHAE; U

%P R AL B AT G R B AR K

ARUWER, WREEBFLRANERE; ETENEGTATE (AHA) ZALEHEN S BT
(MMA), B E G REG, i T ik ik a2

x #E:
HEL EIA T
FESHS: V448.2; TI765.3
XEkARERD: A

ORI N DRSNS = LS S i N S I
FEEIE A . X T BE Ty, S5 Z B B ) R
o LR R L D B, 2 4 AR (multiple kill
vehicle, MKV) £ ARACEF BB L 00 B0 o w7
Bi7 80 7 A0 Af L BRI 2 2 R s 2 H bR A8 K
(multimissile and multitarget engagement, MME ) 37 5«
T 2 £ A 2 H A5 4 B 0] A8 (multimissile and
multitarget assignment, MMA) E.H 8 Z 5% .

A AR X H AR M 5 a0 A A T S
X E bR B BE B PEAS , LA S R 42 A8 40 T Ja
JE R B H A A JE RS £ 5 B R, T 5 AR 4R 22
BN E], 25 H SR A sk A 3500k 04T MMA S0
UEEIY . Chen %P HS7 T Z PR AR 2 UK Th R 48
HUIE I T 5 R R AL 5 1 (genetic algorithm, GA) 3
F14E5% 4Bl Yang % 78 MME %5t T, LUiR/ME
R H TR A A O bR, TR A N T EA
WAL S5 A e o AR AR A 4 — b 2 S kT
flt. 4k (particle swarm optimization, PSO) 5 5| J1 48 &
FHENIR G Z Bintifeda:, S0l 7 285

LEBBLERE; ZRERE; ZATLAST; EREGTHHE

*; A

TEHS: 1001-5965(2026)02-0490-08

Tt/ N ECRIL S S B2 R % i AR 2 TH AR Y
Z HARYLR 8 S . Merkulov %! 1 % T 04
FAPLAERIT B b 2 A AR A R S B BR L B E
T AL, W5 F &2 A B % (Hungarian
algorithm, HA) #E 17 2 H A 4r it . Kim 55 £ % 1)
I o 22 11 78 H A, 42 10 —Fh 25 ot Al B ARG C SR
W, IZ TR MG N R A AU A AR T2 A A 2 R A T
15 B3¢ B I L T I ) AORSE # 2S B A5 3 B 5 ik AT
HAR G BC . A% 50 0 2F #1582 A g b BRAC 0 B oy
J7 B B, 5 itk S VR Ol R M f F R Rk
(adaptable Hungarian algorithm, AHA), 7] i/ %f MME
8575 =9l N E K 7 T |11 M B 2 R S Y - R R E S R
sRefibl HL25 RAE ML . Guo %™ #E 7 T H bRk
oy R 5 S B A SR A B, R T M AR R
Q2 LI TR AT 45 /il o Geng %P & X
Bl 25 A i 37 5 i 2 B Bt WTA [n] R, 25 B[R] B Bt
i Y T 5 A WS i 4 L AR Ay R M R ORI ) [
R, ST G RAE R A LT 45 40 . 4R T4
CRAH BT T IR L AR A S R I FE TS AR,

Yk B EA: 2024-05-17; R BER: 2024-08-17; W% & AR AT E] . 2025-04-02 16: 15

P 4% Ry 4k . link.cnki.net/urlid/11.2625.V.20250402.1002.001
HEETE: EHEARPIFAIES (12472359,U2441205,62103435)
* B {5 {E# . E-mail: likeboreal@nudt.edu.cn
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LIHJ, LI KB, LIANG Y G. Multi-to-multi energy optimal task allocation method based on interception capture region[J]. Journal of
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P —Fh Z R RE VR D[R] 2 R, S8 R a2 > 1|
ST S E AR LT 45 A A R AR AL . il AT
BEXE MKV H b5 23 BE 0] 23, 1 57 88 HOt A A3 B A0 £
HEYE QAT v SR A B 3 1 B 5 2 A ) A A, )
JFH 7 Q8 e 48 R SRk R T R 50 5 B T R T
DUR TR, 25 T2 5 S B H AR 3 T

3R SCHR I TR R O A0 Oy v B AR A ST O v
WHE— @ B LS T MMA, {H 2 77 78 2k
b R IR H Bz g/ ot R a4
BRI AR RE RN AR A A L DA ER
2 YN 2508 S5 T R, 5230 MM J7 325 4 X0 1 R
PEAGE

Shffpk 1R ), 7E MMA H 2% R A A
AR XU TNY . AERRAET N, Li 5 34
ST v % BEAR LY 451 52 5] (ideal proportional navigation,
IPN) £ xFAE LS H Ax 5 HL3h H br iy 2 B0 e E 17
T oW BT AR R i, Li Y M4 4y
B 7O TUr ) AR R R RE o 9T AT S ISR
(¥ FBRAH AR E S, AR 2551 R A ) ik 3 — 4
PUSE L) T 5 | A AR X B T PR . Li S
PE— LR XAEE LS H AR, S 7 =4S 1
%] 5 5| (three-dimensional realistic true proportional
navigation, 3D-RTPN) (1 4ifi 3k [X 3 5 H 491 5 5| & %X
(G BEE PRI L

1 T B L) 5 | AU TR B S AP L
BT IR B, AN SCHE IR U] S O 3D-RTPN, Jf %
5 3CHR [16] B By #3735 T 3D-RTPN i3k X
3 AT, AR H A IS SRS S ) 2 5] REGE
Fls SR, bt il 4 & S RE R AR R LS, 2y
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14 ST SR AL
1.1 EHEBREX
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A NN OIS 51 2R 8G e AR TE 1] B 1] i
FHE RIS F bR, AL S 3 2 .
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{ law ()] < @y (3)

law (D] < @
S oy ap. a Hy FARHLEN e 3 WL I A
B 22 25 AL BRI Y B ML
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Qg
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rlmp

2 (1% = ryiss) @max — 9)°
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s ry A VR B 5 vy, WA I LT 1]
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XPRAS ZAF 2 (5) AL (6) 15 LA 2 )i, LU =51 &
ok B 2 X (4), AT RUARIE 42 8 2% 75 3D-RTPN
il T LA AR H A, B2 (7) BT, [R] 422 A 1
Tl RN R AR g, B (8) BT

P 1y =0.5 m, v, =2 km/s, @, =2¢, @, =3g,
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z Bl AR A FRAS B R R DR = 4R DR InE 1
FR o
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Fig. 1 Three-dimensional capture region of RTPN

0.10
0.05

—0.05

Vo/(km-s™")
fl

—0.10 1

7015 L L L L 1 1
-16 -14 -12 -10 -8 -6 —4 -2
v,o/(km-s™")

[ 2 RTPN 4RI

Fig. 2 Two-dimensional capture region of RTPN

H 1 AT, B A 5 ARG R R B R,
AR X MAE B WG R HHE r, Ja, RAE (6) 7T
1, v, F7E L BR CHA BfEL, X 10 266 X (B A7 72 T BR,
AR SORE (v, | R FE TR EE ) oy 18] 2 R, B4 43
R R R AR DX /N o TR p T O R

IR Bk e, 7 1) Fo R X O 5 2 9 i 4R K, 7
P AR L FAE AR BRI R, XS R v, 25V LR
WA /N
1.2 BEEHESWN

SCHR [17] % %5 B #5 A L3l 5 2k H IPN AL 3)
2 FE TR HE S T 2 0 e v R 2 I 23R 5 R 1 1Y
fife b 2o AT R R Y R R AR AR R T A, R A
) P 7 7, R T e 7 Ak b 2R PN A 57 R A X 52 3
Jr R (1), #FXTAEALS H AR 5 2 T Ly m AR
FEAENLE G B AR, SR G R I R =X
5 R

I B AWLE 5, tHxTE 37 L ()
52 Kbk

rd)s+2ifws:_am9 (9)
% 3D-RTPN il F:45 4L (2) FRAZ (9) AT 1%
rir,+ (2 —N)iw, =0 (10)

PG a4 EE T, Wik, Mk
5 1) AR X 3 v A A H &, Bl i = const. . E—24
SR H A B R N () = ro + i, IFARAEL (10)
153
s E1F
r0+rt
2 (11) 32— B 56 U B 7 A — I 2, KA
15355 K,

ro+it\\? P\
C()SZCUS()< 0 > :w50<) (12)
o Ty

HaC (12) [ AL RTPN il S T, B a5 &
BN>2 1, PR 2 2R i 25 A X I B B A B 0.
] S 2 P R R R Ry

w,=0 (11)

AV = jo’famgdz (13)
Bt ) A=t (12) 1R AL (13) ALV ] 15
N N
AV:N_lCUSOrO:N_IVGO (14)

Wt (14) \TRLE L, BT HARAEPLSE, H L,
K RTPN il S (32 s, JH B 1 5 OF T T BR
WIHA SR H AL ) (R R R, FL 3 K/ E [ .

EE Xt B AR L3N 5, 1R B ARHL S B 32 2
WAL I a], 17 ] A ML 3N AT dc A A G KR e
R, PR A L R, B R H BRIV AR k1
DAt Rk 2 AT #L 8y, 0 2 AH X BB B AR TH 7T SR
r(t) =ro+ it~ , A X B B 7 AR S (D) AR
2 EAL R
o (2—N)fws __o

r0+rt

(15)

r0+i‘t

3 (15) 778 — Br &k IR 55 Ik oo 7 e A8



5524

RS, A BT X ‘2 L7 Rkt B AR B 493

2, RG22 05 TR 10 160 e A 3 P e A gk T A o
_ I"0+i"t N=2 Qy o N=2 1 _
a’s_( o ) Q2-N)7 <r0+n> T e
. N-2 . N-2
ro—rt Qy r0+rt _
C()s()( 7o ) +(2—N)r 1—( 7o > :| =

Qy i wu— Qy r0+i"t N=2
(2-N)i VT 2=-N)F o

(16)

il Seaed B R R R R
AV = jo"amgdt (17)

B2 2) Ak (16) 18 A (17) B35 51 3k i 1
e fE TR
Nayt; Nry g
TN-2TN-1 [wso_ (2—N);~} -
Nrowgy Nayg ryvesi N 7o
N-1T N-1F N-1 (V”_“"v,.o>
(18)
5L (18) AT, HArblLzh% 5, R H RTPN
il A 2 AR BR T FE 2 BRI BR A 4R o H Lk
Tia] F) A X 38, IR B AERE i 5 HARHLBI AL .
SR RE M 5 L ] R AR RO OG, B L)
FRBOE, TR B B AIC, AR RN AR
M2 (14) A= (18), ZEFEHRAS 9280 H Ar i
SE W, HARALBI NG B | 50 5 A X 2 FR S E, A
R AP B 2t T FE, 07 356 IR AT RE R 19 L 1) 5 51 R 8K
Nt . B (12) °7H, N>2 7] DU LR 3 R %
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Na = Ny = o/ P00 (19)
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AL, T EL MME 3 56T B9 MMA AT 55 64707
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S.t. E Xij = k, E Xij = l
=1 i=1

M ox =1, Ron 8 B AR j o Bl 4 280 0
4 x,=0 I, WA BE 5 2 A 2903 Bl RAIE T B M
CRALIEEY "0 S =R TN S SR T A VY R
W HEEEME, AHA AN KB, i 45
o, KRR BB, H AHA 76 A H 4 P4 A 22
BB 2 08T A U2 o, SRR S R Ry A RIS B, T
DA RICR i 16 T LA R Al R D gk — 2
FIAGER LYo 5 R 2 o, 0] R A w2 3 K, SR
fiff BsF [0) A . 36 K, LB B A R R R AL . AR AR
3 W BAE DT X AHA 548 G4k i R AT 1
4 xt He .

3 WEME

AT B35 AT m=6 MUFAER A8 A £E ko
Sk TR T 00 1 B 2R TR A, A =3
B HAR . BIPER N, oL BE 200 %
RN v BIUR S TEBaS NR G E W r, H
HRts, WBPERE x|y 2 P IE A 1 km S0 A, SRR
EANEMN v, WBPERN X, . z AN 100 m/s; 3 >
HARRIEE LR I35 vy ro ray BBEEYN 2 000 ms,
B ARHL SN B it i T R xOy - 1H H A T
& 7 1), ML Bl R 430 R ap=3g. an=3g. ap=
—3g. 1 NTHEHELESH

T, W By, =0.5 m, BV TT IH)
FHXS L v, =2 k/s, 28048 e KL #00 9g, T
H bn iy 2 BT 3 7 M B3N, A SC4h @ Hin s s
M5 FRa, =05g, ML mMTBE FIR o =32,

SR, AR T B AL AR BT A XD IREAF
B ARAE (19) 3 I AR AR (R E AR N

(26)
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Table 1 Main parameters of simulation

R HBH
S BT B, km [10, 10, 10]"
TR K, km £ 1,0, 01"
FERA Kor, /km roct0, 1,01
TR %K, o/km £y 0,0, 177
TR AR, km 1o =1, 0,01
TSI K, /km r,+0,-1,0]"
TR Kor, okm 10,0, -11"
AR L9 1 2 37 5, km [60, 30, 60]"
FBR2 A 2037 Koy km [50,32, 62]"
E BRI G IN %1 37 Ko km [62, 28, 501"
PSR 2 BE RN, (mes ™) 1800
HARLEEE NP, /(ms™) 2000
B4R RNV ,/(ms™) 2000
HAR3HRE RNV (ms ™) 2000
o Sk TR 2205 FE 1 £410,,./(°) 45
b LR R s 220 8 B 19 6,/°) 0
EUbR2 A B 20 151 6,/(°) 0
FIBR3 Y I 208 B9 £410,1/(°) 0
Sk T 220388 FE 7 3 A0,/ (°) 45
EVBR LR 6 e 20 1 503 1, /() 135
EVBR2A0 6 6 R 503 £/ () 130
FVBR 30 46 ot 20 2 53 £,/ () 140

Y, [c0s6,,cos,, 5infl,

SR 20 B 2R i, /(s )

—cost,, siny,, |
T K iy, /(mes ) act100, 0, 01"
LRI by, /(s ) ¥a:+10. 100, 0"
TSy, /(s ) act10, 0, 100]"

TR R By, /(mes ™) v, +[~100, 0, 0]"

TR S KAy, /(msT) v,+[0,—100, 0]"

TR O Ky, /(ms™) v,+0, 0,-100]"

W B A LU A9 5 5 | 2R 8 N, 153 B e L 4525 | 3R 8L
A

[3.4938 27626 3.903 7]

3.1806 2.8692 3.1329

44473 37130 43732

N, = (27)
43333 39346 4.1394

50155 3.6664 5.9206

3.5550 2.9846 3.7679]
R ARxT 2 RA . BARHLERAS 5 e L He 1 =
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I RZBARAZ (23) 15 2CHHBE R
[1734.0 20983 1451.1]
1913.3 20344 17923
1429.0 15647 1334.8
J= (28)

1540.1 15795 14724
13749 16556 1149.5

| 1807.9 20456 1582.3]

AR 24) TR 5 B bR R R XOT
HUWT AR j I A5 AL T2 s 7 A9 3 DX A ) ) by
A

DCap: (29)

—_— = = OO

—_ = = = e
—_ = = O =

0

AP 0, R s HAR j A AL THEEE § AR XN .
PRI, AR ) W R B 5 X (25) 4 AR R R e AR
EREED]
[1734.0 2098.3 1451.1]
19133 20983 20983
1429.0 1564.7 1334.8
J= (30)
1540.1 1579.5 14724
13749 16556 11495
1807.9 20983 15823]

BN 6 MEEEAR S 3 Bk, % 1E
R A OOT 20— B AR, B A=1, B4 AR ]
B2 A EAR AT o, B =20

AR Q2) KA HE M 78 e — AU

IR AHA J7iE B AT 0 BE o BeAh, 23 3R U %

AR M GA S ¥ 51 — IRk B4 (sequential
quadratic programming, SQP) i {1 & & 1 (Bl GA b
KA Ry SQP £t R 47 W) MA, i 5 R SQP # 17 [7)
)« 5 ISR B GA BEAT X (26) 19K MR,
2 AANFBEEN B R . mE20H, B H
FRAG A 2 P as e T 28, B B AR B4 T+ A%
B AR DX A, AT R IE X H bR B 4l 3% . GA+SQP
TR BN X x, AT RO, (A5 R 5 AHA
B, UEBE T AHA 505 SR A 245 SR i e b,
E— 2055 8 T R R GA WIBAA T R i,
538 TR B BeEs R, BB B AE7E B b A ik
TR R X A RIE L

SR i T R B Ak B 2% R 13th Gen Intel(R) Core
(TM) i7-1360P, 454 2.20 GHz, 1517 IN1E M 32 GB.

R 3INAFBFEFEN S FMEE R TR
R N T R AE Y R AR AT T Gl R 1 i S R X
fENTRE ), BT DACFERT I D . AHA AXTT 31T i
PR REAL B, ToTT 5| ABENLE S TR E, Ik, K
fiff T S PR O A 2 bR 5 IR R T GA
S itk 3 FE A5 18 ELSR M 45 R 0 R e A %, GA+SQP
PR R FERT A TR B HL25 5 k4 R i g, (H
H AN TE TR 5L PR EOR AL 1) MME 5 R
) MMA {55 .

[ 3 MIET 2 Rl MMA it 45 S5 /9 22 #8505
HEER 8 3(a) Jy =4E5 H iz sh Bk K 3(b) b im
MR . ATLAUE 1, BT BHARI AL TR A AR
DX HHe ) 5 | R 8 e =X (4), BRI, o i 3 oK
R B ] 3(c) S A A Y R A I A i
22, W LA, HLBE A S R A U 8 81 3(d)
R A TR A T 1) A TR, LA A Ve
R B, ()

®2 TREEESILER

Table 2 Allocation results of different algorithms

Hirr5
a7
EEY vl P2 EEYAK EET AT AR5 EEY e
AHA 3 1 2 2 1 3
GA+SQP 3 1 2 2 1 3
(TCBHEIR)
GACEHZYHO) 2 1 1 3 2 3
®3 TREBEERMSIMER
Table 3 Time consumption and optimization results of different algorithms
i - T A+ R
ik KRS SEVRABEEN s FHLER ()
AHA 0.000 5 0.0077 9465.9
GA+SQP 9.3168 9.3152 9465.9
(TEHAZTR) ’ ’ ’
GACEHIH) 64.4299 64.4328 10150.9
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Fig. 3 Simulation results of interception
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Multi-to-multi energy optimal task allocation method
based on interception capture region
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(1. College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410072, China;
2. State Key Laboratory of Space System Operation and Control, Changsha 410072, China)

Abstract: Aiming at the assignment problem of multimissile and multitarget engagement (MME) scenario, this
paper proposes a multi-to-multi energy optimal task allocation method based on interception capture region from the
perspective of guidance. The characteristics of the capture region and optimal energy cost in the scenario of three-
dimensional realistic true proportional navigation (3D-RTPN) intercepting arbitrary maneuvering targets are analyzed.
The weight matrix is then built with the intention of achieving both the lowest total energy consumption and
successful interception. In order to achieve multimissile and multitarget assignment (MMA), the adaptable Hungarian
algorithm (AHA) is used. Numerical simulation is used to confirm the MMA strategy's efficacy. The effectiveness of
the proposed method is verified by numerical simulation.
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true proportional navigation; adaptive Hungarian algorithm; multimissile and multitarget assignment
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T AHRS W E AN ERE MR SMMGE

sRE, REY, #rl, 2EA, TaE°

(1. EFNUZSHR RS AR, BE5t 2111065 2. VLIRETER T TRERE, & 20 222005)

1 B VHBBAEANEHAETLEZBH2ELETREARK AL, RE—-HET
& 5% R 5 (AHRS) W9 E AN EA B A7 . M AHRS 1F 4 2ol Tk = 4 L ER A AR

Beits Boit —F0 2T AL B 5E 09 A R AR

K # 2 09 v B K B F (CDOP) % & %

TA R E, BRFARRE TR A, LR ERA G R & E % TR 23k FE N E D
5x58M; AR ABESMAETRMERT . FEEEZRENA: WE ST ERARER
ERAERMITESM, AARIMELLEREFRA, MR TERZERGEEARERT R4
BB, HeAARETANERERARTHEREZLEK.

X B O TANEH; MESFRL; HME; WESH; &ED
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XHAFRERE: A

Te DR IR TE N RGEHAR K R —A>
LTy, 7 RFHAUEL, T LI TR AR L 4 BA
AT | DU AR AR AR A AR, SR T AL
T RE A A8 DR A 20 Ay 32 B i B B g
J1 25 (0 IR1EL, AR RO R) A R P A sk e
TR I SR E (15 S AR AR U ASE 1 R4,
R R R ICANR T T AR S 5
A4 (real time kinematic, RTK) £ AR, BE k19 JH K
G ORGSR RR AL T S . PR
s i, 423Kk T 3 R 4 (global navigation satellite
system, GNSS) # & 32 $t T BUE (VK B 2 0 T [t
R R R, HEERRE 2 DEES
S Z IR A58 ) SR AR e P st
SR ILEY A 5 I Z IR SR R, ML RS
B AR | 1B L 3 A5 T 1 A v R T
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PRAN PR 1Y 43 A7 J7 3K, 2 o 5 H =R 4 A =X
28 Erp AR A =G RIL A R LTy
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SRR IR, XA R ORI RMGE AL
(i) 000 S S 2 TR OC AR, 3 I ) B 5 1 £ A
B REIR AU AR T — b I TR B AR X 22 43 (9 AH
XFSEMUN 2, AT T AN BNTE R > LR T
B A T 52 151 K5 B o Gross %5 PO 3t —Fh i A U1 |
AT TR AVETC AP E . IR AE LAY PR IR]
WU, ARARTE T IE APLERETE GNSS Z FR1%
BUF RIS . R ZE P R — R I T
i i I ANHLEE] H AR E A2 J7 ¥, I R HIHCE S
SR /N LA K B B F (geometric dilution of precision,
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Fig. 1 UAV swarm cooperative navigation scenario
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Fig.2 Schematic diagram of AHRS-based cooperative navigation principle

2 SaXhESAUERSEIT

AR R R AHRS AR B B 4440 S T Hh
PR MBS I B v RS B R
e R R (= AN I S E N VA S K [0 A
{55, 23 3T AHRS B 22 G0k 25 386 HE R 50 Fn
TR I B ) O R AR U A . PR E R AL R G
PRI AL RAE Ry AL AR AR 2R, 004 A s 3R B RIS
Pl S LY
2.1 RGRSHEHRE

AHRS " A F#E 3 71 58P I BT (inertial
measurement units, IMU) ' {4 i1 28 B 11 . B IR 2§
FRBETTE N A B AR T I R R ASFEE,
FHEL TAL GLbE AR = L A M S R A A ) R 22
FARI AT, F2 T AHRS BUALALHESR A5 3 Js .

Jo r
0,0,y AR FRAS :

T"” 0, ylE A

BN

13 AHRS fitf 5 s
Fig. 3 Principle of AHRS position estimation

F b, f oM BLER TR 2R G e ALK 2 A0 =il sk
FETFH T, £ o8 200 B e 7 0 P AR B 5 1) M0 R
= L, 6. 0F1w 43 JE AL AHRS
it R R AR L AREAD A R 1] £ o AR SORE P RS A
RGEHREE LN

X = [Ve, Vo, Vi, A, L, 1,5 £.,8 ;.8 £.] (1)

P ves vos v EADEAR ], L1 KA
MO AL Ly b B E AN S S &
BEs 8f, s 8f,. 8453 5 S I AL A3 il 7 i 1] 2 Al
Fe ) Rl R 1) IR R 2

BT L RS R RGURE T e
Xklk—l = djk,k—lyk—l\k—l +G Wiy (2)
K o W RGREH B G I RS
FERE; W Rk — LI 20 R G

ARG — LW J5 iR 2ETT RN T
Py, = ¢k,k—1Pk—l¢Z’k71 +Fk—le—lFZ4 (3)

s Py R k— V207 2 W55 Ty R 3R G0 Ji
W5 Quot R B GENE 75 1 7 260 P
22 ETHEXNERHESAERE S

206 A HLBE 42 0k 8 GNSS 15 5 i, AR A
AHRS/GNSS - JE % % 5t 88 76 1% R 4 2 7 1% 2 18
1E, AT AR RN, JE AL 5 R T S
ST R B, R EBORE G B {7 S8R B ) SR g0k
SEIN B E O . B 1SR AT AHRS
AU AL BN (0,020, ) » T2 H I 55 4T
DN (X V2o, ) » PITT RFE BTN

1/2

dm‘—"" = [(xul _xt'1)2+ (yul _yﬂ':)2+ (Zul _Z"')z} (4 )

X FEHEAT AR A AR BRI, 7R IS 1AL B FLfE
(e, yr,z0) A0 JRE T 2 Al B, 25 50 e B i 14 A1
XFER (G B, M 1S AL B AU T S B Y



%5 2 LIRE, % ZT AHRS (9 JC AHLERFEME S0 2 501
A B T 2 T (cooperative dilution of precision, CDOP) i}, % & ]
8y s, = €1 0X + ey + €30z + &4 (5) LT s AL EORS T B B I EORS L R Y
Rl e e e WRFSE BT )y ITEPRITEAT:

[ AR5%5 €4 77 2220 qu AR I 7
SHIARTI G5 A 2 A R EE R, K (5)
P IEN

€1 € €3 vy
ox v
oy |+ v,
0z .

AP v TS BT A R 2 ARG B
MR H N5 T AR SRR s Sp ol (i B R 22
RN R INAT R | R R R R, TE A
1) A AR i 5 IR0 24 o 22 A 10 A5 8 %0 T 1) [
AR, 5 AN SR A () 25 b o 45 R A P [ 5 67 A
B, SEO T e S BB IE AR, BT
L L AT b 2 (R B

€ €xpn €3
D= |, =H;dp+v (6)

€3 €33

cov(3p) = (H,)"'cov (3D) (H)") ™" (7)
i 1 F AL A FE W, = cov (3D) /¢35 3K (7) %

e

cov(8p) = (H)'W.H,) "' ¢> = G (8)

*E%EKM?TJ}FJ?I%TE?[G(1,1>+G<2,z>]‘/2$[l%f§“
D3 [R)RE B2 [R5 G 5) A0 22 119 I3 [ A B2 1R 1, BAE =
WrEREPEAL T L, Bt AR B RE T AL MU 5 &
L/ CDOP g AR ok B0 73 A1 2058 i A
T R, LE R A [ I ORAIE A TS 08 8 oL
K5 RE

1t AHRS i HES I I 43| kAT
RSB, NG — BN Sx, Sy, 8z 84, L. oh
TN, HEFEI SRR

cosLsinA (9)

—(Ry+h)sinLcosd —(Ry+h)cosLsind cosLcosA
H:=| —(Ry+h)sinLsind  (Ry+h)cosLcosA
[RN(l—f)2+h]cosL 0 sinL

P Ry I I8 i 42
DI IA] A0 2 4 D SR T

H: [OnXS HiH§ 0,,><3} ( 10)

ORI 5 E SRS BE 2O T B Y
O ERGRE 25 ()RS 2 43 A | AR 22 457 Y L)
IR ) B NOLS B4 i, I 45 B 2t 3L B 2
B, PR R 7 Ak T o il e A R A IR 2
P F B DR BE, 1Y 0 AR SRR E R OCBE, AU,
BT TR O R ) S R R L B R AR

ORI s AR R B e [ AR R A2 T
I, R GE BET B2 R S, BEIE 5 22 7T LLid
i TS 2
AX = Hi Py H, + R, (11)
e Ry O A5 LYY A0 A7 B 1% 25 MR X 0 B
VRIE; H A ke I 220 9 Bip ) S350 2 8 000 S o I

AR AR I 05 B B R R
Yi=Z; _Hkalk—l (12 )
e Zi ke B 200 B B ) 0L 5 5L

RIR &8 B R B AR 2R — 2
DB 2 22, AE BLHE S B A 0, 5 B B 7
ZESERET

Allcnm = [Yk‘}’kT} (13)

A EC (1) R (13) 5 SCRE X 8 s a2 W
IS

Mk =A;(nn0/All§ec ( 14 )

AR 000 P 2 5 B D 725 1 7 0 A il 2k, i
b 5 B AR g, 2R T 1T B R (P 5 e O
WAF B 50 B, DA H2 /55 P[] 3 A 10 0 28 B B TP e
J1, RGETTBR AR T LR AR 00 P 5 2% L 0 B
B2 KT 7 B R 25 O T 45 A R A T 2 B
23 AXFFEXLIRE

AR L IR AR 4 B R, BLARAT LAY
DL BB

1 SEML AHRS BPRE & | IR ARG
FEHRAE, AFE R E WA O B B . PhJT 2% Py o

IR 2 AHRS fii 1 st B2 9 =il i fs £5c 40 A
HAEAE L, MR Q) i A R

W3 MR B S0 PR S AL R
S o R P A ) DI TR TR 52 1 e A 19 R T
I 1 1819 a5 B0 1T DL Bl A R

4 XEEAE B AT 2 W, AT
R B, TR AR G D R R AT A, T
ot A5 5L A A AE T B0 A DA A AT B ) B, R
AHRS 4 35745 6 1sf 8] P B R VRS JEE

HIBS I FH I X AHRS Y7 B iR 22 iF



502 b oam o = Mt R OR % %

2026 4%

wﬁ%ﬁ;%
s [

FRLRAR )

DI IED AR o7 B Al
. TR !

Pl 4 D) S AR
Fig. 4 Flow of cooperative navigation algorithm
THBIE, H4 [ B 07 il 53 45 S AN o & PP A B 15 B AR
S RME BRI o3 R A AR AR T AR, e (]
I 2.

3 mESITS RN

ARATER XA 1 PR R S S, R
AT WA RO, 4 B 54T MATLAB i B Hr
FE T W) - 5 SR A B0 1) 5 R 0
31 fFESH

U5 B LA 13 B2 T0 ALK 5], 46 BF ) Uh A 4y AT
AT S AR N E AN 5 TR . Ho, 5 38 E RTK,
OES 15 £ I 5 17 55k A FE AR A 2 X S e 15 2.,
Jit A JC ML B AR A AHRS | B30 38 15 00 A%
A AEE

TRGEAR 0 O B R PR, S

' 11010-14

2006 T
Jl‘fﬁ/{& 20.020_02 5 110110 5410_06 -08% o

& 2000 110,502 VA LN

o RHITI L < AT AR

K5 TAPUERERILG (B

Fig. 5 Initial position distribution of UAV swarm

ST, B e SR AR R | g R R AL
B nE AR B AR EOR,, B PO G T AE
P19 A5 AN T 43 A RS B S 17 i P 5 52 PR
23 T ECH IR R RN N BE B S BT A B A,
i 85 A [V L T R A R B Y S R R
F, R AN IE 6 i

K6 JEAMLERE T RihTh
Fig. 6 Node topology of UAV swarm

BP0 75 115 135K 5 R H
2 BT SR U R A B R B B A, IRk
PR T R B A b LA S SRR P R R A
AU RS R M A DA g BT M A, {5
P RRES PERB T B AN 1 Fs .

®1 HEARSMEEEE

Table 1 Simulated sensor performance configuration

2 HfH
AHRSHUZER R 2/(°) (0.2,0.2,0.3)
AHRSHLZAR TR /s 60
AHRSHINEE i #5222/ (mes ™) 0.000 38¢
AHRSHIIEEE ARG A]/s 3600
GNSS{i Hi3%2/m 5
GNSSHEF2%/(m's™) 0.2
OESHl#E2%/m 3
OESIff1i522/(°) 0.01
AN IR 5 E 1 7 /m 10
B B B DR 22 /m 10

Jo N HLEE B 1) 72 S o AHRS fir il BE4T R 258
FUAL AR, R BEAT B T30, X 2 R AR
F14 TG 5 e R SO0 B AR 285 36 4 7 A2 S . GNSSS,
OES YT HT A | A L5 e SR A v 14 2 o o7 5 e
HJE , 8030 B e b IO B 43R 2 o 5 N 1] ) 200 o 1
DRSE , A FT SR SR BE ik 3 2B AL e
AEIEAH K o

S 56 TIE B A T B T A 0 X B[R] E A7 1 RE Y
SR, A 71 308 2o R I A S S R 6 ok



%2 PRE, & BT AHRS B E AN R DR S 503

FIYT T RE O B 0 BT S B, O B O B
0% 1O 208 358, 5 JRAN 1T U 0L AT
B, fEREE T S KRABIRETE, &AL E
PRZERFFTE 10 m &4, RRIET SEE TR 6%
AT S AE K J7 1) b o X 5@ 7 1R 25 #h £k an 1 7
IR o
£ 2000 S —
B o -
3
2000
& —4000¢
E Of—7w—— —
1 ~—__
é -1 000 \T_\__\_\__‘.\
T 2000, 200 400 600 800 1000 1200
A ) /s
—— A U
(a) OB/ 144045 i T, PR 2 1525
£ 40
I I "
B0 RN e, Y
- oAy
¥ —40 ' '
E
oK % A
iES' . ﬁl W
- 1000 1200
EﬂEﬂ/s
—— DB R —— 3MRENT A —— SERANTT A
(b) 228/358 /ST TR, PRl e iR 22
B 7 TR R R e iR 22 Hh 2k

Fig. 7 Positioning error curves for different number of
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Cooperative navigation method for UAV swarm based on AHRS
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2. School of Electronic Engineering, Jiangsu Ocean University, Lianyungang 222005, China)

Abstract: In order to effectively solve the problem of low-cost navigation and localization of UAV swarm
under the satellite partial denial environment, a cooperative navigation method for UAV swarm based on the attitude
heading reference system (AHRS) is proposed. Firstly, the design of the 3D position estimation model is completed
using the AHRS as the basis. Secondly, the cooperative dilution of precision (CDOP) is used to finish the optimal
node selection in a distributed cooperative navigation filter based on inter-aircraft range, which lessens the navigation
system's computational load. Algorithms for fault identification and isolation are then used to diagnose the disrupted
cooperative measurement data and reconfigure the system. Finally, the solution of the absolute position is
accomplished using the distributed cooperative navigation algorithm. Simulation and experiments demonstrate that
this algorithm effectively resolves problems such as excessive reliance on satellite navigation and slow processing of
large-scale navigation data. Compared with traditional multi-source fusion algorithms, this approach significantly
reduces hardware costs while meeting high-precision positioning requirements for a large-scale UAV swarm at a
lower cost.
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Ligr+Lpg+1,0b (CyB+Cybp/2V + Cpbr/2V) + 1,0b (C,5B+ C,,bp/2V + C,,,br/2V)
f3 = ISP’”+I6(’”2—[92)+I7QC (Cm()+Cmaa+cchq/2v+Cm(ﬂ(sf) 5
—Lgr+1Ispq+1,0b (CygB+ Cy,bp/2V + Cp,br/2V) + 150b (C5B+ C,,bp/2V + C,,,br/2V)

0 LCis, + 1,Cys, LCis + LCop,

I;cC,,
g=0b| T 0 0 .
b
0 LCps, +1,Cys, LCis. +1,C,5,
e A8 T
Uaer = g;l (L4eX3 _ﬁ _"1\/\’3> ( 26 )

K ey, = X5, — X33 Ly = diag (Ko, K10, K1), Koo Kol
Ky HIEH 4L a}gﬂffd)@ B LR o

TR AL A B Bl 25 0 4 T 4, 45 23 )
il K T RO DL B A

V=fit+teT+dy, (27)

b fo= = = gsinys g = UL g s,
S FEH R

T=g" (Kney— fi—dy) (28)

Kh:ey =V, -V, VoRHIRENEES % H; Kb iE
ﬁé&, ﬁvﬁdvéﬁiﬂ{ﬂﬂﬁo
3 BETLSBEMEELRT
3.1 SRR EE

Ji ey R0 A D0 Ak B 1 oy 1l T 4 1 T BR 5 b
PRI 2 BB, 75 1 BB, h R BA A
BRI AR R 0 A R e BRLUTR R0 AT
R

{Pi(n>=Pi(n—1>+V,-<n>

(29)
Vi(n)= Vi(n_1)67Rn+rd(Pgbesl_Pi(n_ 1)

e Py )V ()53 530 D 265 4 85 1 72 50 nf R o2
B s ROy M TR A B AT 5 g € (0, D) BEAL
B P MEALAG T . HIBACREEAS 1 By
Bl EBR Ny S5, RSTEFR IR HEACE 2 BB

TE 55 2 By Be, A5 4 05 R T e bm A O S A T
He, 857 SR MU AN T

> P f(Pin)

Peania(n) = (30)
N, () f(Pi(n))

N,(n)=N,(n-1)/2 (31)

Pi(n) = Pi(n—1) + rq (Peener(n) — Pi(n — 1)) (32)

X Np () N RS RETEZE n U 89 TG f(Pi(n)

TN RS iR U B BRI, AR R BT (P(n) Y LB
TE BRI F B B, 89 F MR B 2 B BARCE, i s
PRECAL T )5 50% M85 F SR o & 5. TEIR BI5E
2 B Bt K A% AR B Noman S, RS HE DL A0 A3 B 1 B
LA+ 1Y 25
32 BiATSENCEZE

J bR R RE LA S VL 45 5 B A Ry 3 e O AR M
B o AEXT i 4 B SRS M T R AT, AR
B2 NMCGE AL EE M RE, A iR AR
WRSHEL AL

fE AW RS REUL AL S E D, b AR R AR
55 M bR W B Bl G, 7R AT Y RS A
i FPC S5, E B R T R R )N 1) e
ARFES, 1) RS R 25 H O AT FE B TR B SR A
FUE W, X T B A R A E S A AR FR ] Y
FUEE, e P A 0 RS 3 025 o0 B A EE BE B 43
Be, AT LA 2% W SIGHE B, A IR A 22 A 1 %) 9 /> i
R BLAR, GIAAR SR NG, £ & R AR E, BREAT
AR A R R R AR . A T RS A
AEALEE AR T4 3.

LB Pinie 8 RS R B RE S AL
RS HERLBLN, (0), 79 #4141 00 45 437 2 P, (0) F1 i BE
Vi (0), Jx RIERIRELN, -

HE 2 IR TR R IR PR AL
e R I B ARG T Ppest, THE BT RGHEAT O

Peoe(n) = > (P(n)- f(P,())) / S sy (33)

IR 3 BOHTRGREAY AL B RE R, SRR AR
Pin) = P(n—1)+Vi(n)
{V,(n) =Vin-1e ™+ 171 (Pgpest — Pi(n—1))+ (34)
2 (Peenier — Pi(n—1))

K r €0, 1) r, € (0,1)HBENLEG ¢ Fl e, WAL
K, X T AR B AR T, o Fll e, 2 TE W8 X T e dl
BT, e MIEHEL, ¢ M 0,

B4 XRSHED L RS TR AT AR S, AR
SRR AR RY F  0 25 R AL, i BRIk 2R
PRECRE RS RE 23l 2 25, B MRS sRBCHTT 50% 19854
MU R B0 0 RS B R R G RS AN AR IE S 45 T A
T, NS5 ORI Hh B LR A AR EA T LR A8 5

P(n)=(1+b)P' —bP(n)  ry>F (35)
2o P TR A5 HRE P LB 5 (1A b e (0, 1)
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Filry € (0, 1)K BEHLEL 7€ (0, 1)K % 4 P Ry 28 5
JE HIAS AL B, U SR 7 8 Pan) o

$BSs HELE 2~-LE 4, HERKIEMNK
N .

TEARER ML ELHE T 5 R e, 1 3 o7 o 46
LI 25 B 2 i /b, T LAGE 1 T 3 IR A B4 1 i
LI . AR AR ML ) B B SR PR AR VA,
I LS BUAG vi BB 60 25 0, AR SC R BB 1) 36 446 o 45 2
FEUG3 o 40 A £ R 550, I A0 RO A AL 32 o 2 5 0
K ~ Ky, BT B ECH

J= [ 1lex,| dr (36)

e eI ia] o AR PR BN, 7035 A S 1 2
/N o A AT RS TR REOL AL AR R R, 15 2 i
DAL AL H S H

4 (HEDH

AR SCHE FH AR E ML S F/A-18A, BRI S 40k
A SCHk [26]0 BRI R LA E R (0,0,~185) m,
N 69.96 my/s, A1 FIAREAN A7 1k 8.1°, iR 5% 44
It AL Ff R T A X5 SRy O, TR IR A L RV R
Tt fe FA R FE 3428 00 T BE F AR 0] LR 62 B R (3 200,
0,-5) m, ¥ J& 4 10 m/s, FARCRTILAA 1) I £ 341 9°,
HAR T WMo -3.5°, #EHl a8 =450k B E Y s AL
EEH RG],

FEFF B R 8 A O A0 50k o 45 i S BGE AT
PEALR, VA 3% BN U L 25 1 S 4. B 3 N T A
UL 2 o R 9L T A O &5 S dn ] 3~ (&1 S B
o B3 AR TP EE IR, 1 4 s T
PO ZE R, €] 5 Sy fa B TP 25 5 . Bl 3~
5 AT, AR SCUE T Y 1 3 7 AU i Xl A 2 AL
Z AT YA R 0 s, Ak e A
PLEAE A — B, Be g AME T S By R 22,
P U W D A R B N ARG

FE 58 B BN 25 08 2 05, R B R RS L
L R MBI e Hl 2 S5 ARSI
UE$E H 1 e E RS REOR AL SR i 1k AR, 1R IR A A
AL B35 ) 8t 4% 53 7% (genetic algorithm, GA )™
HURL T BE A 4k (particle swarm optimization, PSO )™
BV LU stk R R A H A
RGO AL 0 B AR B ES h 100, A RE DA SR AR
1 B BaB AR BN 95, 46 2 B Beak ARk Bl 5. 4 Fh
FE AN RE R 20, HoASE NS 1 PR . FEiE
AT L XTI, BT T4 B R AL I, 2
EOH ] B3 S BT S RATE 22 5, HTHBR IR
SO, FEAR TR TR O 25 SR R i A T

&6 4 AR AL 2 . BRIk A

0.03
0.02 }
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0
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0
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Fig. 3  Track inclination angle interferes with observation results
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Fig. 4 Velocity interference observational results
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Fig. 5 Angular velocity interference observational results

if 25 YK ARRE A SR fe e, A (E 4E 5 78 590 Fff
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{E 0 356.2, It Tt A 30 1k FokE 7 0 % o RL 11
T B WSO8 I T RS RS I, 758 30 UL AL )
T B A, e ZARH B 360.8. AN SCH
RS TEOL LT IETE S 50 AR R BN AL AC 1 2 339.4,
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®1 TREBENEH

Table 1 Parameters of different algorithms
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&
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Fig. 6 Optimization results of different algorithms
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i B, H- 5 EH] (sliding mode control, SMC))!!
TIE AT LLE, 1 BN EL 7 Pos iYL 225
IE 2 () A BB R 2 1R £k o AR ST I AR ) 1) AT 6]
R RIRZL/NT 4 m, (REFFERVNOE N, F AL
Z00 ] 35 22 2 —0.05 m, PR 254 0.10 m, /N T
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7SMCUIJ
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Fig. 7 Glide path tracking error curves of different methods
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PRSI WA R, L BT i R L R A 4
CANRE NS R R e N D N S R MR R A
BT RS RO . Wl 7 I, Bk T
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Carrier-based aircraft direct lift control based on sliding mode observer and
non-linear dynamic inversion technology
ZHEN Chong, FENG Xinyu'
(Shenyang Aircraft Design and Research Institute, Aviation Industry Corporation of China, LTD., Shenyang 110035, China)

Abstract: Carrier-based aircraft are an important part of the aircraft carrier battle group. There are many
technical challenges in practical application, including the landing technology. This work proposes a sliding mode
observer and nonlinear dynamic inversion technology-based direct lift control system for carrier-based aircraft, aiming
to address the issues of multivariable coupling and difficult landing environments. In order to account for the impact
of airwake on control accuracy, this research designs an adaptive sliding mode observer that can accurately assess the
impact of external disturbances on the carrier aircraft's motion. To realize the decoupling of control inputs, a direct lift
control system for carrier-based aircraft is established by using nonlinear dynamic inverse control technology, and a
self-adjusting pigeon-inspired optimization (SAPIO) algorithm is proposed for parameter tuning of the system. The
simulation results show that the proposed direct lift control system has higher control accuracy than the traditional
proportional-integral-differential control system.

Keywords: carrier-based aircraft; direct lift control; adaptive sliding mode observer; non-linear dynamic

inverse; self-adjusting pigeon-inspired optimization
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ETIEZ MU B VIO BYFEZL B8]

mEFRE

SSMAE

gRE, HEg

FEIL T R2: Hshfk2:Be, T84 710072)

i B ETEEER AN ERRT R EEREIT (VIO) R RARSUIEEIE T KA 24T
RERREATE, Bk, #dETEEMEAMERE VIO Rg, RUALNERERE T %, B
R T KERBAANLB RS, FURXE AL R & AR RREZE T, B RAE IR T E XY
HEREFENGELH, RERAAEERMRSETNERAL, EHTRELR, BARA%, £
NTFHFERENLRELN. IR EZRHEER, KSEEEER, RERE R RASEITEHE
G, ELY R T LRI T AR ik A R .

X B i BA; AMEMCS AR R R BRI EARE; AT

hE S TP242.6
NERERL: A

Ii] 5 22 037 5 b [ ¥4 4 (simultaneous localization
and mapping, SLAM) £ R A& % #if B JC A #b 1 4=
(unmanned ground vehicle, UGV)., J& A & 17 #%
(unmanned aerial vehicle, UAV) X #l #5 A 5 5C 8 52
B 7S H R EERAS AR T, AT . & 2 4R
K, BT VLM SLAM 2% 58T i#OLHE X
O SLAM RGEAERAR 38 Bk, Bz hi
FAAHLE NG HTFHICREN T RER
Fuwg, A AL, ot SLAM # ) 1z v FH T3
3R B 5L (augmented reality, AR) A1 g UL L 5E (virtual
reality, VR) 403K 5, pLAh, HLEs N A EHEEK . H
B2 B 4 5 2% N FH 3 5 i B R S SLAM £ R
[FRE T SR B, (H 32 % A R AR I BR 4, 25 T 5 —
fE IR AR B SLAM 2 oM DA 47, 1) 22 15 JE 2 il
G A LSRR — A IR I PERE N 2, R, BE T2
&A% Rl 5 (1 SLAM R %t 2 H i SLAM R %
KTy 1z —E,

ARAIL O T 38 HB LU ) 258 A 3 S Bl
N3 5 A5 5, T AR 285 4 I 5 PR T (micro-

YEHS: 1001-5965(2026)02-0516-08

electro-mechanical system-inertial measurement unit,
MEMS-IMU) BE % 55 4 25 4 (1L v B ] 5 B9 o 3 B
FHUEAE R, N T AL A UAV F UGV 4
G R TR, R SCHY IMU #9403 MEMS-
IMU. 1T 2645, i35 14 2% & UA A A AR $2 7T
BT AMALS IMU flA 9058 187 LR 3 (visual-
inertial odometry, VIO) % 4 fili 22 4%, DU /& 4% Fi
Ji AR, Mo MSCKE fif bk T 5405 T /K
28 VIO F& 48 1Y AR 2 1h) i 2 B 5 Ok ) T
OKVIS B87E 1 3 TR AL Y B & VIO REE
HEZR, X ¥ I 87 100 PN 114 DG B LA Lk A IR S A 31
VINS-mono f£ OKVIS el |34 %% T 9] 4 Ak B 1] 2
R A B, S B AE 2k AP 2 A5 8 R4 R B A,
VINS-Fusion /& H 3 H VIO fig A& ", ORB-SLAM3
TER IR AL B Be g | A4 Ja b, 5 7 048 Y A o7 1R
MAEEER 2R Z5", H &35 -SLAM
(complex dynamic-SLAM, CD-SLAM) % i1 T 45 & 1&
SCFNZ2 A UART A5 5 0 T2 08 0 A1, sl O oy T DR
A AR A BOE OLRE BE R R, B 2 ST k-
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VIO(robust multi-stereoscopic-VIO, RMSC-VIO) 1f }y
Z N ARLSE VIO R G2, B8 A AT B A i Y R
BL, FEEAT ISR & 5oh R a1 xR
45 M) FH IMU $5& (38 1 O A A1 . ARF 400 £ 0080 VR £ o B
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Table 1 Simulation experiment of calibration results
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5 5.17 4.86
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5 5.12 5.01

MH_04_difficult
10 10.05 9.77
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Fig. 5 Calibration program of simulation experiment
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Table 2 Simulation experiment of RMSE results

N RMSE/m
HulidE SEMSBEE (L /ms
ARIT7 VINS-Fusion™!
-10 0.269 2 0.2742
5 0.260 9 0.2615
MH_02_easy

10 0.269 0 0.268 6
15 0.276 8 0.270 2
-10 0.4480 04785
5 0.4529 0.4540

MH_03_medium
10 0.452 6 0.4548
15 04523 0.4497
-10 0.5297 0.5258
5 0.5299 0.5358

MH_04_difficult
10 0.5308 0.5346
15 0.5298 0.5298
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Fig. 10 Calibration program of real-world experiment
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Nonlinear optimization-based online temporal calibration method of stereo
camera and inertial measurement unit in stereo VIO

CAO Ziyu, YANG Jianhua'

(School of Automation, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: The error accumulation problem in srereo visual-inertial odometry (VIO) systems based on nonlinear

optimization is serious when operating for extended periods in low-texture environments. Therefore, we propose an

online temporal calibration method for the stereo VIO system based on nonlinear optimization. This approach makes

full use of the benefits of stereo cameras by constructing error factors using epipolar constraints, which enhances

system robustness and state estimation accuracy while lessening the detrimental effect of feature point mismatches on

time offset calibration. It is suitable for low-cost, self-assembled systems. Experiments on public datasets show that

the proposed calibration method has higher accuracy and faster convergence speed than current advanced calibration

methods, thereby improving the accuracy and robustness of system state estimation. Experiments in real-world

scenarios also validate the effectiveness of the proposed method.

Keywords: robot; simultaneous localization and mapping; visual-inertial odometry; temporal calibration; pose

estimation
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Terrain contour aided navigation based on neural network
LIRui', TANG Xun', DU Yanwei"?, ZHANG Rui"", XU Bin’

(1. School of Automation, Northwestern Polytechnical University, Xi’an 710072, China;
2. AVIC Xi’an Flight Automatic Control Research Institute, Xi’an 710065, China;

3. Shenzhen Research Institute, Northwestern Polytechnical University, Shenzhen 518057, China)

Abstract: Addressing the issues of low accuracy in terrain elevation matching and poor real-time performance
in iterative search methods, we propose a neural network-based method for terrain contour-aided navigation. This
study focuses on two-dimensional contour feature matching to enhance the robustness of matching algorithms under
elevation noise. Considering the rotational and translational invariance characteristics of wavelet transforms, we
extract contour edge features using wavelet transform sub-bands. Furthermore, we present a contour edge feature
matching algorithm based on neural networks that replaces the conventional iterative search matching process by
using multiple sub-networks for classification recognition, greatly enhancing the algorithm's matching accuracy and
real-time performance. In comparison to terrain elevation matching, simulation results show that the suggested
approach improves the matching success rate by more than 30% and reduces the matching time by more than 97%
when compared to iterative search-based terrain contour matching techniques.

Keywords: integrated navigation; terrain aided navigation; terrain contour matching; wavelet transform; neural

networks
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Table 1 Sample information of the dataset
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Fig. 1 Example X-ray security inspection images of some

prohibited items
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Table2 Comparison of various datasets
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Fig.2 Structure of conditional generative adversarial model
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Ladv = Ex(lnDsrc(x)) + Ex,c(ln(l - Dsrc(G(x, C)))) ( 1 )

cls (x) Ex,c’(_lnDcls(C,Lx)) ( 2 )
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Fig.3 Style transfer effect between some domains
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Fig. 4 Detection process and structure of detection model
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Fig. 6 Fine-grained classification module structure
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Table 3 Experimental results of each detection model

Cascade R-CNNY' YOLOX-L"Y YOLOX-L-FG

RFEbr%E BEAHL

TR 2453 0.326 0.696 0.744
TR 3776 0.478 0.730 0.773
PIEZE 11867 0.747 0.887 0.870
AL 3975 0.633 0.828 0.826
H, fikg 784 0.937 0.971 0.898
FEHE 1139 0.731 0.863 0.850
TR 3378 0.790 0.904 0.867
ity 23 0.351 0.333 0.517

JE 7 669 0.410 0.574 0.731
Eipi 19 0.506 0.657 0.789
ER 9 0.722 0.749 0.495
R 1664 0.922 0.968 0.897
Eip)] 891 0.488 0.619 0.731
TR 1657 0.583 0.741 0.773
EEE 1507 0.947 0.974 0.899
FT KL 4 0.250 0.250 0.545
LIS 8 0.042 0.198 0.432
piekica 7 0.071 0.429 0.732

7 mAP R b T 18- 3445 B (3 AF- 345 Cascade R-
CNN, YOLOX-L, YOLOX-L-FGHmAP435I40.552. 0.687. 0.743
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Table 4 Comparison of mean average precision before

and after FG module integration
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Table S Inference delay of each model
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Cascade R-CNN-FG o 210 0.599
« NVIDIA GeForce GTX 1660 1024x1 280 320V PR RIAL

YOLOX-L" 116 0.687

YOLOX-L-FG 123 0.743
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High-precision real-time object detection model and benchmark for
X-ray security inspection images
ZHI Hongping', SUN Lifeng" ", WANG Xu’

(1. Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China;
2. Iflytek (Suzhou) Technology Co., Ltd., Suzhou 215000, China)

Abstract: Image object detection technology has greatly improved the work efficiency of the security inspection
and further guaranteed public security. However, the differences in imaging standards among different types of
security inspection machines, the complexity of X-ray images, and the expensive cost of data annotation have
constrained further research of object detection technology based on X-ray security inspection images. To improve the
universality of our item detection system, we extend the dataset using a style transfer approach to account for
variations in X-ray imaging hues of the same substance across various security equipment manufacturers. A refined
feature pyramid network structure is proposed to extract richer semantic information from different levels in response
to the significant differences in the size of similar objects to be recognized in X-ray images. A fine-grained
classification module, which is simple to plug into the general object detectors, is what we suggest in order to increase
detection accuracy even more. Meanwhile, this dataset contains 56 659 X-ray images, featuring 37 types of
contraband, with each image being high-quality annotated. This is a larger publicly available X-ray image dataset in
terms of both the variety of contraband types and the number of images. Based on comparative experiments conducted
on this X-ray contraband dataset, the model structure proposed in this article achieved an approximate 0.056
improvement in mean average precision (mAP) compared to the baseline model.

Keywords: X-ray security inspection images; style transfer; object detection; fine-grained classification

module; benchmark
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Fig. 1 Kinematics model of two-wheel differential
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i BAE BWWERTAL BA/ETAE MR
FRm CER/m WITREE/(mes ) ROREE/(ms)  (rad-s )

0.0335 0.116 0.1/0.2 0.3/0.5 —-1~1

F3 BUEINGESH

Table 3 Reinforcement learning training hyperparameters
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Multi-unmanned vehicle collaborative path planning method
based on deep reinforcement learning

DAI Shengtan', WANG Yin"”", SHANG Chenchen'

(1. School of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China;
2. State Key Laboratory of Mechanics and Control for Aerospace Structures,

Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: This study aims to tackle the collaborative path planning issue in multi-unmanned vehicle systems
using deep reinforcement learning. We’ve devised an efficient path planning framework by first establishing
kinematic and mathematical models for differential-drive unmanned vehicles and collaborative obstacle avoidance
scenarios. Then, we addressed the challenges of slow training, low sampling efficiency, and poor adaptability of
reinforcement learning in complex dynamic scenarios. For cooperative obstacle avoidance and pursuit, we suggested
an improved twin delayed deep deterministic policy gradient (AE-TD3) algorithm. By introducing random noise to
pursuing unmanned vehicle actions, exploration in unknown environments is improved, leading to efficient and stable
collaborative obstacle avoidance and pursuit. Our method is validated by simulation results, which show faster
convergence and a 16.7% reduction in pursuit time when compared to the twin delayed deep deterministic policy
gradient (TD3) algorithm.

Keywords: path planning; cooperative obstacle avoidance and pursuit; deep reinforcement learning; twin

delayed deep deterministic policy gradient algorithm; action enhancement exploration policy
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Disturbance rejection model predictive control for building drag-free
steady state

HE Xiongfeng"?, LU Wei"?, XU Nuo"?, ZHOU Qixian" >, WANG Pengcheng" > ", ZHANG Yonghe'"’

(1. Innovation Academy for Microsatellites, Chinese Academy of Science, Shanghai 201304, China;
2. Key Laboratory of Satellite Digitization, Chinese Academy of Sciences, Shanghai 201210, China)

Abstract: To improve the anti-interference performance of the controller during the test mass release phase of
the space-borne gravitational wave detection mission, disturbance-observer (DOB) based trumpet tube model
predictive control (MPC) is proposed for the steady-state establishment of the test mass. On the one hand, the
controller’s performance in terms of disturbance immunity is enhanced by the DOB, and high precision estimation is
achieved by reducing the DOB design problem to the standard H. mixed sensitivity optimization problem using
virtual loop technology. On the other hand, the trumpet tube MPC is designed, and the active set method is used to
solve the optimization problem, and the high-precision test mass anti-disturbance control is realized under strong
interference and strong execution constraints. Finally, the proposed method is verified by simulation on the full degree
of freedom simulation platform of spacecraft-double test masses. Step matching interference and sine matching
interference at 0.1 Hz are proposed based on the fundamentals of noise and interference. The results show that the
DOB can accurately estimate the disturbance, and the method can realize high-precision control of the test mass under
interference. The measurement noise is also inhibited.

Keywords: space-borne gravitational wave; model predictive control; disturbance observer; robust control;

interference estimation
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Table 1 The initial parameters of vehicle and target in

scene 1
AT/ H bR i #/m SRIEMA) (s )

kTR (0, 0) 45 300
AT (=50, 600) 30 300
RATAR3 (-100, 1 000) 45 300
RATH4 (600, —50) 45 300
RATERS (1200, -100) 45 300
EE7N (10000, 1000) 150 100

K2 e rEsEfEmh
Fig. 2 The communication topology of vehicles
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Fig. 3 The trajectory of vehicles and target in scene 1
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Fig.4 The impact time error/consistency error in scene 1
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Fig. 5 The distance from vehicles to target in scene 1
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Table 2 The initial parameters of vehicle and target in

scene 2
“ATEY B 37 /m SIEMA/C)  HE(mesT)

KATARL (0, 0) 45 300
kATER2 (=50, 600) 30 350
KATER3 (-100, 1000) 45 400
®ATH4 (600, —50) 45 300
KETRES (1200, —500) 30 300

EL7n (10000, 5 000) 0 100
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Fig. 10 The trajectory of vehicles and target in scene 2
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Prescribed-time convergent cooperative guidance method with
impact time and line-of-sight angle constraints
CHANG Yanan, WANG Xianzhi, LI Guofei’
(School of Astronautics, Northwestern Polytechnical University, Xi’an 710072, China)

Abstract: Based on the theory of prescribed-time convergence consensus, a cooperative interception guidance
law for multiple flight vehicles under regional confinement constraints is designed. In the line-of-sight (LOS)
direction, a prescribed-time cooperative guidance law is designed to ensure that the impact time errors and the
consensus errors of impact time converge to zero, thereby causing the impact times to tend toward consistency and
satisfying the requirement of simultaneous interception at a designated time. In the vertical direction of the LOS, by
integrating sliding mode control, a prescribed-time convergent sliding mode surface and a guidance law with LOS
angle constraints are designed to drive the LOS angle errors and LOS angular rates of each flight vehicle to zero. This
enables multiple flight vehicles to intercept the target at their respective specified LOS angles, thereby meeting the
desired LOS angle requirements. The designs along the LOS direction and vertical to the LOS direction enable the
prescribed-time convergence cooperative guidance law to simultaneously satisfy the dual constraints of impact time
and LOS angle. Theoretical analysis demonstrates that the proposed guidance method ensures multiple flight vehicles
intercept the target simultaneously at the desired LOS angles. Simulation results verify the correctness and
effectiveness of the proposed method.

Keywords: cooperative guidance; multiple flight vehicles; prescribed-time convergence; impact time constraint;

line-of-sight angle constraint
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Fig. 10 Equivalent probability of destruction envelope diagram and heat map under the fire control mode of the airborne control centre
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Calculation of beyond visual range air combat all-domain fire field and
application of situation threat assessment and
assistant decision making
CAO Yueyao, XUE Tao, HE Shanshan, Al Jianliang, DONG Yiqun*
(Department of Aeronautics and Astronautics, Fudan University, Shanghai 200433, China)

Abstract: This paper proposes a calculation method for the all-domain fire field for the threat assessment of
beyond visual range (BVR) air combat situations. To overcome the drawbacks of conventional situation threat
assessment techniques, such as high subjectivity and an inability to meet real-time computing requirements, the all-
domain fire field calculation is split into offline single aircraft fire field calculation and online aggregation calculation,
taking into account the limitations of missile-based computing resources. Firstly, a BVR air combat simulation
environment was established, taking into account the detection error of missile seekers and the delay of servo
response. Secondly, based on the Monte Carlo method, considering the deviation of pilot behavior, key decision points
for maneuver are divided and control variables with normal distribution are introduced to calculate the success rate.
Furthermore, based on the independent probability event formula, the single aircraft fire field is aggregated. Finally,
calculate the gradient feature representation model of the entire fire field, and design a decision aiding system for one-
on-one beyond visual range air combat scenarios. This work can confirm the all-domain firing field’s conceptual
design and provide further evidence for the study of decision-assistance system design and threat assessment
techniques for BVR air combat situations.

Keywords: beyond visual range air combat; situation threat assessment; all-domain fire field; Monte Carlo

method; air combat assistant decision making
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Neural network controller-based safe landing algorithm for UAVs
YI Shaopeng', DONG Wei” ", WANG Weilin', WANG Chunyan"’, YI Aiging', WANG Jianan'

(1. School of Aerospace Engineering, Beijing Institute of Technology, Beijing 100081, China;
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3. Advanced Technology Research Institute, Beijing Institute of Technology, Jinan 250300, China;
4. Wuhan Guide Infrared Co., Ltd., Wuhan 430205, China)

Abstract: This article proposes a safe landing control strategy for unmanned aerial vehicle (UAVs) by
integrating control barrier functions with neural network controllers. Initially, control barrier functions and UAV’s
dynamical models are introduced, providing a theoretical foundation for subsequent algorithm design. Then, a control
approach is proposed that uses the level set method to design control barrier functions and combine them with neural
network controllers to successfully ensure UAV safety during obstacle avoidance and safe landing. Simulation
experiments then validate the effectiveness of the proposed control strategy in obstacle avoidance and safe landing,
demonstrating the UAV’s safe obstacle avoidance capabilities under limited maneuverability and attitude constraints.
The success of the suggested algorithm is finally summed up, and potential research avenues are examined.
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Adaptive neural network based on fixed-time command-filtered
control for quadrotor unmanned aerial vehicles

NIE Li', LI Chenliang’, LIU Wangkui’, SHEN Haidong" ", LIU Yanbin', CHEN Jinbao'

(1. School of Astronautics, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China;
2. School of Automation, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China;
3. Beijing Institute of Aerospace Technology, Beijing 100074, China)

Abstract: For the quadrotor unmanned aerial vehicle (QUAYV) attitude tracking problem under external
disturbance and model uncertainty, a fixed-time command-filtered control approach is developed based on the
composite adaptive radial basis function (RBF) neural network. Firstly, a fixed-time command filter based on the
hyperbolic tangent function is proposed, which avoids the differential explosion problem during the derivation of
virtual control and eliminates the singularity phenomena of traditional command filters with fractional order
effectively. Secondly, the online approximation impact is enhanced by using a RBF neural network to approximate the
model uncertainty and designing the adaptive adjustment law of neural network weights based on the tracking
deviation. Additionally, combined with the backstepping method and disturbance observer, a fixed-time control
strategy for the QUAYV system is established, and the external disturbance is estimated and compensated by the
disturbance observer, enabling rapid and accurate tracking of desired attitudes. The stability of the proposed control
strategy is rigorously proved via Lyapunov theory. Finally, the effectiveness of the control strategy is verified by
numerical simulation.

Keywords: adaptive RBF neural network; fixed-time control; command-filtered; backstepping method;

quadrotor unmanned aerial vehicle
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Optimization of aircraft speed vector control based on
Hp adaptive pseudo-spectral method
KONG Lingwei, LI Weiqi'
(School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191, China)

Abstract: The Hp adaptive pseudo-spectral method is used to optimize and solve the velocity vector control
problem. The track coordinate system is used to create a nonlinear aircraft dynamics model. During the modeling, the
dynamic responses of the aircraft’s overload, thrust and roll are described in the form of dynamic links, and the angle
of attack limitation function in the actual flight control law is realized through path constraints. Different tactical
requirements are achieved by setting the control quantity, state quantity, and objective function, and then the pseudo-
spectral method is used for optimization and solution. Based on the Hp adaptive pseudo-spectral method, the
simulation results show that the velocity vector control optimization method is effective and that it is feasible to
handle different restrictions in certain situations.

Keywords: speed vector control; trajectory optimization; pseudo-spectral method; optimal control; flight control
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Table 1 Key hardware parameters
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GPU NVIDIA RTX 3090( 8.+ )
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/L2 VT[N U R 9l A -
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R[] S 2 AT YN ZRFN SR, 25 R AN 2 s .
WCHE S R AR AR SR R S R AR T S AR Y
LT, mAPSO AHA T I A A $e . DA 52
14k F T W 4% MobileNetV2 i) #& 7l 4y 5], CenterNet
BRI S 40y 17.54 | T4, THE R 40.06%107s;
CenterNetImp () S H AN 4.11 F A, T
AR 9.28x107/s. ML T JFE5 %, CenterNetImp 7
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AR T AR (b 23 ) B R/ B BT (], 3
TR AR A E o X T FH AR R 3 1 19 4% 4 A
%1, CenterNetImp 4.7 7€ mAPS50 #5845 L AH b R 5 7%
WAPTHEF . XTT 4 RS TR 1 2 3k, Ak
- R SRR > T 56.9%, mAP HER T 1.18%,
IR T 66.5%.
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Table 2 DroneBirds dataset test results

i3 ETR mAP50 WIS HU T (1075

ResNet-18 92.8 20.2 41.44
ResNet-50 93.7 45.12 66.38

CenterNet™
MobileNetV?2 923 17.54 40.06
MobileNetV3 91.6 15.67 36.87
ResNet-18 94.4 12.21 17.02
CenterNetlmp ResNet-50 94.8 27.08 30.40
(FE T CenterNet L ilk) MobileNetv2 93.5 411 9.28
MobileNetV3 92.4 441 8.67

Kl 5% LI MobileNetV2 /E & T M %5 11
CenterNet A & CenterNetImp 7EEUHEE F 9P BEPEAL
ek, M P-R kLA & F1-Score fli 2R ] DL AR A1
ITERE S 2R &R J1, il LLE 3, CenterNetlmp
TR P T 2l T Y CenterNet #5170 455760 pig 1F 1
Je 19K DU 7 5 K] 6 I s o A EE F CenterNet £
T, W 2% 25 4 gt 5 Y CenterNetlmp #5675 B 4

FRFIESRELRE 7, /b T BRI PUNIR S 1 & 4 .
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Fig. 6 Detection example before and after algorithm improvement
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Table 3 Comparison of proposed algorithm with mainstream multi-target tracking algorithms

Ak IDF11 MOTA? MOTP| IDs| FP| FN| FPSt
DeepSORT™ 56.03 78.59 0.1644 157 936 556 59.28
ByteTrack 55.24 91.90 0.1643 117 81 780 79.88
BoT-SORT™ 86.22 96.29 0.160 8 104 168 491 79.90
AR O 94.00 97.28 0.156 8 9 176 260 54.92

E: IR T 2R eIl
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Table 4 Comparison of the effects of different motion compensation algorithms

AHALIZE B M T v IDF11 MOTA? MOTP| IDs| FP| FN| FPS?t
Stk 94.00 97.28 0.1567 9 176 260 54.92
ORBHHIE AL 93.00 96.79 0.1622 62 189 375 70.73
SIFTHFE S AL 89.54 96.86 0.1616 37 197 332 23.38
TARMLIB B R 83.07 96.29 0.17211 29 203 320 79.93
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Fig. 7 Screenshots of proposed algorithm and ByteTrack algorithm test
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Table S Ablation experiment of appearance feature model
FEWREAE ALY IDF11 MOTA? MOTP| IDs| FP| FN| FPS?t
i 94.00 97.28 0.156 7 9 176 260 54.92
E 92.40 96.32 0.1534 17 196 242 47.34

TEAS SCHY EE /N JE A WL 2 B A R 00 3K 4
P A v, BN SRR AR R IR P2 S H bR B R v
B, BAE R SEMCR T RE T 7.58 i, FEEH N
/NI ANLZ HbR iR 5, Bis & AR R
HE D, HiE W 24T AP Z B A W5 A0 2%
S, Ptk B b R R A A o RS T 3
T Hbriz shRHE, FOUARFIERIETC W E1EH
3.5 Jetson NX {2 BUBBELER R 54

fifi | TensorRT X #5219 47 L 4, JF4 56 &
T Jetson NX #x A % 5 1, 2K H] TensorRT Hf 4 2%
Ak A HE B 5] 4 Il i A7 AR T

CHHRF HATE R E S . XL ET R B N )
IBATHE SEPEREFR AR AT XS L 2

6 TN T 730 AR e St R Ak B
) RO LK/ o X T FP16 A Ak A A 1Y, S 245 2 g
IR Ab B[R] |, AR SRR VE A e ek it w7 3 42 7t
32.0%, A SCEVETRE Jo W~ BRI R /Ny 14.5 MB,
BT [ 8OF- Y Ab SR [R] S 36.4 ms. DAz 47 B[R] FR
B AR /N Y 52 50 45 R AT DL Y, CenterNetImp
FE Y AH L CenterNet A5 U 75 T1-550 1 ALY K /N 131y
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Table 6 The running time of the algorithm after deployment on Jetson NX
LAY F L/ EORS EE KRB ) /ms PR E ) /ms S ) /ms i
ResNet-18/FP16 42.379 12.347 54.726 18.27
ResNet-18/FP32 62.429 12.886 75.315 13.27
MobileNetV2/FP16 40.401 11.853 52.254 19.13
CenterNet™
MobileNetV2/FP32 65.656 12.382 78.038 12.81
MobileNetV3/FP16 41.829 11.946 53.775 18.59
MobileNetV3/FP32 59.025 12.203 71.228 14.03
ResNet-18/FP16 24.856 11.632 36.488 27.40
ResNet-18/FP32 34.727 11.371 46.098 21.69
MobileNetV2/FP16 25.934 11.498 37.432 26.71
CenterNetImp
MobileNetV2/FP32 28.804 11.347 40.151 24.90
MobileNetV3/FP16 23.855 11.436 35.291 28.33
MobileNetV3/FP32 28.93 11.267 40.197 24.87
RT AXBEERBKNGEHRTIEE
Table 7 Comparison of the algorithm in this paper with that before improvement
el ET M ONNXHLA/MB FP32LALASAY/MB FP16fE LAY/ MB
ResNet-18 78 106 39
CenterNet™ MobileNetV2 67 68 34
MobileNetV3 60 62 32
ResNet-18 47 71 24
CenterNetImp MobileNetV2 16 18 8.6
MobileNetV3 17 21 11
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Lightweight multi-target detection and tracking method for
small unmanned aerial vehicles
FAN Xiaodong, TAN Tianyi, WU Jiang"
(School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191, China)

Abstract: A lightweight method for detecting and tracking small unmanned aerial vehicle (UAV) targets in
complex environments, such as urban and industrial areas, is proposed. Leveraging the CenterNet target detection
algorithm as its foundation, this method integrates multi-level feature fusion and a rapid spatial pyramid pooling
(SPPF) structure while employing the MobileNet lightweight backbone network to ensure precise detection of small
UAV targets. An enhanced DeepSORT-based multi-target tracking technique is presented to overcome the inherent
instability in monitoring UAV targets with telescopic cameras. This method utilizes an adaptive noise Kalman filter
(NSA Kalman Filter) for target trajectory prediction and incorporates a camera motion compensation module and
BYTE target association algorithm to achieve accurate tracking of multiple UAV targets. Furthermore, a dataset for
detecting and tracking small UAV targets is constructed, and the proposed algorithm is trained, tested, and validated
on the embedded Jetson NX device. Experimental results demonstrate a reduction of 56.9% in average model
parameter count, a 1.18% increase in mAP, and a 66.5% reduction in average computational load. With an average
model size of 14.5 MB and an average processing time per frame of 36.4 ms on the Jetson NX platform, the
algorithm's efficacy in accomplishing accurate identification, real-time operation, and appropriateness for deployment
on edge devices with constrained computational resources is confirmed.

Keywords: small UAVs; lightweight; target detection; multi-object tracking; deep learning

Received: 2024-06-06; Accepted: 2024-07-05; Published Online: 2026-01-07 00: 00
URL: link.cnki.net/urlid/11.2625.V.20260107.1614.001

* Corresponding author. E-mail: wujiang@buaa.edu.cn


link.cnki.net/urlid/11.2625.V.20260107.1614.001
mailto:wujiang@buaa.edu.cn

20264F 2]
%52 2

tEMEMRMRXKXFEFR

Journal of Beijing University of Aeronautics and Astronautics

February 2026
Vol. 52 No.2

http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn
DOI: 10.13700/j.bh.1001-5965.2024.0481

BEIME TS T ARG EBEEZRL

il 7 | v L 2 v 3 > 3

g, XEV, £W, THERE, KT

(1. AEEMUESHR R N TRBEITSERE, dEa 1001915 2. dLatAiasfiik Kaf TR, Jbat 1001915
3. hEERREEDRE, LAt 100089)

] B ARTHEEART L EANRREEA G 4 FXHEMNZ RA&FTHIE %
BAXN A, EHEEY, BT XAVNFERLHEBEARNFRS T TAN, AL EBTEX
Fodb Al B4E, 1R — AR E A HLE B K R Z (LSTM) 4% &L Sk U 2t 7 T ALY $hak, #
BY R T B ANSATE W AR K5, B @3, i E AR A #1008 i
NZRAGTHRAEF A, BRE-—#ETHEREO TR THEAS BN R 2 BNE S F &%,

LHTNZRAGTRRAESR . FEERBRILT T %0 AR M.

x # i
hESHS: V249; TP183
XHAFRERE: A

ZLRNPLARGE AT SEAE R BRI N Z 2) 2
Kk, HAEMON T 3 BERAE S . AR IRRFA D
G IZ R SRR AN L, 2T
IHLRGAEAE 55 P07, 23 6] 7 i . B R SR A
PRI B A S . SRR T ) A B 22 T AL
RGAT MR . EAT 55 AT 9 0 A R i, BRI
EA N KNS N e N S S i N BN S e R )
THRBT B, 2 I0 AL AR GE P [A) A2 L 3 F 9
SCHURE BT F AR AR AR A R ek

XA TE ALY B AR LR, — s 2 By
Capifd . 5 H AT ALY B AR KR ) B L,
2T NAILZR B¢ 0 D3 [] e A2 WL A0 28 L S A5 4
EE | 2 A AR 57 A5 20 RS, 2 DB R] AR ML) 4 SR
THRAR . ATAER, Z2ICAHLR G A AR AL ) A
A LA T Ik o 4k S i o SOk [10] i T — M A
MLV W 2 507 A RSS9 Tk, 2B T 1
ALK 755 T B AR AL B, HACRR AR R
I8 2 H AR AL B I G 2o BT 228 I 45 TR A B 52 B

LEREARG; BEAX; FEERG; BALFET; LA

TEHS: 1001-5965(2026)02-0620-07

AR SCHR [11] 2R FH 40 A 2% 80 330 00 4% i)
TSI ) I ) B T, L4 T B R T R
] o SCHR [12] 51 A4 fih % 00 58 B RIAL &, 76 £
0TI CIE R R 75 = ) A I 2 NN 7]
PR T A, {HSCHR [10-12] EZEWFSE T &bk
TR Sl 28 P R TR (1 6 4% K] 1) AT R EL A Bk
P SCHR [13] 38 52 A8 4k M 58 SR BGHEAT T 40, 55
N LN I N NE | 5 3 o e R
Y it — LW RATY SR R

] 298 5 40 R [ L 1) 0F 5 7™ A 1 R ) 2R,
TR T 8 584 B IT AR & o B ANUE R
WA AR R G, HA @Ak . s PR
A, LR SE B R AR T 2 R A Z IR 2. )
B, T Ak P4 58 8 A7 8 B A5 4 S Ah B 5, HAR
1 ¢ B sh AR AR Ak, FE SR Ry I 3 5 vh I T 2
LA 3% 4% 00500 R0 B8 2 BA B AR 56 R, DAL, Tkt
2 I NHLTE 2 5 PR 55 119 S A1 D [ 66 2 Rl 11 ik 5
JE TR I R SCHR [14] 5 TR S s Ak o

Yk B EA: 2024-06-25; R BER: 2024-08-17; W%t AR AT E] . 2024-09-23 15: 48

P 4% 4 AR b 4k link.cnki.net/urlid/11.2625.V.20240923.0945.001

HEWH: ERARBEEES (62273015,U23B2032); Lot HARIFIES: (4232045)

* B {5 1% . E-mail: liuvhaol3@buaa.edu.cn

SIRgR: EkE, MR, B, F BETRTNEEANRL hEHEAX [J]. A FMERKXAFFR, 2026, 52 (2) : 620-626.
FAN R T, LIU H, CHENG M, et al. Cooperative path planning for multiple unmanned aerial vehicles system in a game-theoretic

environment [J]. Journal of Beijing University of Aeronautics and Astronautics, 2026, 52 (2) : 620-626 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2024.0481
https://doi.org/10.13700/j.bh.1001-5965.2024.0481
https://doi.org/10.13700/j.bh.1001-5965.2024.0481
link.cnki.net/urlid/11.2625.V.20240923.0945.001
mailto:liuhao13@buaa.edu.cn

5524

WA, % PZEIREE T 192 J0 AHL R G2 D 1] A ALK 621

RIS, $2 W — B AR IR EE N (Y I AL R B 4 21
RT78:, I He T 2GR R, (X2 225845 1
LW RATI IR DR A Tk . SR [15] 25 T R 45 5k
2 ST HE SR, 51 A 375 b B A Z PR B (1 3kt e
(] @, {H YA 2% AR R AR 28 ) [n) . SCHik [16] 18
it N T8 MR oo Ak 2 > 7 6 R i S 5l
HATOESY, HARB] T B Bg A, Az ik R T
TR SCHER [17) BFSE T —Fh B SK Bl Y
D7 ok SEIAE R B A AR LR, (HE A ek
LYERGE R AL R, ILAh, SCHR [18-20] %
A2 3 B AR T P B A 32 BR X &R G g
PISZIR . SCHR [21] e 1 I APLRE &t 52 BR S B0
TGk 8 A48 i X B ) 8, (B 53804 % 180 A DL
AZ R, SCHk [22] %8 T AZ R &M T
()0 NAILER A D ] 428 o 1) L, {H 22 T8 AL PR [m] 42
FI 5] 83T A gt — 2 e . STk [23-24] FIH
K JE #1212 (long short term memory, LSTM) 4% I 1
W7 Ie AHLEY B, B H A F a8 H e AL
AR P SR AR D

H 8T, HOArFE T ARt R 5 42 B B AN %
RN DA W, B BT 7 e LI SR il E Lot psd
BY ) S ARG B A2, TR) N, 78 S B I H 37 55 v 1 55 2 i
R R I iR 22 () 1 0 A B B 1) B A A2 BIR [ 5
R T A P o A SCEE R AR MR AR A 1 2 TE AL
RGAERETFERIK | REAL | AR AN R P A A 52 R
Z T I ) s AR AR [R) R, B i — PR o3 k2
ML 5 UAERAFFUAE L, A SCRY BTk AT ARERS
FULT LA

1) £& i — B T I PLH Y LSTM # ALK
T X5 7 JC ANALR L FNAT Sy, JER T AR
I AN H AR, DAEE & AR ) AR5
HERRME

2) XA AR RN E R ), 42 ) —Fh oA
o 2 T AR S B0 T Dy s B R k2
Ik

3) Bl A LA R R Pk e s BN, R T
B Z BT By B AR ] [l 8, ST A 32 PR
I e D0 5 A KR T A 1 SR S

1 &g FIR
1.1 T AHIER

AT NHLEE DUHER ©AT 8% . XTI AL,
1&Pi = [px,ispy,ispz,i]T e R™ N HAEHER 1A = e B
AR, BEO; = [0, 0, 9:]" € R R HERRL A o Y e 38
AT AR B AR ] DU

(1)

m;p; = R, ;,;F;,
Ji@i = _Ck(@i’gi)gi +7i

Ao m 2 e ANHLinY BT i 5 Tk Jo AN ALY % sh A5t
I, ARG RN I = diag(d, ., o Ty} € RPS, 0
N IEEHLE; R, A HLIA AR bR R B AL bR R 15
I ; C(0,,0,) € R¥S g Jo AN BB F) T (I,
SCHR [250); pih o AHL =4 B AR AR 7o o AHL
DU 7 A, BIRTE A T = 1k (0}, — 03),

4
ik (@2, = 2,), ki (=D @} 17, Horp, 1, AL
k=1
2 S FEERI B, koo o S B ) RBORN 1 2R
¥, oo RVERE RBITERE f S TE s Foh TG A HLIERLIR A
4
R T ZEE T, BB NF, = cssk,, Yol —

k=1
R}, c33mig, o, ¢35 € R™ RN 34700 1, HjedT

0 [T, g 9 )R
ﬁg SL {uqﬁ,i’uﬂ,iaux//,iyuz,i}y‘j ﬁ ﬁa‘“ ﬁ /\ ) ;H‘\‘ I:F' s Uz =

4 4
2 _ 2 2 _ 2 2 _ k+1
E Wy s Ui =] ; = O3, Up; =05, = Wy, Uy = Z =D

k=1 k=1
wl;, M (1) AT — L EE
{i’i =b, ity —gC33+b,fl,;

0= Dty = 8¢5+ by (2)
0,=-J;7C (@h@i) O +b .,

ﬁ: 'T' : b‘r,i = Jiildiag{lt,ikw,hlt,ikw,i:k‘r,i}; U = [sz,i:uﬁ,i’
uy " €R¥ b, =mi kil up,zjg o N AL i) K 400
A B 5 A, TTLL 225 SOk [26] 3R AE . @, =
U iRy i€33 =y O A0 E TS 285 55 o) i BB 5N B R
22, IR B DU S TC AL B FE IR Z A4
TERGE, AN RE B I3 2
1.2 [E)ER R

T Z ARG N, % T AL
1990 2 A2 B pos = [XouYounZoilsi = 1,2, N, HIHR
HEE F vo; = [Viois Vyois Va0l o i 224 3R B XS 7 JE N
LA BRI FE 3 35 X py Bl o 5 g, R
T TNHLEF AL E, v, = p o 357 J0 AL 24 iy 3
BE, a, = bR DT T B H I BE, W 5, = p, b,
WHCALEIRE . M, E X5, =v,—v, W
LR FEER2E . e MRS A, & TEANLEI R
BAR MR, TAEAR RS, W R R < Ry, HMLRIY 5
HAFTE MABRIEZE X, 3 AZE XY 3T TE AL
o 5, A8 XA RO A AR 53 B R pes k= 1,2, M
Reops» 25 DCIB B HUE g v = po o [HFEIREE T 1Y 3
IFi) g A8 ALK T S 38 S 36 kTR A X TR AMLZ
1) 38 il 55 A DG 24 o ) B il |-, S BRI J7 T A ALY AR
IVAEE 7% WA INIUE | E7 AR G - 3|

lim||p,#ll=0  ieN (3)
t—o00



622 b= it = it K K % % 2026 4
b

(e ik, A A g e i A

lpi(t) = p; (DIl > 2R;
[1p:(5) = P11 > Ry + R

LjENNj#iNt>0

(4)
ke MNt>0

FE SR TE MR R PERE PRV AR
Vi=Vi,+V,= j: ri(x,u, )dr+V;; (5)

P ries,m,) 2 75 P RE BRBON 7 B R B 158 22 I
PEHIACH 0975 5, RO A B A T A2 2 AN B/ Y 3k
fitlt b, BRAE TC AL S s o7 5 R 38 38 PR B 1) 3
1B, 7, ) B9 BARIE AR R S8 5 Vi n] AR AIETE
u,; = O, Jo AL ilifh A2 RERLE . i T 5% DCORITHERE /)N
EA OO

b2, ZRAL G SR @, SR F A
KAfw,; e R, £
X = Ax;+Bb,u,;—gcs3—Ap), (6)
. X = [ﬁi’f’i]T eR™; A= [06x3, €61, €62, €C63] € R%S,
B =[c64,¢65.€66] €ER"?; Api=b,ft, ;i =V +Wyio Cop
Hex 1w &, Hdr, Safrh 1, HRH 0 WA
()2 AT AR Ry s FEAR B w, € R Fa il i 22
i, AN, HA R e, ]| < s max 52 PR A 1
OLF, Bt e O i i S0 B A A =X (5) T VIS
fRe/IME

2 ETFR4ZEINhEEERR
2.1 FEFLT AT

it FH o 28 T 4 5 3k T 6 5 T N ATL 1 #0030
TR e BT R I MG LSTM BEAY .
FI B SRV AR AR AE PSR IS O T i A Y R e
K, A S35 b 6157 BT A i A o AR Y i B AN 4
PN 1 RT7R o KA AL A X6y e AL R —
AEFRRE AR A AR I T AMLA B AR, 7T LA
Fi e AR R B3 ) O AIORG 2

w—p S

HAEHA A A A A
—> T 1 Ty T,

L Ziwshitll
1 BETEER AL AR T2 R 28 AR AR
Fig. 1 Long short term memory model based on

attention mechanism

B B R AN T 1) Bl da A R T B Tk
[F) 25 fy B 8] 77 51 B8 S A LSTM BTy, 04 b x
J7 TNHURY = 27 B AR AR 5 2) K53 A ] 2 |
R 2 i ARSI e g AT 22 77 A BRUBCIR

A hy, 1% L8 EHCIR 25 R 2 24 AT s 1) 25 0 265 f) o

T — B [ 20 28 i B A o B I T 2 3

0 2 T RE S5 s K 4 I s L, (IR, AN T i [a] 45

{5 R [ 2 TN £ 52 i A AN — B A, BIA

attention ALl 5 3) 7T 545 IS AP Y F R . fe
k

WG e, =) (), a R A ] 2B

j=1
R, 5 RN R AT 2], by 5 AN ) 25 1
Bk 2 o Z A IR T BT AT LSTM B JT Y G i
AR o 1 TR A AR 2 BT O 3 0 JI A7 DAy B
EOJinH P
22 MROYBUFIEE

TE SCPRBERE | 1R 22

N
Vi,pz Wij (ﬁz _ﬁj) + VI +Ei(p)p;

J=1

61': (7)

YiVi
o w, WL ESEG vip i 50 318 AT Fil
&leﬁlﬂ(ﬂﬂiq V1+E(p:) ~iﬂ9%ﬁﬁgﬁ; Ei(Pi)/THEXj"]

2
&, —(R,+R,)’
Ei(p) = Z min § 0, — . ‘1)2 2
4eMUN\(i} [d,-z,q— (Rs+Rq) }

(8)
2P A g MR T AL ST A T T ALRIAS X
(ISEL, d2, = I1p: — p I R WA 586 A HL 545 DX B0
21 RE B % gk B ABLE, R, =Ry Mg AE X
BF, R, = Ropso M AMLIE g EITE I E /N
TR, +R,BF, Ei(p) > o0, W& — oo, PRI 1522
2 (7) SR AT 00, T LRI 2 i R 2 | R i
L TF A5 XI5 3 (5) P4 T3 EL 1A S SR
{nummo=mW+%mwxm2

Vii= 6,-T5i + fi(v) (9)

Ay > O HIALCE R LG fio) T RIETCA
AL B4 T ) 2 B B BRI T viman o i) BRIRE SO

: 1 1
fivi) = 7i,velz [( > T 3 (10)
v

= Vi =) (Vimax + Vi)
M2 (5), BT VL TR LIAE, 24V, — O,
A1V, — 0, BV TE AL K il T A% DX A
AN LR L R A LR 1 T A A Sy e A 4
fF] 851
LA Vi = | e dr, iz U Bl A6 61 5 8
Ui = ity OIP, BEHF

Vie= | rGeaade= [P+ Op0dr. (1)

0

TE 52 PR B0 55 v, 75 2 2 i o B 24 AR A



5524

WA, % PZEIREE T 192 J0 AHL R G2 D 1] A ALK 623

il € R i ()11 < tpamansi = 1,2, N, s = 1,2,3}
HH, o AR L35 1 29 SRR B 4 U007 " 42 1)
ALY GIATERICH s R 75 —TE

_ i o v\
U, =2 f U maxtanh R,;
0 up,max

Krh:ve R3XIva,i = diag{rp,i,l’rp,ilvrp,i,S}ﬂ‘j T i A &
R, R AT AR v, oK A5 o LIS AR A1 e 428 T
AR BRIE, AT LIS X 1 AY DR & 7 R

> Up,i -1 \ 4 T
| + 2f Uy matanh R,
0 up,max

VV;[Ax;+ B, —ges;—Ap)1=0  (13)
AL LA B B A i

dv (12)

dv+

u;,i = —U, maxtanh [

Rpf,.(Bb,,,,«)TVV;*T] (14)

up,max
Ha= (14) FRA (13), PSR HIB rfE N

AP+ VVTA + 12

p,max

R,.In [1 — tanh? [ x

up,max

R;‘ll.(Bbp,,-)TVVfT} } —VVi(gesa+Ap)=0 (15)

A 52 1 S5 D 1 W SR it 1 W5 BER i HIB iy 2,
AR AR A o 7ER A Ap AT T, 32
AR AR A2 ) SRR B L Fs il A

R 5l 22 190 4% 1) JUL 45 R (AL S ik [27-28)), &1
XS R RE R AR VL A
Vi, =W, .p(x)+e(x;) (16)
A @) WEA n 2 ICH FEREL, xR
1 e(x;) € RIGIERL™ A 95 12 255 W, € R AL
i, Xn — cofff, e(x;) = 0, 3 (16) Xx 2K F A1
Vv = V¢(xi)TWp,i +Ve(x;) (17)

fﬁ: '11 : V¢(xi) = a¢(xi)/ 0x;; Ve(x;) = 0e(x;)/0x; o ’{Qf
A (17) A (14), FTA I T 0 28 W 2508 =X 1Y e

il AR
R;'(Bb,;)" x

*
w,; = —up,maxtanh{

Up max
(Vo) W, + Vo) + V)| (18)
AR TR W, T 14 2 o) R 1, 31 A5
HRE MW, B0, = Wex),, il i34kt
A A K

i, = ~tymotanh| 5 —— R} (Bb,,)
up,max
(Vo(x) W, + vv;j,.)T} (19)
FE S 2 (4 DUJR = Ak 5% 25
0@ = [ reu, AT+ W A (x, () (20)

W, RS W, T A
B, ST BRE e, %15 De,, (1) /0W,, = A (x: (1),
(ANILIE AW
Woo GbEm@e 0
P 1+ AP ()T AP (i (1)]

~ A1) () (21)

Q’p‘i E

1+ Ad(x (1)) AP (x: (1))

R oy, > ONE B AR Fr HTAE 2], 7
TR L, (7 2 ) 220 3 B e (1)) S
IR 280 kw0, AR TR RGOS Ty o
(YA, gess. Ap . FEDCHERENL R B Aas ),
S B AL A2 1 T

P4 R I 2 BT . RSB D&
e i e, 0 T AL ) B o e 57
TG B8 2) U AL S AR 2
L, U T s R A s i, TR 1)
W, 3) R B T — B I A, V422 e 7
5, BT R 56, JB 4 2) 45 AT A, (802
597 T AL

ffffffff S s
I
I
:;&mﬁﬂi;ﬁﬁ
I
Y
’—v}ﬂﬁ"’lﬁﬁ%mﬁﬁ;_, |z LONES

K2 R o fh o > i e
Fig.2 Flowchart of model-free integrated

reinforcement learning

3 FE&%ER

FERTAAAEAL LR A L SR Fi i A 52 BR 4
BT AN AL B AL (K (6)), HATHFEATE T
1) 22 o NAL 2 G O ) fe U AR IR L. BT SR T 1Y)
MR BN m=1+0.14, ks = 1.5, kyy = 1.5,
1,;=0.25,g=9.8m/s*. XfJr L AW S I v,
AR Sw,, . wo R EERIR2ZE 0, AR A . AT R
UE BV A A5k R B, AR R B 4 T ALK
VIR E RS XA E R ] R 35 410,
o105 W T AL . T A WL IR R
[0,0,01" m/s, X} 75 Jo AN B #% 2l B R AR 47— 2L,
4t — % B 4 [0,0,0]" m/s,z <3 s; [0.6(cos(0.3(7 - 3))),
0.6(sin(0.3(t—3))),0.5]" m/s,r >3 s, M ¥ K T=
0.1s, TMFEFR, =12m, %4 F4R =02m, 2
XA Rops = 0.5m, yive = ¥iu = 1, TR BE N v =



624 [ T |/ A N = = o

2026 4

2m/s, K a,,=5, X KB K o(x)=[pX]),
p(Hp:2), p(i(1),--- ,v,3P]T e R**!

105 223677 JC A ML R) B A2 an 1] 3 B, Hir,
BRRFRERIX R B 2 WAL, XS R R0 BR A
FNAR DA B, B3k HR R 7E B T 45 X B AlE ) AT 32 T
58 O XF 7 JE BRI 3R

z/m
O N BN 0

= RITANNL —FIT TN

K3 ZTEANRGH#E
Fig.3 Planned paths of multiple UAVs system

T TG 3 R B P [ ML ARCR,, ek L
1SR EAT TR A 7R, AR — ek, 12 AR 1 4
K4 s 155 12 4 8T8 A HLRY LRl 8% A% 1 =1L
Ko Al LU G, AR SCRE R ARG 3t 58 ) Py 7] e A2
MRIAE S5 o 5 9% 1 400 A AL B 55 A o) 4
M AR . AT LR, BUEAE > 4 sJ5 1, iR 5
FACAUAE A5 R T0 AL A 2% 3 3 32 52 Bt 24 ST 3
SR X (8] [-2,2] m/s N, HL 5 28 B2 3 BRFE N J7
TENHLB I AR

R‘w \
| ";..\
DY R
A N S
| A A
8r | 1Y \\u\\"ﬂ
/1 i
| | 1
Cdd
&
6 ! ,’ 9 /0
! /] /
/
1 f / /
£ ro !
N4t | |
|
|

—HIT AN

B4 551 AN
Fig. 4 Planned paths of group 1 UAVs

=X I TEAAL

K 6 e 1 23T o AHLS A DXCBRO Y Jrg S B
B ATLUA , TCAPLENEE XA IR IR 25 R T4 4
WS, BERAAS SCIE T LA R To A AL e A5 X

T UL SCREE B 0B, R AR SOk S 4%
GEH S H L AR L, S5 R ANIE 7 iR . BT
RS TALR D 25T AHNLE H AR T AL
x,y,Z3X 37 [ BB RS o R st i oAb fy B 28

2

0.6 F

0.4 r

1] /s

5 551 20 T8 AALBR R FIAEE BRI 0
Fig. 5 Update of velocity and weight vector for the
Group 1 UAVs

— JE AWML
— TAHL2
s 8 JTAHL3 A
% — A4
= oo BB
& 6r
i3
s
% 4f
ot
£
oL\ S AT

i al/s

6 Jo AMLENEE X IR A s S
Fig. 6 The shortest distance from the UAV to the center of the

restricted area

5 ST S R DR — B, R R 2 AN R IR 2R
B, IR A k, = 1.8k, =0.18, HI & 7
AR, AR SR H R R AR AR T A e S A T B I
S TR R S r i S Ah, A
T BRI PERE B E Y 616.24, 150 R il 1Y



552 JUTTE, 55 TIRIREE T 1 2 AL R GE U Ie] A2 AL A 625
4 0 (3] R, LR, Biede, 55 2T SRR TANUERE bR 12
£ 2r S 0% D] TR R 24, 2021, 47(4): 814-827.
ok L e 8 9 10 | WU A, YANG R N, LIANG X L, et al. Cooperative search al-
2 02 gorithm based on pheromone decision for UAV swarm[J]. Journal
§ 1F N -0 (2) of Beijing University of Aeronautics and Astronautics, 2021, 47(4):
0 RN . 8 9. 10 814-827(in Chinese).
6 [4] NIUX, YUAN XD, ZHOU Y W, et al. UAV track planning based
E 4r \ on evolution algorithm in embedded system[J]. Microprocessors
) (2) ) N _ and Microsystems, 2020, 75: 103068.
0 2 4 ) 6 8 10 [5] AL, LM, BRI, 56 SRR AL AN = 4E R HR)
R uﬂij/sﬂ; G T B Iy ], BHER 5 T, 2024, 24(15): 6534-6542.
WU X L, WANG C, ZHAO J Q, et al. Improved sparrow algorithm
7 2 SR ABLED T MR for UAV 3D path planning[J]. Science Technology and Engineer-
Fig. 7 Distance from the 2nd UAV to the opposing UAV ing, 2024, 24(15): 6534-6542(in Chinese).
. " N " . [6] RAHEEM F A, IBRAHIM U L. Path planning algorithm using D*
% T[“"i ﬁg & ﬁ Eg {E j\j 687.64, LE Eﬁ 7'( i%: {i‘ E/‘J 'fi ﬁ? heuristic method based on PSO in dynamic environment[J]. Amer-
E ’fjt o bR 'ﬁj E‘éliil: e ﬁé W $ 3 ;%; N ﬁ ﬁl il ican Scientific Research Journal for Engineering, Technology, and
P Sciences, 2006, 49: 257-271.
[7] ZHANGZ, WU J, DAIJY, et al. Optimal path planning with modi-
4 é:é]: i@ fied A-Star algorithm for stealth unmanned aerial vehicles in 3D
1) ﬁ%tﬂﬁ{fﬁﬁj'ﬁéﬁ‘lﬁ i gﬁ%l%%\ ifﬁﬁ)\% ISE& network. radar énvironment[J]. Proceedings of the Instit}ution‘ of
Mechanical Engineers, Part G: Journal of Aerospace Engineering,
B AR TR, 76 105 28R TCANLEY 35 A28 vh, 2 [8] CHENY B, YUJQ,SUX L, et al. Path planning for multi-UAV
ﬁﬁﬁﬁ‘ﬁi’%‘ X . ﬁ%ﬁjﬁfi E@Hﬁ%?%ﬁkﬁﬁﬁ%}\ formation[J]. Journal of Intelligent & Robotic Systems, 2015, 77(1):
CINE R 20240 _ -
2) %Eél':[j ﬁHgﬁ‘é%{%iﬁ%jﬁ)\mﬁﬁﬁﬁ%%ﬁ% [9] NOREEN I, KHAN A, HABIB Z. Optimal I.)ath.plannmg using
RRT* based approaches: a survey and future directions[J]. Interna-
ﬂiﬁﬁi& E,(J 'ﬁ‘%ﬁrg X I‘Iﬂ [—2,2]m/s Ij\] ’ H ﬁ% @Zﬁﬁl tional Journal of Advanced Computer Science and Applications,
R X D7 TE AL 1 P A 3 B2, 5 B3 A 3 A 24O 2016, 7(11): 97-107.
1 [ H#E‘% B rsh s v ge o [10] ZHU D Q, LIU Y, SUN B. Task assignment and path planning of a
3 ) *ﬁﬁ?’f?gﬁ E@&ﬁ%ﬁfﬁ” i T:{j(jt*ﬁ Iﬁ] E/‘J ﬁjﬁ multi-AUV system based on a glasius bio-inspired self-organising
N map algorithm[J]. The Journal of Navigation, 2018, 71(2): 482-496.
i%\%{ﬁFT ’ Z'Kjt;%;%ﬁ giﬁ)\*ﬂ‘%é Lm IE] %ﬁé %m [11] LUIS C E, SCHOELLIG A P. Trajectory generation for multiagent
f‘lj H: % EF‘ fE\‘ ﬁ E ‘H% E/‘J iﬂ% % L{&@Z E E’Z Al E _‘[E} E]/‘J i%" 'j"§ point-to-point transitions via distributed model predictive control[J].
R Bk B[R]t H: Bk e s BUE AR TAE 4 s g 4 IEEE Robotics and Automation Letters, 2019, 4(2): 375-382.
] 75 e, 6 B HOFE 2 O s i vk e R A 1 Oy TG EL A [12] LUIS C E, VUKOSAVLIEV M, SCHOELLIG A P. Online traject-
’f jE % i ory generation with distributed model predictive control for multi-
robot motion planning[J]. IEEE Robotics and Automation Letters,
25 b, ARSCHR T — T 4080 4K Bl iy FR 3 5 2020, 52): 604-611,
ﬂf‘% > ﬁ/£ s ﬁiy& i %/TJ/\% BE%{L‘F E/‘J gjﬁ)\m/% % [13] LUY,GUO Y H, ZHAO G X, et al. Distributed safe reinforcement
ﬁ]\ Iﬁl %ﬁé %m *ZIJ I‘EJ @, *ﬂé’{%ﬁ* ﬁ%%[ﬁﬁ}mzfﬁ E]/‘J%‘E learning for multi-robot motion planning[C]//Proceedings of the
A é/\] ;ﬁﬂi/} :Tit: L )j’( g ﬁ: ';Q‘ Bi; I*% 2"\] ﬂi R L %Ell:ﬂ_;’gk /Zii TIE 2021 29th Mediterranean Conference on Control and Automation.
Eifﬁj\mf{%?fﬁ EF‘ E‘Jiﬁ}ﬂ'lﬁt . Piscataway: IEEE Press, 2021: 1209-1214.
[14] HECY, WANY, GU Y X, et al. Integral reinforcement learning-
% i% SETﬁk ( References ) based approximate minimum time-energy path planning in an un-
known environment[J]. International Journal of Robust and Nonlin-
[1] CAMPION M, RANGANATHAN P, FARUQUE S. Notice of re- ear Control, 2021, 31(6): 1905-1922.
moval: a review and future directions of UAV swarm communica- [15] HECY, WANY, GU Y X, et al. Integral reinforcement learning-
tion architectures[C]//Proceedings of the 2018 IEEE International based multi-robot minimum time-energy path planning subject to
Conference on Electro/Information Technology. Piscataway: IEEE collision avoidance and unknown environmental disturbances[J].
Press, 2018: 903-908. IEEE Control Systems Letters, 2021, 5(3): 983-988.
[2] LIUJJ, WANG W P, WANG T, et al. A motif-based rescue mis- [16] ROUSSEAS P, BECHLIOULIS C P, KYRIAKOPOULOS K J. Op-

sion planning method for UAV swarms using an improved

PICEA[J]. IEEE Access, 2018, 6: 40778-40791.

timal robot motion planning in constrained workspaces using rein-

forcement learning[C]//Proceedings of the 2020 IEEE/RSJ Interna-


https://doi.org/10.1109/ACCESS.2018.2857503
https://doi.org/10.1016/j.micpro.2020.103068
https://doi.org/10.1016/j.micpro.2020.103068
https://doi.org/10.1177/09544100211007381
https://doi.org/10.1177/09544100211007381
https://doi.org/10.1017/S0373463317000728
https://doi.org/10.1109/LRA.2018.2890572
https://doi.org/10.1109/LRA.2020.2964159
https://doi.org/10.1002/rnc.5122
https://doi.org/10.1002/rnc.5122
https://doi.org/10.1002/rnc.5122
https://doi.org/10.1109/LCSYS.2020.3007663

626

B[ AN S P NIV

¥k 2026 4F

[17]

[18]

[19]

[20]

[21]

[22]

tional Conference on Intelligent Robots and Systems. Piscataway:
IEEE Press, 2020: 6917-6922.

ROUSSEAS P, BECHLIOULIS C P, KYRIAKOPOULOS K J. Op-
timal motion planning in unknown workspaces using integral rein-
forcement learning[J]. IEEE Robotics and Automation Letters,
2022, 7(3): 6926-6933.

LI X H, ZHAO Y, ZHANG J, et al. A hybrid PSO algorithm based
flight path optimization for multiple agricultural UAVS[C]//Pro-
ceedings of the 2016 IEEE 28th International Conference on Tools
with Artificial Intelligence. Piscataway: IEEE Press, 2016: 691-697.
QIE H, SHI D X, SHEN T L, et al. Joint optimization of multi-UAV
target assignment and path planning based on multi-agent reinforce-
ment learning[J]. IEEE Access, 2019, 7: 146264-146272.

GUO Y H, CHEN G. Robust near-optimal coordination in uncer-
tain multiagent networks with motion constraints[J]. IEEE Transac-
tions on Cybernetics, 2023, 53(5): 2841-2851.

JENSEN-NAU K R, HERMANS T, LEANG K K. Near-optimal
area-coverage path planning of energy-constrained aerial robots
with application in autonomous environmental monitoring[J]. IEEE
Transactions on Automation Science and Engineering, 2020, 18(3):
1453-1468.

DUAN H B, YUAN Y, ZENG Z G. Distributed cooperative control

of multiple UAVs in the presence of actuator faults and input con-

[23]

[24]

[25]

[26]

[27]

[28]

straints[J]. IEEE Transactions on Circuits and Systems II: Express
Briefs, 2022, 69(11): 4463-4467.

SHI Z Y, XU M, PAN Q. 4-D flight trajectory prediction with con-
strained LSTM network[J]. IEEE Transactions on Intelligent Trans-
portation Systems, 2020, 22(11): 7242-7255.

KANT R, SAINI P, KUMARI J. Long short-term memory auto-en-
coder-based position prediction model for fixed-wing UAV during
communication failure[J]. IEEE Transactions on Artificial Intelli-
gence, 2022, 4(1): 173-181.

LIU H, MA T, LEWIS F L, et al. Robust formation control for mul-
tiple quadrotors with nonlinearities and disturbances[J]. IEEE
Transactions on Cybernetics, 2020, 50(4): 1362-1371.

LIU H, TIAN Y, LEWIS F L, et al. Robust formation tracking con-
trol for multiple quadrotors under aggressive maneuvers[J]. Auto-
matica, 2019, 105: 179-185.

BHASIN S, KAMALAPURKAR R, JOHNSON M, et al. A novel
actor—critic—identifier architecture for approximate optimal control
of uncertain nonlinear systems[J]. Automatica, 2013, 49(1): 82-92.
DEPTULA P, BELL Z I, DOUCETTE E A, et al. Data-based rein-
forcement learning approximate optimal control for an uncertain
nonlinear system with control effectiveness faults[J]. Automatica,

2020, 116: 108922.

Cooperative path planning for multiple unmanned aerial vehicles
system in a game-theoretic environment
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Abstract: In this paper, the cooperative path planning problem in games for the unmanned aerial vehicles

system is addressed under conditions of unknown dynamics and input constraints. By planning their routes and

avoiding collisions and prohibited areas, friendly and enemy unmanned aerial vehicles must catch up to each other in

the game. The trajectory of the opposing unmanned aerial vehicles is predicted to assist path planning by a long short

term memory (LSTM) model with an attention mechanism. By creating the value function, the cooperative path

planning issue is transformed into an optimum control problem with input restrictions. A method based on integral

reinforcement learning is designed to achieve optimal control using the historical data, without the knowledge of

inertial parameters. The results of the simulation confirm the efficacy of the proposed method.
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