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Fig. 1 Schematic diagram of atmospheric threat zone
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Fig. 6 Results of path planning solved by different algorithms
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Table 7 Comparison of path planning results of

different algorithms

Bk UAV  KfTEfEls  KUSARH  BEREICH/10° Ko
UAVI 309.996 0.810 229
UAV2 442.991 0.130 2.67

WOA  UAV3 333.989 0.120 2.54
UAV4 369.994 0.130 231
UAV5 366.980 0.120 232
UAVI 346.398 0.125 2.40
UAV2 320.627 0.116 239

DBO UAV3 306.521 0.108 242
UAV4 314.929 0.113 2.51
UAV5 334.831 0.122 239
UAVI 306.998 0.102 2.13
UAV2 305.944 0.103 2.19

IDBO  UAV3 312.998 0.099 223
UAV4 333.909 0.107 222
UAV5 317.997 0.108 2.11
UAVI 280.997 0.094 2.08
UAV2 276.812 0.096 2.10

AIDBO  UAV3 273.999 0.095 2.04
UAV4 302.994 0.103 2.13
UAV5 296.976 0.098 2.09
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Table 8 Comparison of path planning results at

different altitudes
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Table 9 Parameter settings for investigating impact of wind

speed and direction
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Table 10 Comparison of path planning results at different

wind speed and direction paths

XTI S, TR s RO T, AR K
TRAT IR ] WA N T 0.997%, RERERG N T 58.96%.
X2 RRW], SRR S AT, S &
G T B ) T R DL R AT, UL, R
WEE T AT K KRR R, 75 B T ML BEFELR
B, X H AR IR A BT
322 Rk R e # e

BEXF RS2 T 9 I AHLER AR KL ) R, 25 i 9
SR E, IR A A KU X ) % e AL BEFE Y

UAVI 280997  0.094 2.08
UAV2  276.812  0.096 2.10
1 UAV3 273999  0.095 2.04 1.044
UAV4 302994  0.103 2.13
UAVS5 296976  0.098 2.09
UAV1 284953 0.094 2.25
UAV2  286.330  0.099 2.25
2 UAV3 278997  0.097 2.20 1.122
UAV4 304996  0.103 2.29
UAVS5 291997  0.096 2.23
UAV1 294979  0.104 2.38
UAV2 279958  0.103 2.21
3 UAV3 281996  0.237 2.49 1.181
UAV4  305.943 0.446 2.31
UAV5 285998  0.756 2.42
UAV1  289.959  0.334 2.52
UAV2 304989  0.719 2.46
4 UAV3  284.990 0.099 2.48 1.265
UAV4 322988  0.839 2.75
UAVS 287916 0910 2.44
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direction conditions
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Multi-UAV path planning for forest fire-fighting in plateau based on adaptive
improved dung beetle optimization algorithm
ZHU Pei’, LYU Xiaolong, CHEN Kaisen, SONG Rui, ZHANG Jiangao, SHAO Quan
(College of Civil Aviation, Nanjing University of Aeronautics and Astronautics, Nanjing 211106, China)

Abstract: Aiming at the problem of UAV fire-fighting and rescue path planning in the complex environment of
plateau forest, a multi-UAV path planning method based on an adaptive improved dung beetle optimization (AIDBO)
algorithm was proposed. Based on the digital elevation model (DEM) data, a three-dimensional geospatial model of
the plateau forest and mountainous area was established. Considering the influence of complex terrain, environmental
wind, altitude and other factors, a multi-UAV path planning model under multiple constraints was established, taking
the minimum flight time, risk cost and energy consumption as the objective function. Chaotic mapping and reverse
learning optimize the population initialization, the whale optimization algorithm (WOA) introduces the spiral search
strategy to enhance the position update mechanism, and adaptive Cauchy mutation improves the population’s capacity
to eliminate local optima. An AIDBO algorithm is proposed to solve the problem. The results showed that the average
fitness of AIDBO was 10.59% and 9.82% higher than that of the original dung beetle optimization (DBO) algorithm
and the improved dung beetle optimization (IDBO) algorithm, respectively. Compared with a 340 m plain
environment, the maximum flight time of the UAV in a 2 400 m altitude environment is slightly increased by 0.997%,
while the energy consumption is increased by 58.96%. At the same time, the wind direction and speed will also have a
certain impact on the flight time and energy consumption. In addition to providing decision assistance for UAV
firefighting and rescue scheduling in the plateau forests, the adaptive improved dung beetle algorithm presented in this
research may greatly optimize the multi-UAV path in the plateau forests.

Keywords: multi-UAV; path planning; plateau forest; fire-fighting and rescue; improved dung beetle

optimization algorithm; adaptive

Received: 2025-12-08; Accepted: 2026-03-06; Published Online: 2026-04-02 09: 01

URL: link.cnki.net/urlid/11.2625.V.20260401.0915.002

Foundation items: National Natural Science Foundation of China (52202416); Opening Fund of Key Laboratory of Civil Aviation Emergency Science &
Technology (NJ2022022)

* Corresponding author. E-mail: zpei@nuaa.edu.cn


link.cnki.net/urlid/11.2625.V.20260401.0915.002
mailto:bhxb@buaa.edu.cn

2026 4F 9H
ES2EE oM

tEMEMRMRXKXFEFR

Journal of Beijing University of Aeronautics and Astronautics

September 2026
Vol. 52 No.9

http://bhxb.buaa.edu.cn
DOI: 10.13700/j.bh.1001-5965.2025.0423

jbuaa@buaa.edu.cn

ET YOLOvI1-drone WEZFE= TR EANRZRS
Hfrfem & %
A, MLk, 2HE, FFK

(KEBT R UL TR, K& 130022)

it B KZEWEHLBEOER, TANNKBEALG L 2BHES AR, FTA
HOER ., Bt AR R AR AN R Gk #EfmEERY, 484452 T/ AL AN
B ILE IR, R . SRS, R — AT B YOLOVIL W R B AN R 4 B Ar ke il
# % YOLOvll-drone, B FMBELZHTE T DNERLANEESE; XitH o AR hEEELHE
Bt C2SCSPSA, #RZARBMEAEE N R FZHEE N REBEA XN T AVAFENRIE /7, RE M4
/N EARE S BORRAE A F 3 M 4% (STFPN), B &R BEX WAL ER, RABRD THESHE,
FRETHA DB XEE; FHEARKEBRFEHRN EloU, BEEHEREMKSEE, EHE
HAEE PTG, HEKYW. P YOLOv]1-drone &= (A 4 E 3k 3] 95.5%, HRELE#EE
T 41%, BEH5BEBRIKT 62%, %M FEXF 83 bi/s, EH TELEE T/ EAFLAN NN FE
%o fE AN FEHAE & VisDrone2019 E #4730, B S5 E R A B H L 38%, ([ER#HEH

mAP@O.5 7R & 7 0.6%, WiF T Kot H ik EAH R EFaE A Sz k.
x # iR KEAM; ANEARRN; £ REHME; YOLOVIL; ik @k

hESHS: TP391.4; V19
NEMRERD: A

125 2205 19 3% ) kR I 7 3 98 A Bk = A el
TN 25 v 2838 . 2 kg . Aol s )
S5 o 550 o U b o AR RS R A A
() H 45, 2023 4F, 4 [E RO JC AL W B ik
126.7 J7 38, [ L BE K 32.2%, SR T, Bl 25 B9 Bh
BRI K, AR R B — T, X R
TENMLRGEHEAT T30 7 JA B

RIENRGR—FL T T T X5 T AN
CEABIR R, T AR AR A 4 A S5EB B . Tl |
BEM s A s TE B B ERREIAE A R IEA
HLARGERY AT, HERf AR I AR A VETC AP E
— 2SI 2 S O S, A7 % 2 S B VR A

H AT, To AP EZRMLT 4 FrHiAR: ik
PRI . TCL F A R | ' FEL R 7S PRI A

YEHS: 1001-5965(2026)09-3001-10

BT HoAth 5 TE AHLER I B, TR 00 (7T WL
H 5205 T AR AR BA B RN i
Pem . ARSI A, FER AN R G ) 2 N A .

SR, 38 T 56 H A9 T AHLER I+ ARFE IR 4475 =
XN B RS TG AL TR 0 A T 2
o TEABUE AT T ZRAK . EEHURE5 2 24 50
Borh, W LRt SR Bk ZE, RSB HRST
2 A XAy EEAG . AR GRS R D) 32 R A S B, 1
FEETHL, TR H AR pg e S i LA
BLAEZE R B A BT (SR R D, AR R8T 1R
2,08 T/hEbR. XN HREEZ W3 S5 A
FPRARAE, B G IALAS (41 YOLO 45 ) 7E AR 2
WY BOME LA PR B A 205 B, JU AR TR 2 M 2,
TIE 5 B F6 B, 3 RIS o [RIESE, JC AL B A B4 3 4

Yk BEA: 2025-07-01; SRR BER: 2025-11-28; W4t AR AT E] . 2025-12-09 09: 59

[ 4% H B ik« link.cnkionet/urlid/11.2625.V.20251208.1659.002
HEEMB . HHE HRRERS T W H (20240101070IC)
*E{E1E & . E-mail: 1660348815@qq.com

SIFtE: B, HX#k, FHRA, £ 2T YOLOvII-drone 8 & F # % T R EAYL A 4 B AW H % [J]. AL FAUEAMAK A FFK, 2026,
52(9) : 3001-3010. Xue S, Yang WD, Li Q G, et al. Object detection method for anti-UAV systems in complex backgrounds based on
YOLOv1 1-drone [J]. Journal of Beijing University of Aeronautics and Astronautics, 2026, 52 (9) : 3001-3010 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2025.0423
https://doi.org/10.13700/j.bh.1001-5965.2025.0423
https://doi.org/10.13700/j.bh.1001-5965.2025.0423
link.cnki.net/urlid/11.2625.V.20251208.1659.002
mailto:1660348815@qq.com

3002

AN NI NI

2026 4

UEEEESEE S L2 S A LE I W RPN
PLHPRIG SRR . PR, B X2 2 = R/ H
B TN BTN B Ay R AR i TR 11 ) R

52T 5T /N B AR A AT 55 1 iR i 2
U TR, — 282 R T AR R St B
542 S il k-means R FIL HOHTIR T E A A
ELSETC AL AR A, DT 5 5 1 i A U
RO FE N AR BE o 11T 5 X B0 AR h B R A
T OV B, A/ B AR RO 4R Py 4R
NI A AR B 4 3ih 27 ) 30/ BARFRAE, DL R/ H
B AR RS BB o X R AT SRR T — R 1 4 R
FI) = R AL HRAE 42 725 W 2% ( global-local bidirectional
feature pyramid network, GLBiFPN), & - £ ] & 4§
Tl AR . 25N £ YOLOV In i I3k
17 7 Bk, et 2 RS K 4 FRAF 4R AR, s 1 X
TEAH/N AR R R RS2 . BOAR BT ik —
SERERE B T AEERR, (A2 2% BT /N B
TE AT SRAFAE RS | TG 55 R

PRI, BHRTIXIR A, AR SCRAPERE R 489 YOLOVI]
FR B H ARG I SE AR S S ah Sk AT ko, $R
ST 5T /N BARTC ML NS B2, itk s 46 L T
Fr G ), AR SCEZEBTER AN T

1) Bt 107025 18] 18 18 P [F] 0 A e C2S8C-
SPSA, i 1 5| A 73 [b] #1388 18 P [7] 3 & J7 (spatial and
channel synergistic attention, SCSA) #L il , &5 & i il
Ty Sz (8] 7 0 32 v A B0 e N ALRHAIE /Y 42
YRS, R4 A AL e AL H AR SG T

2) & TN BARFHIE B 4% (small
target FPN, STFPN), ¢ YOLOv11 JE£5 (1) FPN i 11&
g, 38 S A A REAE [ RS (R 8 SR JZ R R
FIIFH, TR/ N BARAIRT IR -

3) 5l A EloU #512k eREK, AR INAE 5 FLACHER)
T e LA RIS Pk i 2 el I e B 2 (R )
TR, TIPSR B | $ SRl [ml A

1 EF YOLOvl1 By £ AH B irte

ME X

H AT, 5 T IR 2 20 19 B RS A I Bk KAk 4
225 WU Bt E A 0 5 A 3 99 S A i i A
i T RIDRG B, AR A A O SR N e R
I, HACF B A R-CNNP| Faster R-CNN!"" | Mask
R-CNNUY 45 BB By HARKS N340 et AT 402
FENT, LA Bt T X 58 AT 55, SR A b, EDRS 00
A%, HAR A AT SSD! [ YOLO RANEE ™ 45,

A Z HAr K E %5, YOLO B IRA £ |
QSBR[ B 9 7 NN W I o : SN L - 2o £
fRI AR, 2 6", YOLO R ¥4t i
ERYERE R, HRTC B TIF 2 A, kg
BT . VEN YOLO 2 51 5 3 4 1 i v,
YOLOvI1 IEZ W H T R4 . A SCEH
YOLOvI1 B 3:AE R i Je ANHLZR Gt B b ke il 34 43,
AT T IRITEAMLR G W) B R AT 55, H 2% 45 )
R #5REH L 25 R 1 TR .

20%20%256 40%40x256

20x20%256
20%20%256

20x20%256

-40x40x128
= -

40x40x192

40x40x128

20%20x128

- N il
, .
3 %% 2 \ IS\ L emeereeseeesssssseesssseeeeeciiiaeeeion
| BLEy | @xD- — R -EB ] T
| WA e | C3kTrue (B39 (B> (CBSS |
16406403 ¥ e 1
| B co-a-0m - EB-CE
i320x320x16 || C3k=False 4 5
[ p
NGl
160+160+32
]
- (ox)
1160x160x64 ./
| cBs (GBS~ CComadD>CBalehNom2d > SID | |y
| STttt T N
|80<80+64 i Neck - :
C3K2 — :
| ‘ 08064 L L) |
180x80x128 l80x80xT28
| s | 80x80x64
140%40x123 140x40x 128 -
X X
» T
| eom 7.
140x40x128 40%40%384
1
|
|
|
|
|
|
|
|
|
|
|
|
|
\

bl

N

D I A AL~ A NP4 Y SaP AV Eato ¥ ¢ b S iy

I
1
I
I
I
I
I
I
|
I
I
I
L
I
I
I
I
|
I
I
I
|
I
I
I
I
L
I

C3K2

20%20%256 LEVVENECS §

N

K1 YOLOv1l Hik4Hy
Fig. 1 Structure of YOLOvVI11 algorithm



294 B, 45, 2T YOLOv11-drone Y&

2 5N RIEANLRSGE AR % 3003

YOLOv11 % ¥ L CSPDarknet53 i 3 - M 4%,
Wt 5 UObR e BUBE B CBS J2 C3K2 Ak gt 47 F
SR B FIRE I £ HCHE AR A2 B ] RUBE 1Y e AiE 1
ToRAE SR, AT A A (8] 4 3 Ak P (spatial
pyramid pooling-fast, SPPF) & £, 34 il T FFAIFE & 3k
By 2 KEPE . 3 5 C2PSA AR B B4 i B AU X By A
A% )RR AE BEBLRE J1 . YOLOVIT 53 3% Y Neck
o B B A% B A& W 4% (path aggregation network,
PANet), i 15 1k )22 F1 55 J2 R AF 7] DL B 45 40 B 52
WA o R 2%, AR Rl G RRAE B A% 0 4 R 22 ke
M3k, AT HARK N . YOLOVIT A8 I Sk %

ik A 25 A4, 2 2% g3 3203 i 1 2K G A B R B

(EPSNS

2 Xi#AY YOLOv11-drone & 7t A#l

BRI E %

BARH N, /N AR TC ML R 5 5 Az 2] K]
B s 5 BT, B HARREE /NS 2E ek
WORS BE AR A, 220 M IRES K . Im R S5 B4 . EXTIX
— [R] @, AR SCHE Y —Fh B FRRE A A/ B BR TG
AWK B YOLOv1 1-drone, B35 BB L4544
ﬁu[g ZF)T/ji‘o [Erhlsiyﬂ}ﬁo

;" =% p
: HA e
i el | cTTTTTTTT TS ~
| 640x640+3 } C Head |
i CBS, -2 L o |
| . Vi i
i 320%320x16 - H STEPN - : i i
i C3K2 ‘ RlD |
| 160x160%32 - ¥ 160x160x32 11 " !
1 ¥ 160x160x64 160%160%32 i !
i C3K2 ¥ ‘
| N CBS, 5=2 ¥ !
| 160x160x64 I ¥ ‘
| 160x160+6 - | . 078032 i |
3 CBS, 52 1 X bk ' ;
| 1 o0 [ |
I 80x80x64 - h X ¥ |
i i % 80x80x96 X !
! C3K2 1 v ¥ |
1 1 1 !
| 80x80x128 H C3K2 Lo ik )
i i 80x80x64 1 |
3 CBS, 5=2 - | 80x80x64 ' |
1 1 [N |
I 40x40%128 i H !
! C3K2 - ¥ © 2 H !
‘ n g X 40x40x32 ¥ |
| 40x40x128 i I & i 1
i Soor e H 2 40x40x128 P ' i
i 1 40x40%128 | !
I 40x40x128 H 40x40%64 v ¥ |
| 1 40x40x128 ¥ _ 1
; C2SCSPSA T C3K2 ) oxaoxizs | o\ fk J

|
’
- ~ P

P2 YOLOvI1-drone Hi%45H)
Fig.2 Structure of YOLOvVI 1-drone algorithm

B, SRR SR A AR BT T C2SCSPSA
B, 38 o PR R AL, TR R 23 )
158, P B/ RUBE TC AL B bR i 56 B =
U, BEXEIC AL H AR ROBE BN )8, 3 ik 5 e h
T Pl i 8 RUBE R ) v S R AE PR il 5 1 O =X, 4
N B BRI AR s i, Atk — 25 B A kG B
SISUHEE, 51 A EloU 1 AT 561 5 A%

2.1 C2SCSPSA f&iRi&t

C2PSA ik YOLOVIT H i T334 5 AR AiF 2 B
B E A, 455 T B B BEJR 3 (cross stage partial,
CSP) g5 #4315 % 77 (partial self-attention, PSA)
HEE LR, e LA 1, BARZAESRET T

ARSI 7, (B TIF AR 2 E B MGE B {E B

£, B, A SCHI A SCSA B! %t C2PSA £t
Yot Ay etk veit . SCSA BEHahty tnid 3 fis. K
t: B ALK/, C @IS, H. W5 SRR 1#]
WL SERE, H WAy S R R B RE T R L
JE, N=HxW, SCSA itk 1B i 352 218 A3 (]
%= 71 (shared multi-semantic spatial attention, SMSA)
155 He K2 9 3 38 18 [ 7 75 ) (progressive channel-wise
self-attention, PCSA) ZH il

SMSA & e 3i i 2 R I 36 72 4% B MS-
DWconvld Je X} 4 > FHREAESH AT R TR 3.5, 7.
9 BYTRBE F] 53 B — AR R, PR 3 S B R A 0
FF, W HE A TR AR R 1 1 A B A5 R . R
[ RN B o FRAZ S VR AR AN [A) 232 B T 4 M s )



3004 b it = i KK % % i 2026 4F
SMSA
BXC/4xHx1
BxCxHx1 e ; BxCxHx1
=] n= pr—
peoxiw ,, S e
BxCxHXW x| BxCl4x1xW B W
= ———] N
X
PCSA BXCXHX ' E
X
[sa)
BxCx1x1 BXCXHXW'

Sigmoid

BXCxHXW

© ZBLFERE @ kA

3 SCSA sty
Fig. 3  Structure of SCSA module

LEF M5 B, AN R $2 )5 80 . 4 JmiE MR B
KFEA I R SO F, 36 T/ H bR B I A 7R K
W RS, AR SR T RAE AT PR, IFoR
FH 4324 H—14k (group normalization, GN) #£171H—1k
BEAE, R AE 2 00 A9 3E T, AR
Sigmoid G R B2 RIE R T .

PCSA SR 5L T ¥4k AvgPool 17 i =
JE48 TJ5 5, BEAR G 21T 58 R AR 1 [ s £ 88 O 1 H
SMSA # U 21 23 a5 B, Bl 5 R i A8
B E S L, 454 SMSA #2425 a5 5, )
B AR AT HORS AN Y [ T R, MR T A
T B AR SC—ECr: X o R

SCSA #iHe iz F SMSA 5 PCSA By £ Bt fd H ,
SEERT S ()R T A P DRSO, 38 a2 R R 5
S A 2 S, A5 A A A b oG TR E A S ] X
B, [R) A S T I A] i — AL 1A 2 A) 2 4
BT R B, 76 B AT 55 h R B A

HUE J5 B SCSPSA B HUK PSA i iy £ 3k
VE S HLHITE 45l SCSA ML, 3 3f 2 7] 5 3 14
) 2 7 4 TR R URRAE AR 7, $2 @ Xt T AALH
FREGETERE . B B SCSPSA ZEH N [&l 4 i/ .
HABCEAXFR T ZBH A Ry X e REXCHV
Hd, BAE A%, CohmE s, H R, W
JE, Fe TR i KGm i 4 E
F = Conv,y, (X) € REXCxHW (1)
F,,F, = Split(F) (2)

B , 43515 B9 05 F, 0E A SCSA Bk 5 i 5%
2 (feed-forward network, FEN) P #Ef AN T, 15 5 45
RF) 5 Pt AT PR e i, o A F
F, = BatchNorm (F, + SCSA (F,)) (3)

F} = BatchNorm (F; + FFN (F})) (4)

@@

l FTN '
g

\Y 7l

P

€l 4 SCSPSA FEBZEH
Fig. 4 Structure of SCSPSA module
Y = Conv,y, (Concat (F,F,)) (5)
A SplitFRIR i 1 73 #145:/F s BatchNorm 3K /R b i
H—1k; Conv, & n B U K/ K 1x1 196 B
F; ConcatFR R PFE4RAE .

e, 454 CSP 454y B SCSPSA 6 B 15 1 7k 3¢
WUk Y C2SCSPSA i & J i e, L4540 an &1 5 B
TRo B, HEAT CSP 2, K di ATk i X e REXOHW
HE BRI 520 2 0, FOoR, X, X, e RV gk
gt n 4~ SCSPSA B BBk Ab 3 (4 SR H n=1)
JG 5 55— MR AT PHEEAE S i i, LIRS
X, X, = Split(X) (6)
Y = Conv,,, (Concat(SCSPSA (X)), X)) (7)

SCSPSA H#i3itiz Tl CSP 4454 K SCSA HLI
B, B TR 2 R R OF BRI T, e T



BRI, 45: 25T YOLOV11-drone YA A% 15 5t T SR TE AL R GE A AR 1% 3005

v

- 43 |
4
SCSPSA
: j] n
T

El5  C2SCSPSA sty
Fig. 5 Structure of C2SCSPSA module

I s T RGN H AR TS A B OCTEJE .
2.2 STFPNi&it

YOLOV11 3R FH #4583 A R AE 42 7 55 M 4% (path
aggregation feature pyramid network, PAFPN) % #4 i}f
172 ROBEFRRE 6, P2 my A A8 AN [ RUEE H A 4G
DOKG B2 o X7 i BOAR R AP M0 SR 6 T £ T M 2% Hi
Hh Y AN TR) RUBE ) R AE A5 ., (EAE T 0 /N ROBE B B
BF, BT 220 R EER 3 BRI L, R )2
FRAE T SCAEAE JC 12 78 404% 366 B G U R 43, B AT 1 4
RUE T 2 1 SR SR I B0/ B A 1 G 0 G
FE o P, A SCE T 1B /N H AR A6 DU Y STFPN,
P B T Z2 v 2 25 [ RRAIE, 42 my R/ H AR i
KRG RE . SRS M2 B RRIE R G A2 Ak an 5] 6 Fs .

6 GRS RHERLS AR 0T

Fig. 6 Comparison of feature fusion part before and

after improvement

YOLOvI1 B & T W 2% iz F b ofE 4 FLRT C3K2
PR A A 20 B R R 640 15 2% <640 15 K 1Y E1%
PEATHRAE 4R . L FE op, X A BR 1T 8 % .
16 7% 1 32 f% T R, v thh 19 P3. P4, PS#H T Jn
2L H bR fl A 4 B Sk 5 4, FERSE 43 5
80 R ZE <80 R . 40 IR F <4012 & . 20132 % x20 1%
o HEARM B RAS/NT 328 R =321 RE, £
T 19 2 it Y PS RRAE B K 2% HARBIE B .

i Z 0T R BEERAEASAUAS S 068 /1N B A 04 K6 0 25 S
A T ERTE, M4 R R I 46 3k TR S 3502 TRl 4 L G
Gy Ee, /N H AR R ROR o

S N @ L R L R 1 E Y N S PR
T 2 rh g J5 — 4 32 £ B T R A R AE (CBS il
C3K2), ffi = T M i Z #E47 16 f5 09 T R AE, 153
40 15 F <40 1% 2 B FRAE ), FFAR R0 45 2 8005 19 TR
B, Bk T B N 253 TR BN N R B RR (B AR
[ Sk 384332 FARE/IN H BRAS I 5 A 45 Bl 1) e 2 4
fiE, ¥ £ T WL 465 T R FEAR B 160 13 % x
160 15 Z FEAEE 5] A FPN, [RIHF, 43 5I%F P2, P3 it
FTARAN R RAEHAE, OF 5 BARE AL 2 v A R
PETEAT 380 30 2 R ) i B, (A5 R R A R 1 Al
P2 2N RBEERE /N H AR 45 R AE
2.3 EloU ik f 3

YOLOv11 i1 FUil A [7] )4 2R ] CloU #i 2k pRI %K,
HitE AL T
d* (b,b%)

Loy = 1= Jigu + 2 (027 (8)
|bnbe|
oU = 9
ToU b U be| (9)

4 we wy )’
v= nz(arctan (hgt> —arctan <h>> (10)

A a2 ELCHE 5 N AE o SR R IR FR B 5 b
IRTICIAE ; b Fe 7R FLSEHE s ook FLSHE 15 T I HE £ /)
ANEFIE X AR IE B s o WA S50 vl B R T
o b — B0 5 Jhou o LSS AE 5 T HE 1Y TET AR AE T [
we Ry FLSCAE B T8 B 5 het Ay B S AE A o B 5wk
HE A9 8 B 5 Aok TIUIAE (4 5 1, CloU RAXH T
I L, I BT LS HE T A fry s B S K e
b 25, B, CloU ME LA FUAE 5 H 5
HE 9 v 2 R ) L 52 2 S, L 0 DA A L SEEHE LT
SEREA (IoU #:3L 1) B, 2 WAR LR # iU, 7T g
23 B BT R In) R

I, A 3051 3 EloU 451 2% bR 5™ E 47 19 0 4
f 1l 953 2 15 . EloU #% CloU H 3 I #E 15 1 5
HE B T w8 L A8 2 T4 43 1 000 ATE By L S ATE ) T R

2 t 2 t
sz, L) L) g crou
w h

WY v, NSRS SR R . TR AT
@ (bb*) d(wowt) d(hh)
I c? C;
(11)
A rr: €, R FUAE 55 S0 HE S /N SME R R 1 58
C), R TINIAE 5 FLSEAE e /NI 2R T B el B2
MR 7 s, 25 I AE H R R B,
T EloU 43 5 B8A 1 98 | o 22 (E A 2%, S0 AE 7% vl

Lgioy = 1= Jiou +




3006

AN NI NI

2026 4

CloU

—_ O = N W A L o
=
CloU

I — T R R e

1

CloU
—_ O = o W A UL N =

~
[o)}
|
(S}
ok
(S}
S
=N

-2 0 2 4 6 ) 0 2
%# %% (L3

7 7 7

6 6 6

5 5 5

4 1 4 D 4 D

o 3 |I o3 > 3

1 1 1

0 D 0 D 0 D

-1 -1 -1t

2 0 2 4 6 - 0 2 4 -2 o 2 4 6
1B3% Bx Bx

— WIURTRIIAE

—— CIoUTHiHE

— FYUHE  —— EloUBIIE

K7 EloU $ik BREUR T A
Fig. 7 Schematic diagram of EloU loss function

VR A AT AASC R A o AL, T CloU B 2 ] i i
A8 FHUINHE A 98 B S I A ROR 2 B . A,
EloU $5i 2 bR HIC AT L (i A6 7R G el 90 25 Dol /) oo J3E 2
(B J7 [ SR 24 AR 22 B 58 L2 & R 1Y
T, AT ERASE Y 1A S B2, 418 e S A [ RS

3 KWBBEERDT

31 TWHIEHE

AR SCEE XA 2R TS 5T /N B AR JC A HLRG I H BE
B[] AR A 7 A0t , R R AR e 5 1 LA B R 4R
T, BB E AT R MNRETLTAN. i, EHRTHE
T2 VLR RN e 4 X8l 32, WeE AL | i AR
Y. W, HIE AWML E bR iE s sk . R, ff
R AE T AN EMZESE R, TANL IT = IHE
PE G  BEAC Tl AR 2 A AR A . AWML Sy
o HE Mavic2 Fl 55 1 Mavic Air XX 2 ZX LA, 1L
A, A B v B B AT SR, 5B KGE R TR
AR A S AMLEE S DUT-ANTI-UAVYY, Hoi g
FAFE R AFBS T ANEG, BHZ h/NRE
TAMEL, 5 8 @EdRE A I, A OB 4 3t
A8 6761 5k K%, H2 B8 7:3 A9 He 5 R 43 )l 2R 4E
MRS, Hh K 2 4275 5 F/N BB AL
EM& . 8 R oo AHLIE S
3.2 EMNIERR

IR SO Y P BE R AT REAS W N 4 R4S

EIR 1 €/ sy

Fig. 8 Schematic diagram of a partial dataset

ki O 5985 B $5{8 (mean average precision, mAP)
PR BAS MRS 132 s @2 B0 i ik BUAE RURLA; BV 4532
BRI A ik is R @B RRS D 4B . mAP
YE RO, ot B RS TR P B 1
R RSN HIRE R 4,7, R AT

— TP
P_TP+FP><100% (12)
R=— 1" 100% (13)
Tp+ Fx
1
Apzjo P(R)dR (14)
1 1
mAP:?ZAP’i (15)
i=1

s T Fon R E A 1 B F AR BG Fy R A



%o

BEH, 4. 25T YOLOv11-drone &

2 5N RIEANLRSGE AR % 3007

RGBS H 1 H FR B Fy, 28R B8 2K R 1 4G
W B AREL 1R B 4R R BT R AR Y 28 0 4
A SCH N mAP@0.5 K7 ToU 2 0.5 1) 43 3 1
mAP f . BLAk, Ry 5 UEASE A X /N AR R I R
51 A COCO Hf 46 h b /N B A% 1) °F 508G BE VAN 46
bRk mAP@0.5:0.95(area=small), 1% b5 i % 75 76 32 1%
Fo32MR R UUT W HARTEA [F A (A 0.5 21 0.95,
LK H 0.05) L IFH mAP,
33 SBEMBSSHIEE

S R AE 2R 42 Windows ¥ A1E R 48, CPU N
13th Gen Intel(R) Core(TM) i5-13600KF; GPU iy i
1£ 12 GB Y NVIDIA GeForce RTX 4070; 2 218 &
M Python3.9.19; IR E 5 JHESL S Pytorch2.4.0; CUDA
4 12.1; CUDNN 7 9.0.0.,

TR BE 27 ] RS v, R 2 0000 U 2 5 i A5 A 1Y)
R PERE . A B UEAS SO I Ak, B 25
BB B AE . MIZREEECH 100 4, YIZRAL IR/
Hg 16, EG 5 AR ST R 640 18 <640 18 %, k%
Bhng 1 iR
34 ZWERS5HH
341 HaEk

J AL YOLOV1 1-drone 54 % MUk i A7 21k, LA
YOLOv1In AR HER L, 7E H FMEME T =T
ANER7 NG IR &/ E eI 1 S e B 4T
7 5 43 ) 9 I A% O A B T X mAP@O.5. M 4% 2
Bt | T RS T U SR I B (R S, S IR 2 R

F1 EESH

Table 1 Experimental hyperparameters
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Table 2 Comparison of ablation experiment results

SGFE C2SCSPSA  STFPN  EloU  Z¥E TRAEHEA mAP@0.5/%  mAP@0.5:0.95-small/% Al RE/(i-s™)
1 x x x 2.59x10° 6.4x10° 91.4 24.6 89
2 N x x 2.54x10° 6.4x10° 92.0 25.0 88
3 N x 0.99x10° 9.3x10’ 94.6 39.6 79
N N 0.99x10° 9.3x10° 95.5 39.6 83
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Fig. 9 Comparison of heatmaps for small targets before and after
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improving attention mechanism
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Table 3 Comparison experiment results of

different algorithms
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s SR TEEE R mAP@O.5/% ﬁ(,‘gtﬁz/
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YOLOvI11-drone 0.99x10° 9.3x10’ 95.5 83
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Object detection method for anti-UAV systems in complex backgrounds
based on YOLOv11-drone
XUE Shan’, YANG Wenda, LI Qigui, REN Wanfei

(School of Mechanical and Electrical Engineering, Changchun University of Science and Technology, Changchun 130022, China)

Abstract: Amid the rapid expansion of the low-altitude economy, UAVs present escalating security threats to
large-scale public spaces. Accurate and rapid target detection of drones has become the primary and critical
component in anti-drone systems. To address the critical challenges of low detection accuracy, high miss rate, and
false positives in small UAV detection within complex environments, this study proposes YOLOv11-drone, an
optimized object detection framework based on an enhanced YOLOv11 architecture specifically designed for counter-
UAV applications. First, an autonomous dataset of small-target drones in complex backgrounds was constructed.
Second, to improve the model’s ability to extract features for drone targets, a partial spatial-channel cooperative
attention module C2SCSPSA was created that combines channel attention with spatial attention processes.
Furthermore, a small-target-oriented multi-level feature pyramid network (STFPN) was proposed. By fully leveraging
shallow semantic information, this architecture significantly reduces the model’s parameter count while improving its
focus on small targets. Finally, the model’s loss function was replaced with the EIoU metric, which simultaneously
enhances regression accuracy and accelerates convergence speed. The proposed improved algorithm was evaluated on
the self-constructed dataset. Experimental results demonstrate that the YOLOv1 1-drone model achieves a detection
accuracy of 95.5%, representing a 4.1% improvement over the baseline algorithm. Additionally, the model reduces
parameter count by 62% while attaining an inference speed of 83 frames per second. These advancements confirm its
efficacy for small-target drone detection in complex backgrounds. To further evaluate generalization capability,
experiments were conducted on the public VisDrone2019 benchmark. The suggested technique shows strong cross-
domain applicability and generalization performance, achieving a 0.6% improvement in mAP@0.5 while using just
38% of the baseline model’s parameters.

Keywords: anti-UAV; small object detection; multi-scale features; YOLOv11; loss function
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90 85.6 95.4 105.0
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Table 2 Capacity of each queuing system under different

delays in control group
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Capacity model and collaborative scheduling of droneports for
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Abstract: Droneport terminal airspace faces the critical issues of scarce airspace resources and insufficient
operational efficiency. A series-coupled queuing model and a static-dynamic collaborative scheduling strategy are
established to achieve accurate capacity assessment and effective regional collaborative scheduling, taking into
account the lack of collaborative scheduling mechanisms for multiple droneports and the need for load balancing in
regional logistics areas. First, a differentiated queuing model is constructed to characterize blockage effects in each
operational link, breaking through the limitations of traditional independent analysis. Second, a non-preemptive
priority strategy is introduced into the landing system to safeguard high-priority tasks. Finally, a "static flow pre-
allocation + dynamic capacity-flow regulation" mechanism is designed to achieve multi-droneport collaboration
through dual-path decision-making based on queuing theory. The static results show that the overall capacity
assessment deviation of the proposed series-coupled queuing model is controlled within 6%, which is significantly
superior to the traditional independent analysis model. Moreover, in the capacity assessment of the waiting layer
airspace, it also significantly outperforms the conflict threshold-based model. Under the non-preemptive priority
strategy, the average delay time of high-priority tasks consistently stays below 30 seconds. However, with the increase
in their proportion of total tasks, the system’s average delay rises significantly. Under surge traffic conditions, the
cooperative scheduling approach lowers overall drone delay by 39.49% on average and increases regional load
balance to 95.9%. The research results can provide theoretical support for low-altitude logistics network planning and
real-time dispatch.
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Fig. 10 Simulation scene setting
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Table 2 Parameter settings
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Table 4 Comparison of efficiency of avoidance methods
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Fig. 14 Aircraft mission path planning (top view)
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Table 5 Comparison of aircraft path planning in different

density scenarios
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Design of operational security guarantee method for DAA system
based on runtime assurance
DONG Lei"?, WANG Qi"’, CHEN Xi"*", LIU Jiachen"’

(1. Key Laboratory of Civil Aircraft Airworthiness Technology, Civil Aviation University of China, Tianjin 300300, China;
2. Science and Technology Innovation Research Institute, Civil Aviation University of China, Tianjin 300300, China;

3. College of Safety Science and Engineering, Civil Aviation University of China, Tianjin 300300, China)

Abstract: A runtime assurance-detect and avoid module (RTA-DAAM) is proposed to address the avoidance
issue of unmanned aerial vehicles in the urban air mobility (UAM) scenario. It does this by identifying external
environmental information sources and providing control commands and alarm information to guarantee the
effectiveness and safety of aircraft in the UAM scenario. The control methods of advanced and standby collision
avoidance modules in RTA-DAAM are designed. Considering the importance of coordination of detection, decision-
making and warning functions, defining the aircraft’s own clearance boundaries, prevention boundaries, and obstacle
safety boundaries, and dividing the different aircraft states so as to complete the design of the decision-making and
warning logics. The simulation results show that RTA-DAAM can ensure the desired separation distance of the
aircraft at a loss of only 3.40% of efficiency, so as to ensure the safety of the DAA system. The implementation of
RTA technology can increase UAV safety time to 96.9%, providing UAV safety to the greatest extent possible,
according to the real flight results of tiny UAVs.
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decision and alarm

Received: 2025-03-11; Accepted: 2025-04-25; Published Online: 2025-06-11 09: 28
URL: link.cnki.net/urlid/11.2625.V.20250610.1954.003
Foundation items: The Fundamental Research Funds for the Central University (3122022QD07,3122022044)

* Corresponding author. E-mail: chen x@cauc.edu.cn


link.cnki.net/urlid/11.2625.V.20250610.1954.003
mailto:chen_x@cauc.edu.cn

2026 4F 9H
ES2EE oM

tEMEMRMRXKXFEFR

Journal of Beijing University of Aeronautics and Astronautics

September 2026
Vol. 52 No.9

http://bhxb.buaa.edu.cn
DOI: 10.13700/j.bh.1001-5965.2025.0267

jbuaa@buaa.edu.cn

SAHENE X ENE RN RERE CITRIRE

1 s 2, 3, * 1 ST 4 1
Fawhy, s, 4, xmHET, # K
(1. HEARMITE 63660 FREA, I 471099; 2. EFiRHEAS: 28 KRE20E, K1 410072;
3. K& RGBT S5EHEEEALRE, KiP410073; 4. SEME K, KFF 130000)

1 B AERBEETATE TR, B35 0% F A UTRRE B2 0N 74
FHRENHR (TEHRK), ZRTEEZ, ZEVTEREBFEXENFA, b, RE ke
KATHEIMEEH D FLENY BN ATERE T &, REATRLEMY RA L, AR MAEEH

MRBEHLAPAMBEERSG =% BRA;

AR BRI AT EB 2 UMNBERREAMERY, #— bk

EMAR ATE MG LW FL MR ENHEHEEE, URABNEEER SR 2EME; &

Tt B R AR R LA AT AT ERSFE I FELZREREN: IRFTEFREAT 2

RATHRNREREA TSP RBEE, TRA L RNEE LR A AL KT RARESL 2
X B OA: REATH; TREFRE; MAER; BN HREN,; KEEE

FESES: V217.1; TN959.1
NEMARESRD: A

MRz 2T AR S — T AR AR Y £
FAFHIER, WM IT LA Ss R 24 R
2R, AL AF R I B R [ 5 H A A SRy 2 )
M AT 24 7, HG T e R R R R BE 3,000 m L
A BGE BN E T8 NJC AL A Bl R
AT AR LA A AT AR . R, R AT
e o — Bl E 3z ) SR ) KB TRAT A, Bt
P ki Ui WD B AR 2= e 55 A7l 9 A
TIEARBERE . NI, 28 M RS E AT TR
25 RAT AR O IR ER

TEFF RS QAT R BOA AT, 2R 5 A0 S 1
PG TF e AT, LIRS0 A IR AT M e A7
M R, O PR A2 AT SRS AT, Tl R
LR ML G TR A IR AL AT 8 R ALE B
(FrOi e U B2 2K o b AT SR e
RS, ALTCAT T 0 R s A A A R 45 SO Hr
T AT 32 AR R ORI 3 B e 1 A A
ARAT A FAUE A NS 5] S P R R R AT AR

XERS: 1001-5965(2026)09-3039-13

UGBS IR R R R B, S
SN 32 AT AR AT AR I B AT BE A A Y
R B T A S S R AT SRR, DA B
PANIVRIE I R

— B, A 2R TRAT SR A IR AR BT RO
R, et e i AR SR LT i 137 T S 3 25 2
T3, I A AL B A 2R 58 H g A e 2 e U T
FE, T 7 QAT 2RI AT O AT RED . 7E s
OUT, RATERESME RS ab i IR, i, B
BUAR AL TR AR By R s BT R, M R R Y 20 B RE
TR WA 25T, 2k AT AR A HE AL g R ik o)
B R B A D /N FART B R, T AT
— B WAL SR G2 H A HER L
YA Hin. B, 2l AT s R WA £
ANELT Ry, TS BWORE AR AT 2 NG . X s
5 B Kb BRAE A BRRAT AR S SRS i L
JE T 2 AN EE) AT ARG TS, AR L RN 5 1 A
YIS AR AL B AT A T O Al BE, AT AT

Yk B EA: 2025-05-09; R BER: 2025-06-20; %%t AR A E] . 2025-06-25 18:26

P 4% HH Ry b4k . link.cnki.net/urlid/11.2625.V.20250625.0953.001
EEWME: ERARB2EES W LITHE (12472359)
* B {5 {E# . E-mail: likeboreal@nudt.edu.cn

SIFtEC: FHH, BAEK, BH, ¥ FUHGELENEEGT RERE THERE V] XFMERKXAFFR, 2026, 52 (9) : 3039-3051.
LiKK, LiKB, Cao R, et al. Extended low-altitude aircraft tracking via navigation-assisted radar measurement augmentations [J].
Journal of Beijing University of Aeronautics and Astronautics, 2026, 52 (9) : 3039-3051 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2025.0267
https://doi.org/10.13700/j.bh.1001-5965.2025.0267
https://doi.org/10.13700/j.bh.1001-5965.2025.0267
link.cnki.net/urlid/11.2625.V.20250625.0953.001
mailto:likeboreal@nudt.edu.cn

3040 [ T |/ A N = = o

2026 4%

i ATARIRME Z MG R, R Fampy g
H #5 B8 Bf (extended target tracking, ETT) [] A%

5&F ETT [ B 5%, Mahler™ AR 475 i WL A7 PR 4E
BSHEAT T Y AR SRR B IR Ay . BT
IS, ME AR AR K BT A R H AR DR A
PN A B EIL Z R T R BiriE shiRE,
DA% R BRI R SRR . Koch!™ f FAHF 5T
T AP RIS ETT (Al $ H 5 & 5
B P R 6 R LE S B BL R PR AR A SR 3R H AR Y
PIRIEEA. ZE, BWANET Bird RIE S BB
3 7AW A 58 R Hu'™ Tuncer ' 4
I [ 5 728 A K B 0% 22 16 158 400 1) B AL o A 10
e JTA KT AR B b5 005 R IE A ; Baum'™| Zea™
SRS Ja PR T AL R 3R AR Y KoK P £ B AL R
AT R B R HAR 8 RIEAS, XS AL f5
430 T HoAbAF g Ao R AN Baum!"® | Yang!”
SR ARG ST RN e T RN AR, S T YR E
ASH B K 5 IR T Kumnd™ | Xu'™ 4
e B v T o R A T e > SO0 5 4l 1) 235 [) 43 AT SRR AR,
LT T RMNE BB SRR RGN 1
Ah, AR RS BALARIY B RE SIS R | alpha-
shape A58 7122 [y [ [i] 780 0 S 2 o AR Al A
Akl T JEAASFLTE AR B AR 4 RIE A

IR R RIS 5 25 Fh g TR RS T R A
H A BRER SR, H 353 £ %F — i H R, /95 &
=Y R HPRRYIRER . —J7 I, =4k ETT — s %
AL AR IR A AR LR Y 22 £ B 58 A LI B Y,
X5 T4 ETT WF 52 5 B8 4 U0 54l 9 1R ik —
B, A0 2% S UL 28 0% BUAS 5, HLX 2 A% Sl s
T R o DRSO Rl P B S T R R R T R e
SRR 2R, AR A SR AR AL T
DU A, EUR I A B2 ey BR M R, AR B 8 A B, 3
“H TR 00 RS HR [) 0 P 2 ) 9 43 W) e
AP e 2T HAR RS B . B — i, A
R Z i (G s e W AE B bR R R 25
s A, B E AR IR AR E B . X I
BAE =4 ETT [n b B R Jay BRAE, [A oy — 4
H A 2 T8 HB 43 W T S A7 7E AU I T 5 AN AT
0 T I AR A 25 R R A B o TR
I 2% RN T A AEAE, 7T RE I R e TaT L HC a
B3 AT 43 A g D, LA R E A D 2 ML T
T A I B 2 AR LY s B R R AR = 4 H AR
JETEAS B Ak T SRR = A AR R g, R, X
TARS =YY R BITRIRZS ®AT 48 BAw, Z Bk
XFHER A WL 52 me, H bRiz s RS Sy R IE A Al
T B R MR T, 30 V) R 0 5 A R IR B T o

T, A SO AR IRz AT S
TE i 73 B0 7 0 MO R B A 2 1 e, 25 Bz R
Fras ERSME & Se i e e a0, HA R
24 15 A 78ty SHL R 9 JR S 6 R e, SR A 3R A [
(1) B0 B IE S Bl BILRE P A5 B S AR AT 2 9 R TR
A, I DL TR0 R 1 hy R R A0 BBl R
14 TRAT AR AL AL T A0 K A D R G B R
195 3 7 K D AR AN ST LA Bl e A JEE 0
PEARICZ X AT AT L B TS A A
BRFAE, 8 1] ORI A e 20 B BE 0 3RO Lt 22 S
HHE e B AT S FEN BT B AR RN 5 e
SR RE AL 5 (R B T TR R = A
JRE R RAT AR A AE L3 B 23 WL XA, S B Al
B R I A T3 B v LA R AT AR s B A
E Ly L AR o T 4L 5 S A 2 A9 110 A B
PR B e B AR T EE, W R P A2 AT AR
P | R R AT AR S m SRR AE B, SRR
Je LA CRE TR Tk F AR AT AR R B L RN
PRI S HRIE

BT BRI 58, A S T i A R Ik
W B TR AT A LA O 5 | S R A R R R
P, S BUANIN R  F) RV RS W) 17 5 75— 5 T il
ARRAT AR AL B R, st 2 MR Bhi%
SPAULAR X B s R T O A0 A R B B
W, LAAT S8 S o s o 0 4R T s R S
Mo e, BT 0 T K 0 R A e T v
IR T AT A s SRS IR IE S R A TR
N AR TRAT SR R R B AT AR P it A
REGEE %

1 XITHRRERGRSIRE
1.1 EaPRSERE
B S k=1 I 252 3 RAT A AE =4k (BRI d=3) =5
[] P JBT 0038 BIPIR S ey A IROM 1 07 0 A1 %) BRI Z2E o
Pt|Z5Y) = N X Prcijer) (1)
K =[P, v, )0, 28,007, xR P 2P A [ L
B ARDR, vk XTI ERE 3 241 ={Z Yo Ron 4
1 255k — 12 AR TR AR ey R P sy 43
S 2038 BIPIR A IS 50 AE AR A B 7 25 56 B .
Z B EITEAR S RATER SRR, 1B 3 ik
1R B 7 7 R AT, R P B B A A 4 A
Hiz gk, o7 is ZPR AR ALY
X = DX + Wy
{Wk ~Nw;;0,00)

s @ 1 Q739 iz B R e % e A o S o



55 93]

ZE, S ST B T I D0 B 9 R AR A TRAT AR R R 3041

T W 7w B P 7 22 LR, 37

¢k=[(1) 7{] ®l, (3a)
4 4 3 2

0=y ety (3h)

Hodr, TR TR IR SREE I I, 0 d x d4E AT FE [ o

I FRME R 2 @7~ Kronecker

12 EESERE
R 8 B AL AR 4 BRI T, 3040 k— 1 205238 kAT

A I 25 A FRIE 2 B REALAE A8 i X, € R,

FBSE Xy IR S VD45 53 A
PXii|1ZY) = IW(X 13 Vi1 Vie it (4)
P IW () 7R 30 B R 73 A1 5 v ok 30 g 5 A
FIHBE s VI AT S BOE R, H b ot gl v 45 o3 A1 3] 22
WA X, = Vieti-1/ Wiip—1 —=2d = 2)

HI T TR AT A% K 2R FE A AU T i S By R R
A ) A A AR, A i AR TRAT 2R SR R]
N FE I ] N I 25 1 T 1) AR AL B/, T i &
AT A8 TV 285t b i) pAY S0 AL B R A8 222, 95 P
VDRI 4 3 AL A
P(XilXy—y) = W(Xk;dkaAka—lAZ) ( 5)
b W) FoR BIPRE AT 6, > d = 1R S oA
9 E HEE, T R T R IR A T A Y AN B E 1
5 Ay € R™ON IR Y R 25 18 A A5 2 0 ml 3 3
ME, EIEX%?AJC =1,/ \/6_/(0

2 EROYNT RN ERE
21 BERERRESEN

SO A b R 2 AT .
B, 58 ST K AR B AR A« AR 2 ik K B2 O,
Onzw # T 1_I, O P Ogye (3 F 2K -1 14, 434
IEAR SIE . AT B LR ARAR R e LKA
BRI A JFL A O, Ot I (R 11 35, Opzafit
RBP4 FLIE P F Op o 39191 107, Opyn 8 1

ZR

Lo B ) BEHLT

>

RINPLLL

- >
YR

B bR RN EIE

Fig. 1 Schematic diagram of coordinate systems

’
/ e
OR o

Hi A T W E

E LT R ML N O = (0.0, 91", MHD
ﬁ 4,0%7 OBXBI—?ORXR)’R‘T‘EE,‘J%ﬁ ) EXlZEIZEUJ:j‘?
1E, AT A v N OpxpE Orxpyr V- _E B2 6 5
yrl B e Sy, OO 2R T ) R IE, R iy N Opxpzs
S THT 5 4 5 o 0 ) 0 0 TR 1140 2 £, BB e BT 1) JE
¥eNIE
22 KATERER T MLMAREY

WE 1R, B 2k AT A s sk K a3
PRI ) 284, B R BRI AL FE LA AL B 2R rp S I 2
o SR A A BR 1) e AT A% 254 B Y 52
AT A AL 2 T B K AR U (1 PRI
PR TATAR AT LI T ) o A1 AR LA 5C  th &
HESL /AT A AR WL IIAR A

I8 RAT & KRR O a, B 20 50 b
e 1 B RAT 4% RSN B e % X5 R R A, A
b = c), 5 kI 2 T IR AL bR ZR T B RAT AR B0 BN
Xpr = D00 20 o 5 SO 2R % 8 3238 AT # 5
SWY RIESR TN
F(EoFoz) = (X ;23‘/[:)2 + O ;2)75)2 G ;221[:)2
KA e Jow 2P TRIRARIR R T RATA R
T AT — s 3 A5 ) AL AR AR

IS kIR Z2) TR AT i 2 T S8 A WL | WL R
4 T ISR A (P TR IR ) R 53500 2, = ()Y
Zi={ghl, HmcrelLNd, Horb, 2 = [%.5.5]"
N SR T A r RIS A R IR AR AR AR A S A
B New N33R 56 20000 3843 WL (8 S A
A%, B R N, < Neo 18R 43 B IR 1 25 8] 3B
ST, AR DR 25 BR AT 3T Bl SR AT e S S WL A
T, JFff 2 5 kI 2 TR AR i AR Z,

BB WHE S VI T U R 2 %
SCHR (217 J0 7347 Ji H AR 42 il i 0 AR, AR 4l
IR 23 (0] 43 Bk 07 o AT #2123 0 58 4 Rl
] SRR 73 A 6y o T IX [

{2na+4(a—b) -

-1 (6)

Sl (7)
2mb > Tﬁznc >T
S [Yy)
DU ARL S5 A R A 7 DX TR N A B — AN B A 2z, HL

Ffr Em] il (8) s -

X a cos a; cosf;
¥ | = LR (0w, ¥ vi) b cosa;singy | +x,,
c

- L
Z; sinay;,

r=1,2,---,N; (8)

K af,B; €[0,2m) 53 ) h RAT AR MLIR AL BR R T 58
rECS Az M S0 O BO RN A L D S, L 2



3042 [ T |/ A N = = o

2026 4%

AR B Aa = 2m /sy Jd AB) = 2m/y5 LR AL A b
R B WIRAAR R IR, R8N
Li(e.0.y) = (LY@, 4. 7) =
(Ex(7)Ey(-)Ez(n/2 - )" (9)
X E)RRSGE i = XY, Z500F 1) e 5% ) B 915 5
VR i B i o, Rk T DL Sk [26]. % SR E) RAT AR
FAME R/ 18 RTS8 AR AR 38 51728 4k L 645
585 WIS A 25 6 O Dby R IR A5 S BROR RRR 43 ] o3 B
L, TCAT I T 58 A I T B S Z N D
%:Nk = §1§24\ﬁ§¢,§§ﬁﬁio
B2 HE W R 0B S 2 R
Z A — B A 2, A B R A AL A [
R R it
0 f (X, - 2)
0%
0 f (Fe, Vi Z1)
03
0 f (X, - 2)
0Z,

Lz = (10)
Be=X0Pe=T A2

Tt AR HL I, AT 8 2 T BURT AS 2 6 T kAT AR ]
ML TET, BYER SRR Ak 5 AT 5 1) 3k — il
TAT 14 52 as A5 D), A5 T AT A% B9 AN nDULI) I
{HO: dot(z, 1(z))) < 056 < /2

11
H1: dot(z}, L(z})) > 0556 > m/2 (11)

A HOR /R zp A AT, H1 KR BRI 1% s Al
WL 5 dot(-, ) R 3K ARIAE; 02 2 A1) B 1Y %5 [H]
Jeffy o ARAER (10). 2 A1), 8 D7 Z, P U
AL AT A T A3 WL T B R AR 2

SIS R I E ENEZ,

i 15 7 3 8 W kg e S [) o 35 4 A R O RS
B, HLEIEE n iR kI o A
Ik HARAG I RE AR p, AT SE AT A% 3 1 R 4>
ML A T 3R e D 4 Z

Xo:1Zy=0 w.p. l-p

{ x1:Zy =2 {z;}irand{w‘,} w.g. p (12)
s o TR BB kI 220 B TR R R I,y FRR B
1 7 I8 K % 1) 5 w.p. 3R 78 with probability (D HE
2); r=rand {1: Ny} 378 MR 43 WL T #5055 4R

ZU0 T 45 4 {1 N B BL 3 B n=Poisson(k) 1,

Poisson(-)Z& /8 JH AN 40 fii o 53 4b, & I %k H i 2
n << N; < Nyo
23 FENEHER

XF b 3R B IR AR Z = (250 R R

| 9.25,29]

7, = Hix, + o), ) ~ N(w};0,B.XB}) (13)

X He= HeoI, 9 W B A BE, Hy = (1,018 5 4t
Py H 2 8] 0 I 5 B o) WERG B IR AT AR
PSR A R VAl B
WrEa Mg, HoJ7 220 B X\ B, B At i B ik WL
RAT AR Y RIE 25 2k BT OO 0 T 30 B, O Bl
B, = (X +Rk)1/2X/:‘/X21, s NIRRT S WS
ISR R BN T Xt = Viger /i —2d = 2)
N T A TN AR R 5 Ry o R 3557 5 I W 7 3 Ty
ZEHEE
1 (13), IR AR B A  JE eR E T Ry

P(Zlx, X)) = HN(ZZQHkxk,BkaBZ) ~

r=1
N(Zk;Hkxk»BkaB:/nk)W(zkmk - I,BkaBz)
(14)
Ao Z w0 s Z oA DU S R R, A ) R
N

N

1 .
L=—> % (15a)
k r=1

Zi=) (-7 -2 (15h)

r=1

3 FMESMERNSENHIEL:R

B 3 gy B Rt N T sk T B R
U BRI AT 70 kAR e LA A= B 22 B A RE AR B0 1
FR, KT/ INEASBE B2 53 A AN 5080 1 Ak 3 5L
HEER ., 2%k ERER &, ARATE X Z i
IS TRAT R A3 WL T ) B3t B Tk A R o L A
[F) 58 25 1k 2 ME L, BETT T —Fh i (04T 2 A 30
PeJr %8 Rl R B A I I 0 e & AR A
TRAT AR Y R 2 S R X T A R 5
Jiti QNPT 2 BT B4 3 ol 84 5 5 s
3.1 ENHIEILE KL

PLEES kB 20 57 SR B a0 46 Z, TP AT — 50 25 1Y
B 8 5 R B8], Xk 5 SR s JEL B 4 S R AR

1) HESROENE 1, W 2(a) Frs, I RAT &8 52
0> Og FALAL B xp = [0, 04,20, (A0 B 7T 3508 1y
SR A S A A AT A O AR X
K RTNE) B F ML 00 5E 1Y ©AT 88 s AR
], X 67 T QAT 25 2 1 BT 9z e Ry 0 5 ) £
3R GE B ES:, 43 BIA5F] 90°, 180°, 270°EF; fi
TR 2(a) 1, 2, 3 S
2,7 = Xop + L0 ¥, YO Ex(jm/2) Ly (2 — X0

j=123 (16)

s AR - RN 5 i I 2 AR5 U o il T3



ZE, S ST B T I D0 B 9 R AR A TRAT AR R R 3043

59 1
1
4 3
\\ //O
\ 7
> \//
Egpg
/// B\\
- \
\
\
0 o

0 3 oy

k11 Z1 (ff&fmumzm)\\\
1

kit (e &

(c) HYBHIREME 3: AL ZRE

P2 3 i i B i e s 2

Fig. 2 Schematic diagrams of three augmentation strategies for

radar measurements
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Extended low-altitude aircraft tracking via navigation-assisted
radar measurement augmentations

LI Kunkun', LIKebo”>", CAORui', LIU Yuanhe', HU Shuang'

(1. Unit 63660 of Chinese People’s Liberation Army, Luoyang 471099, China;
2. College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 410072, China;
3. State Key Laboratory of Space System Operation and Control, Changsha 410073, China;
4. Auviation University of Air Force, Changchun 130000, China)

Abstract: In the flight test of cooperative aircraft floating at low altitudes, a single-station high-resolution radar
can get sparse (even missing) and spatially incomplete measurements, while the radar observes a partial surface of the
aircraft. This will lead to poor tracking accuracy for the tested aircraft. To solve this problem, this paper proposes a
tracking method using augmented radar measurements by fusing aircraft navigation information. First, a symmetric
positive definite random matrix is used to approximate the aircraft’s three-dimensional extension shape, which is
roughly ellipsoidal, based on the structurally extended characteristic of the aircraft identified by the high-resolution
radar. Subsequently, the partially observed aircraft model and the radar measurement model are both established.
Further, multiple strategies are designed to augment sparse radar measurements using assisted aircraft navigation
information, such that the radar measurement data is improved in both amount and spatial completeness. Finally, an
implementation of aircraft state estimation under partial observation is given within the Bayesian filtering framework.
The outcomes of the simulation experiment show that the proposed method improves the tested aircraft’s tracking
accuracy and, consequently, awareness accuracy for its flight condition. Moreover, the proposed method has the
advantages of high fusion usage of multi-source measurement information and a low computational cost.

Keywords: low-altitude aircraft; extended target tracking; random matrix; partial observation; sparse

measurements; data augmentation
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Architecture design and modeling technology for civil unmanned
system operation scenarios
GUO Tai’, AN Yiping, SHU Zhenjie, JIANG Jueyi, JIANG Yuhang
(AVIC China Aero-polytechnology Establishment, Beijing 100028, China)

Abstract: Operational scenarios for civil unmanned systems act as hubs of the industrial value of all-space
unmanned system and low-altitude economy, playing a crucial role in scaling up new industries. This typical complex
system features dynamic boundaries, multi-level emergence, balanced stakeholder interests, and continuous evolution.
Modern systems engineering principles must be used in the design of such systems' architecture to guarantee their safe
and effective operation. Our research into the architecture design and modeling of civil unmanned system scenarios
produced a "6+6" meta-model, capturing static and dynamic elements. In addition to developing a thorough process
that covers everything from element identification to architecture design and modeling, we created a multi-perspective
architecture design and modeling including capability, operational, system, and standard architectures. This approach
not only provides guidance for the construction of new infrastructure, the research, development, and selection of
unmanned systems, and the formulation of policy and standard creation, but also concurrently offers technical support
for the establishment of unmanned system operation scenarios and the systematic development of the related industry.
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unmanned systems
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Table 1 Accuracy of MobileViT after quantization

K& B Top-1/%

WiReS R A p— F— —
MobileViT-xxs MobileViT-xs MobileViT-s
G 32/32 69.00 74.80 78.40
FQ-ViT!"" 8/8 66.46 68.28 77.67
PTQ4ViT"" 8/8 37.75 65.52 68.19
RepQ-ViT™ 8/8 1.85 41.96 50.01
Q-HyViT™ 8/8 67.20 73.89 71.72
HyQ™! 8/8 68.15 73.99 77.93
EasyQuant"™” 8/8 36.13 73.16 74.21
AILOAQNT I 8/8 68.65 74.35 78.09
2 MobileViTv2 R B FHE
Table 2 Accuracy of MobileViTv2 after quantization
A5 BEETop-1/%
WiRES &Y Sh (e p— F— —
MobileViTv2-50 MobileViTv2-75 MobileViTv2-100
SN 32/32 70.20 75.60 78.10
FQ-ViT" 8/8 67.66 69.56 77.15
PTQ4ViT!"! 8/8 39.39 65.54 51.02
RepQ-ViT™! 8/8 26.60 55.52 40.85
Q-HyViT? 8/8 69.89 75.29 77.63
HyQ"™ 8/8 69.16 74.47 76.63
EasyQuant™™ 8/8 66.80 62.91 69.34
ARLOAQN I 8/8 69.97 75.31 77.86
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T3 VAR DR AR w8 R B S D ThD 35 BRAS SE AR . A
MobileViT-xs # %I Fl MobileViT-s # %! |, 23 0AQ
Tk AR BN B A AT R
i ELAE SEBR R YRR 8 4 P BB K 2 — 2D R i
E/MEH . AL OAQ kAT ARANE T, H

3 7 R P R £ X 2 S R TR I R B B 2 B
— HUfy i Ja BB AN Z, IR, 7RISR ot i Bl
ARG 28 T AN HS AR A 3 R0 o ek g 2 51
5, Al DUVE R MR B, A 3C OAQ TJ5 % A 1 AL R MU
Y A H A SR A PR, OF ELREAE AL BT AT JR Y
P 246 2
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Table 3 Accuracy of EfficientFormer after quantization

Top- UG /%

WiRiS AT
EfficientFormer-L1 EfficientFormer-L3 EfficientFormer-L7

i 32/32 80.20 82.40 83.30
FQ-ViT"! 8/8 66.63 81.85 82.47
PTQ4ViT!" 8/8 79.14 80.31 81.56
RepQ-ViTH! 8/8 79.67 81.98 82.47
HyQ™ 8/8 78.55 82.26 82.66
EasyQuant™ 8/8 78.42 81.03 82.27
ARILOAQIT I 8/8 80.09 82.14 83.15

W/ (i-s )

2 P i 25 R A e Ll

Fig.2 Comparison of inference speed before and after quantization across different models
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Fig. 3 Ablation results of ANC and ADM on MobileViT and MobileViTv2 model
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Fig. 4 Change in activation value distribution of fully connected layer convolutions in middle and final stages of Efficientformer
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A post-training quantization method for CNN-Transformer
hybrid models on UAV platforms
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Abstract: In recent years, drones have played increasingly important roles in various low-altitude production
and service scenarios. Due to the limited storage and computing resources of edge computing platforms, the
deployment performance of vision models becomes a bottleneck for various algorithm applications. The long-tail
distribution of activation values in convolutional neural network (CNN)-Transformer hybrid models causes substantial
quantization accuracy deterioration, an efficient post-training quantization method is proposed, which this study
addresses by suggesting an effective post-training quantization technique. This method uses activation noise
compensation (ANC) and adaptive difficulty migration to suppress the impact of outliers on quantization accuracy and
improve inference efficiency. According to experimental results, the proposed method achieves less than 1% accuracy
loss on typical models under 8-bit quantization, and it improves inference time after quantization by at most 200%. In
summary, the proposed method significantly enhances vision model inference performance on edge devices and
supports model deployment on low-altitude drone platforms.

Keywords: post-training quantization; model compression; inference acceleration; outlier-aware; edge

computing
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Fig. 1 Examples of image-text pairs in civil aviation field on

internet
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Fig.2 Example of image and text pair data
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Table 1 Summary of problems with civil aviation datasets
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Fig. 6 The proposed model architecture
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UBIVESEE

¢ = Pool,(ReLUBN(W, *v,))) i=1,23 (1)
K WRIR BN E; * KR EFZHE; Pool()
FooR H A N AL IRAE, B R RO BE R E I e 2 A ]
ZE B/ BN HEIE — e E . 5, 2 RE
A S0 A 2 P O B A A T R MY,
DA I A 4 A T )
v, = (I + Msg(v) ®v* (2)
A o4 1 i @R RIBEITLRE MR viRRZR
JEE i) 7 4 A 7 38 8 4 B IS R 0 ml SRR AE
VS BTN 423 38 R R B 5 5 1) 2 RO B
fIE o INAUS B FRAIE 28 42 7% 12 2 MR R A 2 v, IF
2k BEE MG — LG R SUER, &5
19 2020007 i 2 FEAE R R v

vi= LN (05, + Att(r,,))

vl = LN,(v! + FFN(v!))

V=Wl

(3)



3082 [ T |/ A N = = o

2026 4%

A LNOFRRZIH—1k; Att()h 2k A HE= L
i, T AR REAE (5] 9 1R SO ; FEN() 278 Hi
A 2 W 25 Wesky B 2% ) B IR B, T i 24 1)
FEAE LS .

7 8B RS 5 AR A AR A X 2
MCER, AR s TR IE 2 By BA R R ST
I, PR AR B %) 5 1L 21 SO SRR T o TE A A
TE P2 BB B, A28 5] A T H i 2 07 L A 5
Transformer( vision Transformer, ViT) 4 %15 /o 4>
SR FREAE A EBE L . VIT B4 R 4709 4 i fg 77,
AR A A A% rh o B B X R AR O 3R

BAKF, i 6 FioR, A B E e gl X
BRG] 4y, R 5 R NAS T E KN R B,
R UG P e i A T i, ¥4 W) 4 UG B 7
FNRIR
Iy = [xas; %13 %05 -+ 5 xn] + Epog (4)
T xR 2 2T B ZE AR ICHR A ] 5 x, A5 i
FHR P AR IR 5 Epos B E ST . %7 5B IS
i A\ 2 £ )2 Transformer 9 1% #% 4 & 4 B A ViT
B, S B 1] B AR Sy 42 R il SURFIE R
v¢ = VIT(I) (5)

ZRIRG T EIR A R N Y 25 TRDE U
B N ERRSTE O SRR B SO R ERALE .

Ry Rl G 2 I RN 08 A R AR, AR BE R AR
VORI A SR FRAE ve HEA T DR AL S e A L KR F -
F,=v®y (6)
K o RIRFHIEDFE

filA 5 R R AR F, A 8 1 2 RiE U
B, JF X OB Ry AT D AT G R, DA R TR AR A
T TR A4k SCAS R B 0 5 1 LR IRRE T -
312 R4EE S B Ak A ) UK A AR R IRAR S

311799 A B AORE B SCAS i AR AL B 2 S i
75 g RS | Y e R R i PR B A A G B 1 A
B BRAMEG N SCRRHER BT, 55 30X
SO OCBRE B B, HI 55 LS8 5 SCARRFAE 4 X 55 A%
o AL, ARSCREE T OCER (B RS (Y SCAR R IR 4
BB, DS DG B 1 S HE SR RAE

TE SCAS G 5 77 1T, 7 SCR FH U1 25 ) BERT #5
T B BB SCARRAE, B R A R SO B
77, SERBIRI G R B SO R SO R g . B
JE B SCAS R vh 28 5 0T AR S8 H LA g
A, 3 TREME B (R TE R 005 0 AU, BRI, B B
BERT 2B B AT 6 J2 1F S 4 A8 B, LUK UG >4 1)
FRIEFR A . BARIN S, F A SCAR T 25010 9) 43 5 ik
ANERIGRBNFINT, 5008 G 55 Epos AN Hid A

BERT 5 #l, 15 8| SUA KR F,:
F, = BERT(T" + E,,,) (7)

JE T R S A PREE S, XF R SCAR
IR0 v A O B 1) 5 28 ) 1) 4, AR SOk — 2B 5 | A
5 RS NS, 455 FEPLIE RS S m, W] g ot
TR A b BHURS 240 SCAS i 348 Ao X O S 1 S BT 1Y) At
BERE ] o X T ARG 0 SCAS IR P 91, A SCE Je il
ATRELEZERRIC, DL 10% AOHESE BENLLE B o
SRR o, K, #EAT R AR IC, X T R
FEMCBOE A, BT 2.3.2 71 R HA e AR 3 TR
TR T A R SR B FE AT A5 X FGVC Aireraft
B4R, LA BT A Ay fge e 5 0 o5, B S AT HE 1Y
BAE, X E AR I B e A7 B A — 22 IR ST T BE L
Byl R B8 i), &l 8 BTN o M B HERS B AT
EIE-YN)

T = Mask(T", Myjpa U My, (8)

T Myang A BEHLRAE BOHE R0 1 55 M N PR TR
] B S A E T 1 4, Mask() F/R F A THERD #R A

i FIREG|S SRALG ] A A S T
PR BE A8 3R A SOA P i SC B A5 R, i (e T
X TUAR A B AL BE S A I 4 I L 78 TS5 ) )51

P
He o

Y CarpatainfitZs 25 A0 B LI (ENLIARLE |-,
AT T B A
e LT S v
D CampatairfiZE A AR VLA | BENLBCE
_______ BUBBE I, 50y ) ek, 1 MW
D ARCarpatairias A E I (BT BEAE | ORHEE
_______ BUBMLELL, S0 ATt eets. 1 e
""" W Campaichi ATMIRE AN | KRR
HERS) I, S6lA7 0 5 7. D

RIS EISVERE Ry

Fig. 8 Key information semantic masking strategy

313 ZESRIER B

JSUAE A RN SCAS R AE 1T LA 43 50 38 35k b ST ) G
53 SR A, AH i TR R A 3R 25 5 W 3, %
FHFARARLEE 13843 A e LA S B 28 [R] i ) 5%,
HORAEW P SO IR S 2 RE R Biri
sorp, NS o ISR S SORRRIE R A
M — Bk, A SCHEM W 5 U gt i Z 5 5l A 2
RS R AE B BRI, A0 45 AR L 05 R RN 224
BFERLG TR

AEARLPE T 38 F BB F T 113500 58 R AE FL 5 3
ANEAE F 0] B ARARLURE , 26 DI 2R Be A ITC 12k
PRIER, 5] S AR T 22 20 DT E 9 AR - SCAS X 7E AR



55 93]

UKL, 5 AR BT SO 58 19 BT SCRE AR A A R OT % 3083

25 () HP AR T, R UG BE A R, DA T PR IE A 52 5 S
AFFIEAE R R 25 B i — Btk . 2B RERL &
TFHIHAKHE BERT BB J5 75 2 A4 2, X 9058 AR 4E
F 5 SCRRHE F AT IR BEAC A, BRI, %
B DL F T HIE R At A, B 5 7F BERT #5280 i)
H 2T A FRIRF,, ¥ A RSB EE T
R 3C, AR5 Bk B s 2 il B SCAR R A
BENE A RN Fy, WIS E IR E A . %
AR LLRIR R
F, =BERT(F,,F,) (9)
TEYIZR B B, A EE 6 2R W B 5 5 AT
b, — 77 T2 2R F OC B SUAE S HE A5 OR i, Gl 0
MLM #8512 % SCAR P 31 v i1 56 B i SCAm) i A7 48 A5,
FELEA SRR 58 iR SO AR 0, AT 5 | S AR
B2 5] U5 SOARTE R AR OC R o ILAk, hyik
RS TR M BE 7, ) — &SI A ITM 1155,
XoF il R AT AR, LA ARSI % 5
HFIFEETFRIGEE ST, T SE IS RS AR BE RS .
FEAESL B B, 2 B RRAE Al B AN
Mo %€ Al EMRECCA R, & e 3R O B 1Y
PG RHE F, 5% SCARRAE F, B R FL R A 2 AH D
THE R, 5 R e T TS 4 B i SCARRAE
B EMRAFAE TS AR AL EE T HE T, DA T4 3] 25 1 S A
KA
32 ZEMRMEKEHMRK
A AR TR R AT 5 T RS R R
R, ARG T — BRI 2 B I Z5K
W%, Z5 A 5 A ITC #12% | ITM $12k . MLM $ 2% %
CLS 5175 4 254145, LAS2 B4R BE 050 F1 SCASTE L
FRAIE R 35 RS A5 1 SURFIE X 5% g 1 i [ 20 G 588
ITC 512 DLW 58 437 AF A0 SCAERAE A A 3l i
/MU VEBCREAS 22 (8] (9 1 B, e KACAS D RCREAR 2
Vi) P14 B2 5 R I A 7Y, 1 75 DG JE A AR A ik A 5[] v
NI, WA VEAC AR A ) S i i . AR
W

Lirc = %Z Zyi,_,‘d,-z,j‘*'

=1 j=1

Lo 2

n:;(l v:)max(0,e—d?) (10)
Ay, RR UG BEAR iR SCAKEAR 215 O G i P&
SORF, A R VEBCREART, Wy, ;= 1, 7 05 d;; 4 &
AN SCACRRAE Z 18] B9 B L S BB s & HT T 45
BEARR Z ) B B 1 B . =0 (10, S A 2R 1
T 249 TR DG AR A Xt 1 AR AIE B S, A LR AT e
A5 2 A 5F 2 T00 24 B DG e B AR X6 A 7 AIF B

max(0,&—d; )RR M0 Flle —d? (ETRA, B 24 AN DL
FCREAS R BE 8 a2 < e}, 442K h e — 2, 30l AR 7
k23 (B e

FE TR LA 2] 3 i rh A5 30 (04 AH (DL RE R 5 AR B
FIAITM AL 55, FT A0 50 25 5 09 B SOR & A5 L BE .
BT, M T B KOS AR, S 1A ERE
AR (LS DG E 4 T SCRTE ) 1 2 A4S R RE AR (B AL R A 19
AN DR E ] SCRE ) — B i A 22 R3S R 4 OB B, O
A iy L o 300 5 — A A S AR AT HN, A5 3 T i
U e E 256 53 A HPed, W B (5 5l L S bR 48 1) i
Hee gt Horp ) TERE ARG N 1Y 4 5o 1, o i
90, ITM # 2% pRECR F 22 O IE X A7 oAk, %
/(1

3
Ly ==Y H™ XIn(H™) (11)
i=1

Horpre He € {0,107, B —AN 408 1, KAk o,
FORIEREAVC L 5 07 B 3 o f /MBI 2, R
RE 0% 2 > B 76 R A 2 8] v X 4 VL 5 A D e AR,
AT 484 588 A5 1) £ 4 50 B o

% 8B B 5 b R SOR I A7 7R RS 40 1Y
18 SAF B, b R Ak SOARSR 1 1R SCER R 5
P SCIa] AR G &R, 51 A MLM AT 55 . BRI &, 76
0 SCAR e 370 v AL 8 S B ), A T AR A
VLB A5 B 58 B e 7 i b R SCE . A g
L E AR S A M, BRI LSRR F, S R
SCAS T B TR0 36 4 i A, 7 0 0 A g 3 e 137
i€ MIYJFIRTA G . FERSTE 5 AR 2 i 2R
Lyiv ==Y _Inp(t|T. F,:0) (12)
K, plT, F,0) FmERR SR 0 R, LT (5
S F, 5 MR SCA R AT X 57 B 1 04 S5 L ) ;16 9 00 R
R AL S A B AR B 5 SRS IR X
N 5 ZR , DT B T SCACFE 7R XL 38 1 S IR0 B
I3, JUHGE T R 5 oS 4l SR 5 0 SR
411 X 557 2K

BEAb, A A S R A T B AR S A R I 78 40 AR
e T RIS B, AR SCHERL B i B B 5| A
BAT 55, 51 R 2 5] HLA 28 B A0 R B R
TN HART T, H ARG 4t ResNet AT
FEOESE I, T4 A 253 8 AR AT 28 0 B0, SR FH 52
SURAR S BEAT A, RN

Lois = —Z)’iln()’,{) (13)

i=1
Aoy o B IAR 25 v A5 A S50 %) 28 ) Ak
o n XTSI B, BRI B b bk



3084 [ T |/ A N = = o

2026 4%

DY I S AL 2 5T B, 2R R
L = A, Lirc + A Lirm + AsLyviom + A4 Lers
VL P PN P B 1 | D My - B NS R S

4 SWERSHR

41 HIEESLIGMET

AR SCAF XA 4 28 B R IR AU 400 11 i AR S A 2R
2R, R T — A IR R A ] ST AR A K 2 A
£ o B0 R UL EE 2 T ISR 1) A IR A A
PR 2 A 345 ) FI FGVC Aircraft 8845 . 5 f4
Bdls 285V Uk S A BEAE AP IR, JT G — RHR 4y HER
LIS FC AR A A o 25 RSl L 1 PRIR - SCA X L
HATBR, H B S5 W SOARRR AR = E 2
P, R SCTE BE # E B Btk AT 22 50 SCAR B am AL
Bl XAk EMR A S o SOARR R L A AR, Rk,
2 B AR 1 B SR R IR L 5 AN SCAS A, DR
THEEHITE B 24 SO A T 2 A6 5 B R fg

R ICSL G LT Python 4215 5 M PyTorch ¥
JIE2F S HESR, {E 85K Tesla V100 GPU Al RE 14 3145 |
JEFF . BT A A R Bk 5 — Kl 256 15 F x
256 14 2 19 KN, I 10N 23 B b 51 A B AL B4
i s A A 1 i SR, LS SR S TR X RS 43 A7 A2 Ak
(38 NP o AR A R E R SCAS R AIE Y Bk g A5 R
512 4 ey bk, AR N IR SR g — B A . 7EVI 2R
BB, A S B AR IR NNy 32, fEAk AR ] Adam
PEATHR AL, W hR 2 2 RN 107, IR 1% 4 3 00K
W, FEUIZE 10 8 320l = IR 9 0.1 1% . R, R
TERRAE $2 1 32 1 I 45 A v, U 2000 0 0R FH 2R 25

Y25k mg, B [E 2 BERT F1 ViT 4 %45 (0 #2452
B, ARAR B A R e, B i R 4 S 808 A
WG ISR, 4 P ok ph BIL R 48 SR 4k, AR B S
BRE R =b=4=4=1. RELHERIFE &
VSO R S5 D 1 2 85O 1 S B I SR 0P A 5 7 1

FEPEREPEAG 7 T, Ay A 1 A5 A A E B RS A AT
55 R, SR )T Iz Al R 09 8 R AT M R T
M 4345 R@k (k=1. 5 &% 10) F1°F- 44 7 [ % (mean
Recall, mR) ) 2 4545 . HH, R@k i & 7E 4 [l
AR A R 45 SR v A & B SC DR BC 0T L 9. mR W
X EA R@KETEA FIFEA B R M1 4811,
A Shy M e R R ASE TR BB (A% o PR e, B T T 0 i S
BAE Z AR R S 5 iz AL g
42 LR

AR SRR SR T 3T X SR 2 G ) AR A
S, A v, 42 SR R AE R U Rt i A R Y
53 R T I RN BB T8 SCA i, SCARFAE
PREIUBTH T iy A SCARHEAT 431 V) 43, 15 3 SCAR 751
FOR o TEATRG g i, B A SO 5 3 3 Y R A
BT XSl R G 5 S K R A A CLIP, ALBEF,
FLIP % BLIP 7 4 3 iy BT 45 385 119 2 A~ %540 4 (5
AR AR 35 (i 398 5 SCAR AR ) AT S0, X L R
18- SO B B ASH BR A5 LA G UE A SRR (A %50k

FIGLERANFR 3 PR, B REAE R B .\l
DUF H, AR SCRSS R AR L =5 U B AT 45 A6 22 A5 700 35 B A
THEFM, 7£ Accidents BHELE I, A SCHAIAY mR
B8 T 38.72%; 1E FGVC Aircraft $(#5 4 |, mR B
3T 24.44%, Fo00E B T A SO A S50

®3 TEMRBETRHESR LHKIELER

Table 3 Experimental results of different model on different datasets %
YIS T rel R reto mR
DIBURK R A UISCARKREGR  DRGRKRIOE USCARRREGR  UBRBKREIOR SRR EER
cLIp” 12.99 15.59 25.68 28.64 34.44 38.49 25.97
ALBEF" 16.73 18.37 36.56 40.24 47.13 55.65 35.78
Accidents FLIP 17.52 18.67 37.46 41.51 48.34 56.74 36.71
BLIP™ 18.43 19.21 38.37 4236 4773 57.82 37.32
AR 20.54 21.39 39.88 43.81 48.34 58.33 38.72
CLIP™ 4.92 422 10.74 14.55 19.56 25.75 13.29
ALBEF" 6.15 6.11 18.33 24.84 32.16 37.80 20.90
FGVC Aircraft®™  FLIP" 7.41 6.83 19.62 25.62 33.39 38.97 21.97
BLIP™” 8.56 7.61 20.79 27.30 33.75 39.42 22.91
ARG 10.62 9.56 22.92 28.59 34.62 40.35 24.44

43 HAASE
Shy 4 T 56 IE AR SCHR A4 DA SICHRE 4R Ak 2R 2 A5 Y
A B B RS R R O R B A RO, BT T 2 A R

SEHG, 43 5N SCAS 8 AR 1 5 SR AR R R 7 1 AN
TR 26 AE X 2 AR 35 S ) R
S5 1 4178 Bl 5286 1 [0 B T GPT-do By SCAR b
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UKL, 25 Ak BT 3% 55 9 AT 1 SCRS RS A R TT 1% 3085

1 500 SRS Xk B A R AR T RCR B AE . X T Acci-
dents K4 4R, i AR SCREBYZ5 44, A A [R] ) SCA A
TR N FEAT X SE R, AL A A A (R AR AR
P BR A R RS, ARAR g 55 22l
I UE SCAS A A o R R PERE RO R R A 5 ) | S
SCASH TR A 58 SO IR . SEER 25 RN 4 R,
LA RN 7R, W LA ), GPT-4o A LY 2 26
SCA IR A R BCR T T 4 0 35 00 T IR A, ik
WA i 8 SCAS 8 38 BE % S A6 00 i A3 B 2 T 1) 35
SUAE B, A AR THRE R IERE . eAb, i T ek

Mg FE O GPT-4o fEfit T Z AYFTE AR B, 1498
SCAH IR AE PR A D 25 2 SR 0T, AH B BEAili SC
AR RYCR Fik— D4, RUTE FE a5
ST B RS AG 53 i A AR XoF [R5 N 25 1Y) L fige DT
BLAE T o

X1 FGVC Aircraft B 4E, i T HBA RN
B JEARAR I, A SC B H GPT-do A A JE A SCA
IR S SCA IR R ZRASCR XS L, SR A5 Rk 5
Fn, AR M SR . 45985 Accidents £ 4
— 3, BT R R SO ] LAARAS B R SR B

F 4 ET GPT-do BISTARTEHIA R L IRIE AV HRSIIOLE R (Accidents HIEEE)

Table 4 Ablation experiment results of text description optimization strategy based on GPT-40 (Accidents dataset) %

T R@!1 R@5 R@10 .
VIBBIRSOR  DISORKREGR DEBERIOER  DSORKERER  DEBERIOR  DSOREREIR

JRIG AR 11.48 13.53 31.11 33.72 38.97 44253 28.84

FERISCA IR 17.22 18.21 37.16 41.63 47.43 55.650 36.22

HSRSCAHA 20.54 21.39 39.88 43.81 48.34 58.330 38.72

®5 ET GPT-do BIXTARMILHEMEANHRISLINEER (FGVC Aircraft #1EE)
Table S Ablation experiment results of text description optimization strategy based on GPT-40 (FGVC Aircraft dataset)

%
S R@1 R@5 R@10
N R
= DRI R SR DR RREGR  DEGRRR IR LSCRREER  DEGRREA  DORhREgR
FERISCA A 7.32 7.01 19.23 25.83 32.55 37.11 21.51
S SCA AR 10.62 9.56 22.92 28.59 34.62 40.35 24.44

55 2 AIH AL SC I AR 2 B AR T RSOk
TR 43 91 56 UE AT B RRAE 4R O | 28 W B S B
RHETE SUAE B MRS SR mE (A 8t . g b i 45
BB ARIPERE RS2, I A0S 4 PSR E .

1) SERh IS RIS & o BE T DU B S 1 2%
[ B LA K R ALY, B 5 ot SR FH TDI 5 1) ViT
BEAY, SCA R ] BERT A4S

2) ZHRLEEFRAE SR OB . 7E LAk s S R
B SE R, 51 A AIRLEE R AR 4 UBEE, DU T
X ey E AR A ERAE ik Ak

3) MBS o 7 2R JRE R AE 4 HRORE e )
fifi b, SIS W 18 S UL SR, 38 i3 XS ResNet il
AR AR E AT 2 50 MR, 5 1 S S S A 4 S R
DX PR SCRFAE

4) REHE B SRR . 455 Z BRI
B, 78 SO ST A BEHLHE R ET X OCHEE A
TR SR, 550 A SO S Xk S B SRR A 238

TH il 52 00 S5 SR 3k 6 TR, e o 45 SR i
7, B T AR SO R R A AR AT R o R SRR
5 S A AT b, UK T | A KL B2 R A 1 U

o6 AERRZRRAHFMLELER

Table 6 Ablation experiment results of the proposed model modules %
. o R@!1 R@5 R@10
Hudidk 23 - - - - - X mR
PURGKE R SOR DISCARKERIENR LLEIRKG RSO LISCRKREUR AR KG R SCAR DLSCRKR E %
FLREESIASE R 15.71 16.61 34.74 38.37 44.11 53.78 33.89
Accid R AT SO 18.13 18.43 37.46 41.33 46.22 56.62 36.37
ccidents .
F B e 19.64 20.12 38.07 272 48.64 57.22 37.74
KT AT B R 20.54 21.39 39.88 43.81 4834 58.33 38.72
RSB K R 5.40 5.16 16.56 22.53 30.42 36.27 19.39
by AL EE AR R SR U B 735 6.92 19.35 2527 32.79 3859 2171
FGVC Aircraft™ N
FE B e 9.10 7.85 21.51 27.34 33.67 39.57 23.17
SRBETE SUAF B SRS 10.62 9.56 22.92 28.59 34.62 40.35 24.44
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B SRS S A OCHE A5 S SRR SR, K fiE
RAERICRIFE T AL R R, SR RS
Bt A, AR SO T8 33 0 W58 5 SCAS T SURFAE R AT
ARRLRENG IR, BRI TSRS RAL S HBCR

5 & 8

1) AR SCEF T R AL 401 S 1255 25 A6 2R 000 S 7 ik
L5 0 TR A R B [ AL, T ORI ) SCAS 4 3R 494 50 3
Mk, RS T AR B ) R 4R, O S S B S AR AR AR
REE I R 3 1 s o B B S 4%, o HoAb o 140
S S A AR I T TR M T Ik

2) SR ) — B 0 1 A 0 L 2 T S 5 Y
P RS AG BRATY , RE T AR R A R U B | G
T SO B HE T SR B 288 W B SR, S T I 5 3
ASRHAE RS A0 X 5, 32T T AR SCROR e 52 KR
i MR ERE

3) 1 2Btk L 5 2R BB B R R T7
VAT T 4T A GF L S 96 R Rl S 0 o S HR 25 01
UEW] T AR SO A 3

Rz 2B AL, HL Bl B R AT 4%
TP 25 B A R 9 BSR4 e oK, as AT IR
A%, BRI AR FR G 0 SR R A AL T SRR fiE
B R TR R o AR SCRYHOR B AR R RE I TR 2
ZHt Gt AL R AT 55 1 R5 SR R R
AR SHE . KRR TR E SRR RS
PR T T5C 25 37 55 MR R 2, LA — 20 R TS
TULEARZS 2 DR A B 50 T IS R SRR AR
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Fine-grained semantic-enhanced cross-modal image-text
retrieval method for civil aviation

3, %

LIU Shuyan"?, HE Liu"”>"", ZENG Jianghui"’

(1. Department of Standard and Data Technology Research, China Aero-Polytechnology Establishment, Beijing 100028, China;
2. Industrial Internet Application Innovation Center, China Aero-Polytechnology Establishment, Beijing 100028, China;
3. School of Computer Science, Fudan University, Shanghai 200438, China)

Abstract: In the fields of low-altitude economy and civil aviation, security assurance tasks heavily rely on the
efficient correlation of cross-modal information such as images and texts. However, while mainstream cross-modal
retrieval models perform well on general datasets, they underperform in these areas, which require high levels of fine-
grained semantic understanding. Based on existing civil aviation datasets, a cross-modal retrieval approach with fine-
grained semantic augmentation is suggested as a solution to this problem, creating a whole pipeline that includes data
processing, model development, and training. First, text descriptions are optimized and enhanced based on a large
multimodal model to construct a cross-modal retrieval dataset containing rich semantic information. Second, a model
is created using a popular cross-modal retrieval framework. To improve the model's ability to express fine-grained
semantic features, techniques such class supervision, key semantic information masking, and a fine-grained feature
extraction module are introduced. Experimental results on two datasets verify the effectiveness of the proposed
method, providing a reference technical path for cross-modal retrieval in low-altitude economy scenarios.

Keywords: low-altitude economy; civil aviation; cross-modal retrieval; text description optimization; fine-

grained semantic enhancement
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ETT #REENBENRETANET
BEREHZRR
FEA">, g, BEATY, B4, T

(1. bR AR RS BT R TR, ket 1001915 2. dEETias fi Rk B BIH IS Be, HiH 3100005 3. 75 Hi—MHifit
TTRGEHAREETE SR, b5 100191; 4. JERATS IR K2 ML ss 242k, Jtat 100191)

i B: EFARHANKREZEHRA T, EAN UAV) BAEEXFZAEERES T, EK
KEFRERG I EZ LB, THFELAREETZE, REZHELZ LA ZTEXER. AF
FEAAAGE B ELARMF R BEZL_T AT, ZXTECEEFRRAFTAZE, R
HTHEREN; A, ARTOEY, AEXFAANEMRAPTINNHRFEZE, RRET
WHAEKE, B, B -—AET BREENEHREZEANETEELZL2AZTFTE. IRT
EANR A RE FEERRMERANE-—H B mENS, BLEXERTRAL R LFEA
BRAMNZRF*F AR S RAZTAREY, 7 R SCHFA PO A B 2K o R4 B0 SE TRk
SWBEHAFTHAFTARLARE, RPXFTZeM, REEFGRE. ZRERLN: A4
R‘EZH, IR RMBEHEFHERSE; ERAEREFE, HLAGRT R, T EE
B A R I I PR R 40% DA b, B SUME R AT A IE] 49 09 B E B 3.6 ms.

X B R RAM; BHIEEF; BELe; WEHEE;, BX
hESHES: V355 TP391

XHAFRERD: A YXEHS: 1001-5965(2026)09-3089-11

a8 28 9% 02 I R M M T 247, R R K
BRI H A 7 1 22— o AR A B B AR R IR 2s 42
U5 K R W 80T AR RS e, 2 38T 25 v 2238 (urban air
mobility, UAM) & i FH i) SR Al B AR A e, Horpr, JEA
BLVE A I 23 R B I IR 55 1 4.0 - &, B 9026 I FH 2]
ALFE T . Tl R By A 22 AU, A i e i
TN | I 2ok Y, B 2024 4R, PEC
AHLiE B E T 1.9 TR, BirEM I AN
O M 215.8 14, 2024 4F, &4F B AL K
FimF Ik 2 666 J7 /N, A HE 3K 15%, bt i
e AR B R, 2T T ANILIs 1T &2 4, &
FTREARZS BT A 7 0 i 2w 4R

I B W B A Ae . ERAE . B B ALY K

Frae Je 5o | A5 B BLEE AR BOME . B (5 B 2% L
12 AR 55 22 A I 2 PEAR &R AE “di ) = T
SVATERG T SEBURHERAS 28 Uz AR T LR
I REAS MR, SC4% SR R 9 5% 19 22 4 v i
A8 M, b ER S B R GE T AL TR A B R,
JE ML B 4% H (812 5 NS P, Bl i % o7
SRS B — B3 DTG AL (0] 1 2 i v 42 1 o
SR, 336 7 B 15 a1 7 A O A JE A ORI s 2 21K
PRRIEAT R SR o P GO OC A8 AR 1 Rl J7 B
IEAE PR AEE UAM #9385 AR, O 8 0 i =S
A A B 6, 18 VAT S B A HL AT I
TE AT IR R SRR ST | [ R B
REEALE | AL HAR A SRS B I Z e maidt s,
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TE AL AT B 25 o (W] 2 =2 0 # 2o
TE ALY 58 2ok 2 b 3 A 0 b i 15 K as 17 B
(T CAT R | 7 A5 R A ) L 25 224 Ml T ) 2675
S BRI, T 4 B BhAS TR, T AMLIZ 1T 8L
Y TE 2 T RS S0 Bt b 25 5 il 52 Z R A A U
o an, Yk A gy T AR B AL IR 64T 8L
i, Al | AT 55 HARSE, W] R BOILE AR B ER
Yt & FO Dy st BCHE , ] B8 O T R Se R A
WIYBIPIRS IR B, sl 25k
AT AR AT BE AR B U5 ) UGS, Al
FWRZER M . 2024 4F 1 H, v E 288 iz i ik
A7 7 CRITC N Bl i 23 #5174 448 FALI ),
B 2R AE T AALIS AT 80t 1 3= A8 b, 0 A 58
TR B T I R A 2 A AU . IRk, iR T PRI SR G
NHLB T8 2 F i 2w R R IF IR ADESE,
DAY 2 A0 2 4 v A AR 2 R RE R 2R

Nikooghadam %54 i 17— Jo AL SR 5522 4>
IR, R 5 AN R 205 % B DU R
WA 4, Khan %51 A 5] #h £ in 2 HL 6,
SEHLT AN R o A A T Liu R A
EE AR TE o N L W PSRt SN L e IR X )
SEREPEDTS SR, 330 2 A o5 e 52 Ty S A T i) 6
Z R RN RS R B AR 5
fEIF4 R, R 7 REmd eme . AEH
SRR 22 P U5 )45 R VS N % (attribute-
based encryption, ABE) #% )z i F T &4 M 2 37 ¢
o ZETT B ARVFEUR A E KR B YRS E X
Vi 1) W I & B, S HOr P B9 T8 P 2
12 A W BT, AT A EL 1 RABH 50 B, DT A
BRI Y S0 2 g B L S 0 SR, ABE T &
TEVT ) SR m AR A sl P 3h A A AR 1SR T,
P G 0 B R A B A, M LLE TR
T~z PR B &2 JC ANHLIs 73085 .

B 5y 3 T 86 %% (identity-based broadcast encry-
ption, IBBE ) i i G b A GHUE A5 A 4, 2 35 R AR T
W AR, HAEZ FHRBIR Ly o h Bl
BE S M AEY . Liu %K IBBE £ R 51 A& 1%
WY R FRGE, LT — U AR B AT 58 A
SN Z S BRI S, Maiti FE5 ST B0
il %% (identity-based encryption, IBE) 5 i #% B H ffi
HZ W, 20 T —Fhid T 2 AR5 i s 4t
EHEMZFEIAT K REHZE, $3
TR, Zhao W T —F 3L T B M
IR AL, AE )25 0 28 PRI i (] s S I ACHE 1Y
LTS B IR DI REYY. Kim SSM 8 T —Fh
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Fig. 1 System model for secure sharing of low-altitude UAV
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Table 1 computation comparison of algorithms in

initialization phase and initial sharing phase
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schemes
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different schemes
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schemes
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Secure sharing scheme for low-altitude UAV operational data based on
broadcast proxy re-encryption

ZHOU Zequan" >, JI Xiaohai">*, LUO Xiling"**", MAO Jian®*, WANG Junjun'

(1. School of Electronic and Information Engineering, Beihang University, Beijing 100191, China;
2. Hangzhou Innovation Institute, Beihang University, Hangzhou 310000, China;
3. State Key Laboratory of CNS/ATM, Beijing 100191, China;
4. School of Cyber Science and Technology, Beihang University, Beijing 100191, China)

Abstract: In the open and dynamic low-altitude intelligent network, unmanned aerial vehicle (UAV) operational
data sharing faces security threats such as data eavesdropping, replay attacks, and unauthorized access, which may
seriously jeopardize low-altitude operation security. It is crucial to guarantee the secure sharing of UAV operational
data. Existing schemes utilize identity-based broadcast encryption to achieve point-to-multipoint data security sharing.
Nevertheless, the sharing flexibility is sometimes restricted by these schemes' requirement to preset the sharing group
capacity. Moreover, in the decryption process, the sharer needs to perform additional mathematical operations for
other group members, which leads to a heavy burden of decryption computation. In this paper, we propose a secure
sharing scheme for low-altitude UAV operational data based on broadcast proxy re-encryption. Through ciphertext re-
encryption, the suggested technique creates a hybrid encryption mechanism that converts point-to-point sharing into
point-to-multipoint sharing by utilizing identity-based broadcast encryption and symmetric encryption. In point-to-
multipoint sharing, the scheme supports stateless data group sharing with fixed-length private keys and without preset
group capacity, taking into account the security, flexibility, and efficiency of sharing. Experimental results show that
in point-to-point sharing, the encryption and decryption computation overhead is fixed; in point-to-multipoint sharing,
compared with the suboptimal scheme, the re-encryption key generation overhead is reduced by more than 40%, and
the re-encryption ciphertext decryption algorithm costs about 3.6 milliseconds.
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1 B MAEREZFNEZHLRE, AN (VAV) 2495, K6, BENFIRFE]) 2
BR, EMRCHEFRT A EAENE RGN EGER A, ELFFEF, FELAMN
WRBEZENAREL, BRREZREF, SERALAG T EFRBARK. Vb, il —
ETELRMAGE LA (DOA) fitJrik, AR 28 EFEES B ENEITEA BERFH
B, BEdAeRELNRE; AR NS LR EIHRYFTRE, AREALEHL
Wy [F] B 5 MRS K B Rl PR S AL USRI o A AT PR e AR O E N A R 5 B AT
RELAGTAZNHERTHRERAFEFRN G haptE, NTHETHEREET —RNERE
Mo WRELBREZR: FRTEELXRTANKN T ERE S SHELAEGNEIT Ry RS /T

X # . TAWEAR; BRAET AEES#; FORMA; FREN

hE 4SS TN953.5; V279
XHAFRERE: A

B A 2= 22 T 1 Uk %, JC A HLAE W) I
pESNE = S ANEZ S R URTTINI B (677 Agag B0
BTz R JE LR GE R Ak, H

KA A RE Wk T I 5L,

X s A B SR W IR AR R AR T e
Ko AFE N BN T B, TS B H A K, iR
B RO R AR I RE 7, 8k 2 B TE AL B AR R
HRE M EEHARFERY, K, B TREAIE S A
B F 35 £ (direction of arrival, DOA) g i1 4% AR
TNV B AR E M SR A 2 CELER
fat,

PR s, T RANERBITHE . &
ZHE, WA Hisf B, B RS #
VB S, H AR A 2 R, SRl
Aii+RESE 22 57 35 I 2 A AR5 3R, X DOA {7t
Ty TR PR — 7 T B A R0 A

SO 8
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PrR LA o BB A AR, 75— 5 s B4 55 H AR A
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25 L1 DOA i 1177 vk 32 B A0 45 5 TR AIE 25 (6]
O3 W 1 23 8] D7 E NIRRT . Kb, 215
54325 1% (multiple signal classification, MUSIC) ™! #il
BT e AR 1 A 5 S BUfl 1 U5 ¥ (estimation
of signal parameters via rotational invariance techniques,
ESPRIT) J& 45 ] Jy 2 (¥ S B4 A 3%, & 13 aod %
WA 20 e WSCRSC I 1) Iy 28 4 B EA TR AIE 0 i 5
-2 ] 5 W FE 5 23 [A) i LA DC g, IR R R RS s ]
F IE A PEAE AR B B 1 S B oy BR Al i, Rk
TEP R (R MR L . Fbn AR R IR R BOR B 264 T BAT IR
R 2> BEIE B, 3107 S A% B3 b, PRI A AL 2 [ 41
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B, SEOUT PR, HAh, 4B A7 A R A DR 25 5
WE A B, FERTENREER S RET
R . B % 9 i (digital beamforming, DBF)"! J7
12 D) 542 R T 0 A 1 RO 1 A B 3, LA
ST B BB A A L A AR AR R O PR A IR
TEEFNALAZ, &y h L e 5 . S5 R THAE 42, Mk
DA R 25 A H AR Y 1 o T R

itk — B AR TR B H AR AR 19 4 B hE
T 47 8% 1 (compressed sensing, CS)™” 7 k9 5] A
DOA fili 145 o A JEUVAR 2o % 25 ) i 25 ) 5
Ak A R A%, I I L 3 2500 W Ak 52 0% 5
TR E A . BLRIAY CS 7k, Wt T LS AR
/INME B9 1E 22 UE Bt 3B B (orthogonal matching pursuit,
OMP)" % 48 % {H (iterative shrinkage-thresholding,
IST) 7 1" 4%, RERS 7E PRANE L A | (51 HLAR AR
155 D0 AT DR R 55 i 1 43 B, 3 T 4 s 6
Sto SR, X RITEAFAE— A ] B —H A% 2k
Fi i 22 12, B0 Y B S H AR N AR TR AR A
BB, S USSR A 25, ™ R e 43 B
KB RRRE M o MR R IZ IR R, IR i B /M b
(atomic norm minimization, ANM) J5 1 """ il $2 H3
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& IR B A M RACE, R GEA RO S PR 5 o
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55 HAs R M ge AR AR 2 o[RBT, ANM J7 19
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B o] 2210,

BEXT FIRBRAR, A SCHE bR TR R A
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JE B SEAT R AR AR o3, SEEUXT TE AL H AR % H 19 |
TR AR T, DA BE G 0T S 9 A L AR o A I A
b, BE TR R R P S T R B S 50 A8 2 DOA £l
TR 3 o 26RO Ak S BUER 2 B A B AL, JF L
FX TNV HIRfE A —BUNEHEVE. 5 ANM 45
S AT OR A, AR SCOR B TR R B ik O K
TGRS W 55 1 A A Ok S ), O Wk 2
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oA o ss B AP 00, JFEA G T 5
ZR T IRHEATR L BT . SRR, AR IR 4R
T, UhReRRE Sy B2 IR A C AHLH bR, JEOR
FRECE A T D B SR B, i AR SO IR TE R
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Table 1 Radar simulation parameters

Ik £./ GHz 77
JEAARL 1/ MHZ-ps ) 58
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DOA spectrum estimation results of MUSIC, DBF, OMP,
ANM and the proposed method in a three closely

spaced target scenario
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ANM and the proposed method in a three-target scenario with

unequal target powers
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Nonconvex radar DOA estimation method for dense UAV targets

HE Guidong', LEIPeng"”, WANG Jun’

(1. School of Electronic and Information Engineering, Beihang University, Beijing 100191, China;
2. The Hangzhou Innovation Institute of Beihang University, Hangzhou 310000, China)

Abstract: With the rapid development of the low-altitude economy, unmanned aerial vehicles (UAV) have been
widely deployed in fields such as logistics, inspection, and surveillance. Their large-scale deployment imposes
increasing demands on target detection and identification capabilities. However, in real-world situations, UAV swarms
frequently result in widely separated arrival angles and notable variations in echo energy, which provide major
difficulties for conventional direction of arrival (DOA) estimate techniques. To address this, this paper proposes a
DOA estimation algorithm based on non-convex optimization. First, the number of closely spaced targets is adaptively
estimated via eigenvalue analysis of the covariance matrix, thereby avoiding dependence on prior information. Then, a
non-convex sparse constraint model incorporating a Laplacian prior is constructed, which preserves angle
discretization while mitigating the off-grid effect, and achieves super-resolution angle estimation through iterative
optimization. In the presence of coexisting strong and weak targets, the suggested non-convex regularization term can
improve robustness to echo power imbalance by suppressing main-lobe interference and increasing weak target
detection. Simulation results validate the effectiveness and robustness of the proposed method in complex UAV
detection scenarios, demonstrating higher estimation accuracy and success rate.
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Fig. 1 Overall framework of the proposed method
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Table 1 Experimental results on AG-RelD.v1 dataset Table 2 Experimental results on AG-RelD.v2 dataset
Rank-1/% mAP/% mINP/% Rank-1/% mAP/%
ik Jrik
AG GA AG GA AG GA A-G G-A A-G G-A
OSNet™ 72.59 7422 5832 60.99 MGN™ 82.09 84.21 70.17 72.41
Bo™ 7001 7120 5547  58.83 BoT"" 80.73 79.46 71.49 69.67
SBS™ 7354 7370 5977 6227 SBs™ 81.96 84.10 72.04 73.89
vy 7722 7973 6723  69.83 4143 4237 V2E" 88.77 87.86 80.72 78.51
Vit 81.28 82.64 7238 7335 A7 88.92 88.03 81.25 78.86
TransReID”  81.80 8340 73.10 74.60
FusionReID™  80.40 8240 7140  74.20 3 o T ASCIr iAE CARGO g 1 (9l
CLIP-ReID™ 7944 8420 7055 73.05 WS RS A vk n i, B EUE N B 45
PCL-CLIP™ 8216 8690 73.11 7628 S AR, A SO IR 4 Pk & O A & dR AR
Explain’’ 8147 8285 7261 73.39 AR B T Ee AR . M Ee H R 8 A U7 5 SD-
[15] N ~
VDT 83.00 84.62 7406 7628 5031 4951 RelD, A )5 AE 25 X Mk R 1Y) Rank-1. mAP, mINP
(32] N —
DTST 83.48 8472 7451 7605 49.86 50.04 B3 R A IR TF T 1.45%. 0.57%. 0.49%; 1E
SD-RelD"” 8516 8597 7540 77.02 5135 5042 .
i RAEKRT R MNETT 1.19%. 1.36%. 1.30%;
ES'@h7S 8635 8632 7582 7711 5144 50.73

(G-A) KR # V2E kTt 1 0.17%. 0.35%, 5
AR, KX HBAEFREZ . YRR
AG-RelD.v2 $#54E T B aE I R AFROR, HA SR
V. FH A A

TE Hhy X HiL A R 3 5t b 3 4R TE T 2.21%. 0.96% .
0.50%; 7E 25 % 25 S e b e il 48 T 0.23%. 0.51%.,
0.34%. SCH 25 R, A SOy vk 8 L i AT AT A
88 PR A 5 38 2o 1 S AR T TR B 47 4] )
REJT, TEAN R R G 5P B T TR S

# 3 CARGO HiE&EIWER
Table 3 Experimental results on CARGO dataset

Rank-1/% mAP/% mINP/%
Jrik

A-G ALL G-G A-A A-G ALL G-G A-A A-G ALL G-G A-A
SBS™! 31.25 50.32 72.31 67.50 29.00 43.09 62.99 49.73 18.71 29.76 48.24 29.32
PCB™ 34.40 51.00 74.10 55.00 30.40 44.50 67.60 44.60 20.10 32.20 55.10 27.00
BoT™ 36.25 54.81 77.68 65.00 32.56 46.49 66.47 49.79 21.46 32.40 51.34 29.82
MGN? 31.87 54.81 83.93 65.00 33.47 49.08 71.05 52.96 24.64 36.52 55.20 36.78
vyee 31.25 45.83 7231 67.50 29.00 38.84 62.99 49.73 18.71 39.57 48.24 29.32
AGW™ 43.57 60.26 81.25 67.50 40.90 53.44 71.66 56.48 29.39 40.22 58.09 40.40
ViT?! 43.13 61.54 82.14 80.00 40.11 53.54 71.34 64.47 28.20 39.62 57.55 47.07
vDT™! 45.00 60.58 76.79 82.50 42.08 54.61 71.97 64.67 29.66 4137 61.42 45.09
DTSTH 50.63 64.42 78.57 80.00 43.39 55.73 72.40 63.31 29.46 41.92 62.10 44.67
SD-ReID"* 53.12 65.06 81.25 82.50 46.44 57.47 74.08 67.70 33.03 4421 63.10 51.90
AT 54.57 66.25 83.46 82.73 47.01 58.83 75.04 68.21 33.52 45.51 63.60 52.24
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Table 4 Ablation experiment I { ) g :': \“ \ ,
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BT, (BT SR AR PR UEBE TR A 3 A ST 1 . I AR
£ AR R AR A AR SR 1S I T AL S, LT R )
B A4 PR RL  . F Transformer ) 45 2k 2 g 47 18
Transformer 2 T FEE 1.729x10°, 523 7 S 5000)
KT, P T TR BT
F*5 EEEENESH

Table 5 Model inference efficiency parameters

kWG s g TSR
TransRelD 1363 7.33x10"  8.050x10’ 11.13

+EtE 758 1.32x10°  1.904x10° 14.44
F 749 1.33x10°  1.957x10° 14.71
Tra;f;fner 916 1.09x10°  1.729x10° 12.04

2.5 AMHER

N BB TR AR SO B AT AR R BUR, 7E AG-
ReID.v1 $0H 5 F 4T T ] AL SE 56, JB/R T4 3C
7515 VDT J7 ik B RBCR N H J 24545 AR
FEATAT NRPEE R, WK 3 iR .

i 3(a) frs, A SCH A VDT J5 4B 1E
K g T AR B0 47 NER . VDT ik &
F14 DG C 85 I S A P4 30 s 21 0 JRURS AR LI [ 4%, AR
SO T I G 3R e KU AR L PR ) S ik A
R T HIsE PR — 17 ARG . 855380, A3
05 1% 1) T i BT 2 SRR e 2 AU AR b B R H
TN B AU AT N B 03 64T T I8 5L

wnE 3(b) iR, ASCHT 5 M VDT ik A4
KRR TR R RIT ANES . T
M TR K AR 1 5 AT ATE S5 T AN 2
SR, VDT Jr ik DL BE 1T 4 09 YR A KR i &
WIERR AT N o A SO ik i T b 4T T )8 P A AT g
0 R R SCAR B HEAT BB G DL L O LB A Z2 R
JE P~ 3% Transformer, B8 % 5 4f #b 42 UG R E&
(AN VE L EE S 3 M MR ) AT NRRAE . SR0f, i T8

{gender: female,

upper: {type: T-shirt, color: white},

lower: {type: skirt, color: dark-blue},

shoes: {type: sneakers, color: white},
accessories: {type: shoulder-bag, color: brown} }

(a) ZE AT AKERIE T 7 151]

(b2) ATk

{gender: female,

upper: {type: short-sleeve top, color: white},
lower: {type: mini-skirt, color: dark-blue},

shoes: {type: low-top sneakers, color: white},
accessories: {type: cross-body bag, color: brown} }

(b) 2 HAT AAG R B4 1 191
O] e [ ERIEs
B3z AT AR AT IS R

Fig. 3 Visualization results of air-ground pedestrian retrieval
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LR Ty R B T, R AR SO VR AR AIE 253 ) v i A0
22 SIS, BRI F 23 (R AR AL BB AR, Mk 2k
IR ) I PR 2 0 B ) T A3 S 2, AL 4(b)
& 4(d) s, FWRRAE 52 N R0 R M 4K o

&5 8K T AG-RelD.v1 53t it 45 AF 23 [a] B4 fg
BG5S . 1B 5(a) S 0L A A0 D7 1203 7 AR 0E ) it
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(a) LA FRFNZEH(A-G)

(b) FELLAUH(A-G)

(c) PRARFHFREE I (G-A) (d) LA (G-A)
O XHXIR - TAMLER - o Wi E 5

K14 AG-ReID.v1 il t-SNE n BALZE R
Fig. 4 t-SNE visualization results of AG-RelID.v1 testing
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Fig. 5 Feature space heatmap of AG-RelD.vltesting
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P T B8 T . AR AR 25 A S 4 3 Transformer 4
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4 &£ ip
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3) 5l A £ N JE P 88 Transformer i ft Transfor-
mer 45, il 2 R A 22 S ML THIMS R B
B ERE 1, AE £ TEASE R o 1 B ) [ B AR T 2

528G B UE % B, AR SC 7 A #E AG-RelDvl 5
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Large model attribute parsing-based aerial-ground pedestrian retrieval method
TAN Quange', WANG Rong', LIAO Mancheng’, LI Xin""

(1. College of Information Network Security, People’s Public Security University of China, Beijing 100038, China;
2. College of Criminal Investigation, People’s Public Security University of China, Beijing 100038, China)

Abstract: Synergistic analysis of drone-captured imagery and fixed surveillance video enables continuous
tracking of targets in inspection tasks, achieving cross-view person re-identification in areas where surveillance probes
are sparsely distributed. The transferability of image retrieval algorithms created for conventional surveillance
situations to aerial-ground cross-view environments is limited by the notable discrepancy between the horizontal view
of ground surveillance and the bird’s-eye view of drones. Existing aerial-ground pedestrian retrieval methods
primarily focus on mitigating the appearance discrepancies caused by cross-view variations, while the mining and
analysis of person attribute characteristics remain insufficiently explored. To address these issues, this paper proposes
a aerial-ground pedestrian retrieval method based on large model attribute parsing. A person parsing module is
constructed based on a multi-modal large model to generate fine-grained semantic attributes, and an attribute triplet
loss is designed to achieve cross-view semantic alignment. A view decoupling architecture is introduced to separate
view-specific features through hierarchical subtraction, with an orthogonal loss applied to constrain feature
independence. A multi-scale dilated Transformer is incorporated, combining multi-scale dilated attention with global
self-attention to optimize the balance between computational complexity and receptive field, thereby reducing model
parameters. The effectiveness of the methodology is confirmed by experiments on the AG-ReID.v1, AG-RelD.v2, and
CARGO datasets, which show that the suggested strategy successfully increases performance on Rank-1, mAP, and
mINP metrics in aerial-ground pedestrian retrieval tasks.

Keywords: UAV; pedestrian retrieval; aerial-ground imagery; attribute parsing; multimodal large language

models
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NERHS B ENZ-WITAEIRANGE
LW, F, IE

(P EARA GRS 5 B a5, dbat 100038)

i B #AAAAR-HOAZRA T EPFEEMTARMAA R E, BAZ RS TR
EFA, RE-MNER W HBFARELHZ-HATAERA Tk, RECEREHEZANS, &
ARMEFEERNERS 28, I FEAREMNTFI P REME N LM, HBEER A E R R
B E X RMEEGL S, "RAATAMMENASNEE SN, HRT-AHTREHESR, Bd—KkEK
MRANTREL, BIRTEXG BB BN mAEXE, HEBERTEESYWRAEGRRLH
ARG RS, RAEBEGRBATERE S IAGEF R I HAE, BLHRELR
One-Hot % # (Y BT A e e A AR, EMRAFIEFE, ZURERNFMELT, ZHERIN
EFA, BARBNME G2 MRS AR HTAERG AT HESE LAGPR L #HTAELE,
HBRFW, TRTERERAERIER, BA -2 AKKE.

x % R B-HWATAEFIRI;
hESZES: TP391.4; V279
NEMRERD: A

17 N H iR 51 (person re-identification, RelD) § 7£
FIHTF AL AR, 528 B 90U 11 N B oo
DU TE 5 A sk e, R e M L 48 A iy i A A R
BE TR Y, EE R SRR, A B
FAAE G AT NE PN SIS T Bk, — e i
JE e T OGRBARES | H AREERS T SR R 5
RPN S, SR, X SEAF ST B T —
A5 Sk I 4% R S R B e 4R, I H ER [ 9 b T
FEAZ S B DA B I R GRS A X g
5 ¥ 7E 52 b 3 5 v 1 B R B AR T el T AR Sk
R S . AT AR EN X
B, AR RS A B TSI R R i AE
TIARR ., A H . ZRAREE A B i DX, s 3 1 5 1
SLARE 2 R IGEERSCR, nTHe R HARER L £k

[ % JC A\ #L (unmanned aerial vehicle, UAV) [
P &, 7 AL L EBE AR Sk A PE TR 1R Sk 1)
B AR T —Fh RGO T R . R, X Fh
5 ¥k 10 R B 5 e W O A BB RE Y, R,

Transformer; H =& AHLE; RBHFMLTRE; FRLFHEEN L

YEHS: 1001-5965(2026)09-3117-08

TF 9 7 W 4 X 285 o [i] s &5 5 b T 48645 Sk 55 6 AL
A5k 1975 - WA 7 NFE I (aerial-ground person re-ide-
ntification, AGPRelID), A7 & 3L bR =7 5 7oK o
X5 FAES AT NE R, 25 -1 A7 AN FE %
BRI AE T 85 B A5 S 0 A A8 A B Sl 2 0 o
S, IX S 25 S 2 BELAG B E PE AT R AE (9 SR B,
FEAT NEMR TR PE . B AT, —2eptse 2k
fift P iZ 0] BB, Nguyen 25 55 1 Y TR BE 27 > (1 #R
FAXT A - AT N AR S5 AT E o, B T —Fh
FIH B8 PE 5] S BRI 208 25 - AT N E R
B, W R AT AR EARE | TSR AR
SCTE AR S, (ARG 250 2 2] B 5L B4y 40 5 M 1
AT NARRE, 3G 5 A5 AU X 25 - 37 5 vh AT O s 2
A IS N RE T 5 [T, A T A - AT AR B A
FEEPE £ AG-RelD, Jy 25 -1 A7 A H 51 i 97 2 4t
TEEMIEAE, RGNS | 2
FECAT NI 2 A8 AL 5N 5% )@, £ G —Fh
F F R A 55 A S - AT N R O vk,

Yk B ER: 2025-12-02; R BER: 2025-12-26; W% & AR AT E] . 2026-03-03 11:32
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TR BE R AIE 27 2 A 3l s I X6 55 M T A5 Sk AR 5
TE PSRBT A7 N EMR B OCHEE SUIF B, T
o A A P % A I A o 1 BV RT S B A A )
PEAT NFRAEVE BE, A 28 T T AR R AR 25 - 7 5t h
BRFAEF B BE F7 . Wang 251 ] FH A BORE Y (1% = B
FE 7 38 s A B0 AR AR A i B b, 4R — AT
P AR BAR E B B0 28 - AT N E R B Oy ik, i i
S AR BB 5 WAL, IR SCAS slodt £
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Aerial-ground person re-identification method via position-aware and
local pre-interaction
BI Yihan, LI Chong, WANG Rong’
(School of Information and Cyber Security, People’s Public Security University of China, Beijing 100038, China)

Abstract: In response to the issues of poor discriminative power in pedestrian features and insufficient model
generalization in existing aerial-ground person re-identification methods, this paper proposes an aerial-ground person
re-identification method via position-aware and local pre-interaction. A positionally biased self-attention mechanism
is proposed, which incorporates positional information into attention scores to guide the model in focusing on tokens
at key positions within the input sequence. This enhances the model's perception of spatial relationships between
image patches and improves the discriminability and robustness of pedestrian features. A prompt-local pre-interaction
module is created that uses a single, inexpensive pre-interaction to create fine-grained linkages between prompt
semantics and local attributes. This strengthens the prompt vector's ability to perceive specific local details in the
current view and enhances the model's capability for fine-grained detail reconstruction. The label smoothing
regularization training strategy is introduced, converting original one-hot encoded hard labels into soft labels. This
encourages the model to learn smoother and more generalizable feature representations, mitigates overfitting, and
improves overall model performance and generalization. The validity of the proposed strategy is confirmed by
extensive trials on the public aerial-ground person re-identification dataset LAGPeR, which show that it effectively
enhances Re-Identification performance.

Keywords: aerial-ground person re-identification; Transformer; self-attention mechanism; local feature pre-

interaction; label smoothing regularization
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(1. WHLTRIR AR SHOR SR, BN 3100205 2. WoMITTRIEE BBFSERE, B 310053;
3. BUMBEEHE A BRA T, AT 310020)

it E: HMREEFRAEFTFERES TABA TR AZ 4 (RUL) TN A, #
H—METFLELSFINFERKARTIZHE (MTL-SLSTM) Al 7%k, % F =@t £ F 7
NEBAEYITIRAN S HEFRE, A EREEN SLSTM £ HE h T B ERRE, £
B MRENEEFRERSSEEMRENERBMERR; 0645 DEHD LI HAFAENER
F, B4 ELHFIMNHEENHRAR AN BAES, BFSTHE TN REZ 5 Mr
RUL #iMl, L4 R &L H: MTL-SLSTM 8y Tl M B £ TEE AR &L FXHEA (AtMoE) . X
3% LSTM ( Dual-LSTM ) % 6 f i /¥ /7 3, 7£ eVTOL #{4E % 3 7 RiZ 2 (RMSE) %t 7
MK 60.7%~92.3%, Bif T S HE45F AR EE L TR TRMBAEZ M h GRATNEE F

T B M
x
s REZFHE

hESHKE: TMI12; V242.2; V241.6; V271.3
XEHS: 1001-5965(2026)09-3125-11

MEIREE: A

K2 28 B A S M P 2 7, ARFTTE AL
L 2l 3 P B K AT A (electric vertical takeoff and
landing, eVTOL) 45 2 ELAE W it . Ko 45 6 PR il &
J& . 2024 4F b [ T 3 MBS 2 6000120t , Wi
2026 4RI AL, AR 0 B e B K. B
BT AR S R0 B g A, R A 1 T A A
(remaining useful life, RUL) A5 7B 1000 B 42252 ) &
P14t 4 o 96 MR IR 25 4 B )7 (Federal Aviation
Administration, FAA) #f ¥ 45 1, 2018—2023 4 23%
(R HL Bl 2 A 0 F v AR R O, A R
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SN BHEE . BFTs ihas & AT i RS
AR R B S B8R T B T TUIORS Y, (A T
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(L

VLA, Witz 2 7 ot RUL T A 5 3T o 35
R o AN K IR B AL P, L 1 T A A R 0 S H
b 3 75 B4 SRS, K A 19012 M 4% (long short-term
memory, LSTM) . JK {4 Verhulst-#fi £ % 2% 55 £ 7Y
TE/NFEA ) S e TS 7, A AR 28 I 46 -1 S e
12 28 % JiE #th 25 W 2% ( convolutional neural network-
long short-term memory-deep neural network multimodal

network, CNN-LSTM-DNN) £ #5245 [ 4% F2K 158 2% [
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T 1.8%, HIH 454 B 42 T BON R FERT 8 7, 4
RIS 30 ) 2V B A 5 sh A g, o 45T
FF & WL U8 5 - 171 4% 91 24 5. 5C (particle filter-gated
recurrent unit, PF-GRU) R & HE 42, & 090§l T %
WA RS T EIHE S R 55 -
e Ak R [0 U9 vk A A N A e A R R
oI DX ) 2 55 R T 95.2%, (HARFRH 752 T
0, DAL L 1) 30 3 SC R AT T IR B AIE o R ik
f#fi ] Transformer 1 GRU Ry BX & 7 k48 7+ T 4L
b 14 ) 4% ifi 7 i B0 G M . Chen 251V 3L T
Transformer B8, 7 25 1 P15 1R & % K (mixture
of experts, MoE) A 45 &, A X 1% 25 J5 0 S5 1
10%~20% 1) MLtk . /48 Transformer 7 Fi5 | B
R K MYFRIE AR AR 7, (B2 R T A = L Y
JR L b AT B G, A LA LR S iR SR, Y
RIS 22 R 5 — FE Al RAT o0, iR A or
1 AR 2 2 B B E Bl W it 22 TR B R Y T
MR R, FeRl 28 TOLER %S 5 24855 PRl ik
Al 8K

TE RS2 > i ok 3 M 15 T 400 T30 060 3891 %0 38 7 [ o
A TR 2 2] 7 i A B e e . e E P AL,
BB AR ERAE o0A A A% [ R, (H AR H An bl 7 2
(0 D7 S B, R s 28 0% U 2 AR AT 55 (IR
M. W2 RE ) S B H b T 00 BE R R
Bo ML Z T, £14F % 2% > (multi-task learning,
MTL ) i o e =2 e S U A8 A4 [R) 2042 48 22 T ek
FROE 5 PGB AL AR, 78 A FREE 2500 T 52 B0
PUER, Wi fE 48 MTL # 8 £ 5% H] CNN 5 GRU""
VB 321 W 28, 3 LAAT R0CHH 2R L Tt 25 B S U 1 R 7
I A

AR ST ) I 7S S 4 A 2 T 55, $ ik —Fib
Fe T ZAT 55 5 > Wb 5 K I 1012 W) 4% (multi-task
learning scalar long short-term memory, MTL-sLSTM)
T J5 i, H I EERHT SR =

1) ZAL 55 R AR AR AL : Bt 2 95 55 i A
2 SRR SR HUAR 5 2 AT 55 IO A%, G A )2

W i
oy R
EMH

LA

AT oL S A R, 3L R ) 5 T LR {3
P, A 55 45 57 J2 Al B AN [R] T 00 A8 AT S el i =X, A
DAL G5 BT 55 A5 AR 1100 SRR ]

2) sLSTM I} F AL 08 5iR - S S A7 R AR 42 1K
i, ARAHAN R AT TO0IR AR 2 A SR AE Y O B AT
55 o il I TR AT 23 B AU BR A AL AN [R) /AT T
DURF PRI R 5 T2 GHE B 451 12 )2 32 UM S
B F BB 4 /g AL 3 i 2R R A5 R d S S8
L P G0 A 2627 ] T OB VERRAE, S H bR
TR £ L RE A

3) BEAL 2 AT 55 U 284 . K& TE 55 1D A 2
T 2R 5| L AAA B Sk 24, 352 e AEAERIBOR S AR
SE AL A IR, LB iR (R 22
SeAIRRL, Mk T2 AR 55 ORI R U4 S =
Yy 5 SR T R BT I

1 #HF MTL-sLSTM A4 42 B ;th RUL

T 75 3%
1.1 [E@IEE

BB )z N TR S v R A,
RUL (45 o B B 35 i e &1, BT
SIS0 P Sl U £ B 5 L it 2 e R ) U
H 1 70% 5% 80% I, B H|5E ik 3] 75 fi 2% 1k (end-of-
life, EOL) B (", RUL % X A4 Hi 3 7E EOL 2 iij %l
AIIEIR AL, HACFFRAE R
Nll;UL = NEOL _NéCL (1)
A Mg« Nior N 9o AESS kR 9 RUL,
35 3 EOL I B4 PR B 25 %006 1 73 iy (equiva-
lent cycle life, ECL),
1.2 R FEEEM

B O0F 00 5 5 37 5 H AR A 2 T 4 A A L M 1Y
RUL Fitilll, 78 3¢ MTL-sLSTM & 7£ i i £ V5 5 45 i
A5 T O IE T B T DU AL S 20z L n)
. Bl 1A MTL-sLSTM AE 42, i £ U5 5 #4 i A
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Fig. 1 MTL-sLSTM framework
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PR SF R AL R T T2
TEBSCH il ), SR 22 T 00 4008 20— 3RAE 5 % 5%
BREE, ZTHEIEG — R A R T
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HWK, IrA A1 55 B0l 48— #4742 R vt e EE I3
— Ak Ak B (global contrast normalization, GCN), 115
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A O R AR AEL s pgionie 1 0 gionie 70501 0 157 FEL L
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X, = [X 71X 1s2, - %] €RT (3)
P X, ERHE ¢GRI FEAE 7] 5, d Ry 4
TRt R BE s s A3 s [B) 2 R AIE 1) 12 A 4 3
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FREAY =2 2] B o ol 18 I B (] 14 728 A R o
122 AFHERRE

L R AR B IR AR O A5 Y S B 85 T R T
R B AR, AR S T AR A 0z AL R AE 1 ¢
FRAT 55 o X B PR 22 U5 S A BN Th AR AR Y L
I Ry IR b 98 722 ) T, AR SCHE T sLSTM A4 2
B RAFEZR AN, Fo 0 B ARTE T 2 ROBEREIES

%, FIHZ Y B 250 LN B )2 BN RHRIR 1L
A BRI A R A ia ) 2R A S, IF HEr 240
AL 38 (5 W 45 2% ] TOURASPERRAE, Ry B ARk
FEREAS T P HE LT

LT RRAE P B Fh 22 2 e A SLSTM A5 b
7 T B, S8 A ) 4 5 2 o S BRI RS o, I
HORSHALE 3 P B

1) VREE AT 43 B A5 RS i T4 AL 1

TR BE ] 43 85 4 FRURE Bm 1 6 FR 0 A R TR B 6 TR
G SR, N 2 ffR . R BB A4
By N E T8 ST HE AT S LR A, F S B i
Ix1 BT E 4R B T Rkl &, DR S
AR ETE A5 B o fEfE S8 LSTM it 5 T 51 AT
FERT 73 B A R, J A L IO TR AR
fi=We®h,_;x]+b; (4)
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A fio G40 s AR TT L AT Y B (R
W ERVI™ Sy PRPE W] 43 85 % U S8, o,
k AR RN, d R BERCIRES b BVHERE, s A
RREx RO AEE, m A 4G @ IR BE ] 7y B A TR
E; by ERT Ry b — B LI BRHDIRES s x, ERT Y
RS [) 25 i A s NH5AE; by by €R™ AN fi B
la] i

2) ZYxF A LAEZ

W 3 B, Ak ic 125 Bt 1T R SR 1
PO A2 (R0 23k 408 )15 . 2 AL
HAR MO R 2 X (SR ), A SNy
A, ISR SRR . TEARRESR T, SR E
4B E g Ny=4) o AIEICHC S i Hh T A TR0
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Fig. 2 Example diagram of depthwise separable convolution
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Fig. 3 Multi-block diagonal linear layer

K z. 6,50 W R ICAZ | B T B BT A
W.. W,ER™, R,. R, ER" JgHexit i T B (1
A K7 X R — R A ; b, b, ER R E ]
sLSTM 7E J5 s LSTM I 5] A # i ic 12 45 5L
IR A8 B RO OC &, 4R 18 BRSBTS
5, TR RS LR s B8 14 A BB R
m, = max(f, + m,_,,i,) (8)
Ao m R Y 2R RS m o b — I 2
A AR e R max(-) N IETC R BUR KE R 2. B
SRR RO S MINE TN/ IR =4 & SO 7S iy Tk 74y
AL A 1E DT, XTI RE N Sigmoid 340

i, = exp(i,— m,) (9)
fi=exp(fi+m. —m) (10)
z, = tanh(Z,) (11)
0,=0(0) (12)

K exp(+) o A SR FEECREL; tanh(-) S BUH IE ) R
#0; o(-) 4 Sigmoid PREL. T8 B THE 1 W 25 R 1K 5l
AV E BAERE 5 s i e B, AR RS m A AL
Bii 1k T 48 85s B BUE R

¢, =f0c.,+i0z (13)
n=f,on_ +i (14)
h,=0,0(c,on,) (15>

s e, AR S (K IHEAZ ) 5 n o 3 — AR
bR Y B 20 0 BRECIR A ol o4 il RN B IT R
Tk MEICRBR . 8L IH— AR E n,, sSLSTM H4
A DR S A i 2 A PRV, G2 T 12 48 LSTM Htk
BETCFIE R AR, AT T K75 R R
FETE

3) AL SRR B

e 4L 2 R o gl A T8 2 )2 B L (gated
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Fig. 4 Gated multi-layer perceptron

B4 57, (Gaussian error linear unit, GeLU ) 7% RS | A
AR Ltk 07, A Bl TR A A7 > g R A AR 1 52 2
Webf 6 R o MAME BN BGERITE TEIH— 1k
(layer normalization, LN), X & 4~ 4% () 7 4 38 1
HATIH—Ab o SRR, 5k 22 HE il 2ok 78 I 26 rh g | A Bk
bR S, W A B B b B gk
2.

B Ja, e R AR AR g il o AR 2 ME S, RE IS
R R I 2%, B S LA A e ) AL I & e K Y
G Y g
123 %4E4anl %

R SR 2w i AR A A Y 25 e A R, T
155 F 3 T 45 4, oA O AR R R SR SRR 4L
B RS S A MBS ], B AR
b SRR AE SR RS 5 i Y SRR, U JE — B
[ 26 1) B IR 78 R BT B AR S o IR SRR AE
YE R H A, 43936 A AT 55 %8 B 00 RO AT 43 22 ml U )23
TS EL RN . AT 55 SR A ES A S S AE ik
P&, BT 55 P 007 1 2802 DL R AT R
IEAS, AL Re A R IR AE S B e ) Bl |
HYAT: 55 3 2 T fig

2 EWIUES SR

21 HEE

ATCXF 3 AN TR SR AT S B 35 UF: CALCE
Hodn 42PN o [ HL S RS A A R TR L
NASA 4 4 th 55 [ = 500 4 0 K SR B2 418 7y
FL & A DN R Tz BT 95 i T 400 3R Y
eVTOL 45 5 H1 36 [ - P JEAMF R K 2= F1 Airbus A
2w AR, BF X eVTOL i 17 3 i REM £
50 e P Al

g SR 22 T 00 R ) 4 T S AR e, AR Sk
T30 H E P 25 o 5 AU sk L Tt B B R A T AR e O



55 93]

. )\ CALCE t#i 4E ik e CS2_35~CS2_38 iX 4
AFAE, [l R H NASA BE4E 1% B000S. B0006 .
B0007 1 BOO18 1 Jy #£ 45 7E eVTOL % 45 4 Jii
5 07 T, )3k HCEL A R T AL R AIE ) VAH27,
VAHI15, VAH28 2 VAH30 iX 4 20 KA % . TE4F
fIF 2 FF 4 % 5 1, 28 4 Chen %5 "X} CALCE #01
NASA B4 46 1 R AF 31 2L 98 R, e B 5 116
UK 25t pa il BRERAS L BHp AR K i
Bk P 2 %5 (LI 78 LA ] 1 58 R P[] ) 45 DG S 4
5 6] B 45 A Mitici %5 X eVTOL #4149 43 #r 45
W, A TR T R S AR G AR AT Y B
BIE 5 22) . W Tl S50 (/N e L e Kl
JE ) K 7% R R R A 8 AL O REAE o A AR X
eVTOL S/ T/, BB VAH27 Ny 3Eaiixs 5 Gl
FE D2 54 W, &L D) K2 16 W, 8K AL B[]
800 s, FLEMIEILE N 25 C), I 2Z R VAHIS
(1000 s K B} A ) . VAH28(4: Bir Bt 90% 71 %% ) 1l
VAH35(35 °C @il 58 S5 e T, itk 3 28
BHE AR — 55 D\ 3245 S0 0 PR B B B 28 LS
T 5 i) Al 2 i AR X, AR SO T B S TR AR &R
AL REA ZCVTAR H R fE HLIE, B B R G A S0 A5 A
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Fig. 5 Capacity degradation curves of CALCE datase
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Fig. 7 Capacity degradation curves of eVTOL dataset
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4, BB 7o 1.3, 1 F SCK Ny 256, It
T 1< 10~ PR AN R 35 9 1 DU A, AT 7 DR R A8 7 25 o
M ETEE T $2 Tz fhEE

3 ZRERSTH

3.1 SRR

it — 2P e AR SCTE I PERE, 9IS R/T B R
J7 A€ RE, MAE, RMSE BEAT XS L4 #7. FF A 5
LA N 1~ 3 fiR, Fr A 48 AR B T 5 K
LR ART R R RS R LUK S B,
UAEZR LT QIR s .

&1 HFVETE CALCE ##EE £ RUL FUNERESTEL
Table1 Comparison of RUL prediction performance of

various methods on CALCE dataset

WRES RE MAE RMSE
MLP 0.4018 0.1557 0.203 8
LSTM 0.090 2 0.0582 0.0736
Dual-LSTM 0.0885 0.0636 0.0874
GRU 0.1319 0.067 1 0.094 6
AttMoE 0.076 1 0.0577 0.079 4
sLSTM 0.0485 0.0469 0.0537
MTL-sLSTM 0.0127 0.0151 0.020 2

1 1~3% 3 I H1: WA SC MTL-sLSTM 7& T A
Tk S TIPSR, R T HEZ T TR
Z=F 7 F A A v Y BB AR ) ; @sLSTM L BEAS 2
AR MERE, I sSLSTM MY 2 R 5 A R4k T
Z T OUHT L Y ) R I PR G & s MTL-sLSTM
A A A 22 AH S AT 55, 7800 R AT 55 (8] () 7
TERIRAE, B F T 7 IS B2, 5 Y A s A
(Dual-LSTM, #t-F Transformer it AttMoE 55 ) A I,
MTL-sLSTM 7 3 T 52 %6 v 1) 45 351 48 A5 27 3k 51 B

®2 BFIATE NASA RS £ RUL Tl RERSEE
Table 2 Comparison of RUL prediction performance of

various methods on NASA dataset

Jik RE MAE RMSE
MLP 0.3851 0.1379 0.154 1
LSTM 0.264 8 0.0829 0.090 5
Dual-LSTM 0.2557 0.0815 0.0879
GRU 0.304 4 0.0806 0.092 1
AttMoE 0.2000 0.076 0 0.0872
sLSTM 0.1898 0.0617 0.0735
MTL-sLSTM 0.058 7 0.012 4 0.0181

®3 BFATE eVTOL BURE LAY RUL FUM M RERTEL
Table 3 Comparison of RUL prediction performance of

various methods on eVTOL dataset

Jiek RE MAE RMSE
MLP 0.2817 0.0995 0.1475
LSTM 0.580 1 0.1189 0.1537
Dual-LSTM 0.1996 0.2587 0.190 0
GRU 0.4077 0.091 8 0.1253
AttMoE 0.9213 03174 0.3298
SLSTM 0.2572 0.0547 0.064 4
MTL-sLSTM 0.1386 0.0187 0.0253
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Table 4 Comparison of evaluation metrics for CALCE dataset subsets between enabling MTL and
not enabling MTL on base model
RE MAE RMSE
i
CS2.35 CS2.36 (CS2.37 (CS238 (CS235 (S236 (CS237 (CS238 (CS235 (S236 (CS237 CS238
GRU 0.0742  0.1168  0.1030  0.0560 0.0635  0.1091 0.0777  0.0727 0.0834  0.1441 0.1051 0.0955
GRU +MTL 0.0268 0.0242  0.0201  0.0209 0.0258 0.0291 0.0260  0.0200 0.0346 0.0365 0.0319  0.0292
LSTM 0.1090 0.1164  0.0984  0.0913 0.0806  0.1085  0.0785  0.0869 0.1033  0.1436  0.1045 0.1130
LSTM+MTL  0.0322  0.0194 0.0137  0.0150 0.0248 0.0184 0.0158 0.0175 0.0315 0.0238 0.0192  0.0233
sLSTM 0.0582  0.0743  0.0247  0.0366 0.0577 0.0689  0.0269  0.0340 0.0627 0.0784  0.0327  0.0411
sLSTM +MTL  0.0097  0.0075  0.0076  0.0071 0.0146  0.0093 0.0121  0.0093 0.0177 0.0127 0.0101  0.0119
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Table 6 Comparison of evaluation metrics of NASA dataset subsets in multi-task models

FiFl MAE RMSE
B0005 B0006 B0007 B0018 B0005 B0006 B0007 B0018
MTL-GRU 0.083 6 0.0873 0.0642 0.038 4 0.094 9 0.1051 0.074 6 0.0452
MTL-LSTM 0.094 8 0.096 3 0.069 5 0.0413 0.1076 0.1158 0.0805 0.0502
MTL-CNN 0.0793 0.084 1 0.0592 0.038 1 0.0900 0.1005 0.0687 0.044 7
MTL-MLP 0.0815 0.078 6 0.0587 0.0408 0.0925 0.096 1 0.0682 0.0480
MTL-Transformer 0.082 6 0.084 1 0.061 1 0.0412 0.0939 0.1004 0.0709 0.048 1
MTL-sLSTM 0.009 4 0.0138 0.007 4 0.0150 0.0143 0.0228 0.0129 0.0213
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Remaining useful life prediction of lithium-ion batteries in low-altitude
vehicles based on MTL-sLSTM
ZHANG Huishan', SHEN Jiying’, LIU Dongsheng" ", ZHOU Zhikai’, HU Yifan', XU Yangbo'

(1. School of Computer Science and Technology, Zhejiang Gongshang University, Hangzhou 310020, China;
2. Hangzhou Science and Technology Information Institute, Hangzhou 310053, China;
3. Hangzhou Shuzheng Technology Co., Ltd., Hangzhou 310020, China)

Abstract: A prediction technique based on multi-task learning with scalar long short-term memory (MTL-
sLSTM) was presented to solve the problem of remaining useful life (RUL) prediction for lithium-ion batteries in low-
altitude economy vehicles under multi-condition coupling. Firstly, a heterogeneous input layer integrates multi-
dimensional time-series data from diverse flight conditions. Then, a hierarchical stacked sLSTM structure serves as a
shared feature extractor, enabling deep cross-scale feature integration and the capture of common nonlinear
degradation patterns. Finally, by hard-coding task IDs to dynamically modulate network weights, the multi-task
learning mechanism adaptively identifies each operating condition’s unique aging behavior while simultaneously
promoting knowledge transfer across domains for independent RUL estimation. According to experimental results,
MTL-sLSTM achieves a 60.7%-92.3% reduction in root mean square error (RMSE) on the eVTOL dataset,
outperforming six temporal approaches, including the attention mixture of experts (AttMoE) and dual-channel LSTM
(Dual-LSTM). This validates the effectiveness of the multi-task learning mechanism in enhancing the generalization
capability of degradation features and improving prediction accuracy under complex operating conditions.

Keywords: remaining useful life prediction; multi-task learning; long short-term memory network; lithium-ion

batteries; electric vertical takeoff and landing; low-altitude economic vehicles
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Fig. 2 Illustration of inter-layer dependency patterns
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Table 1 Comparison of recognition accuracy rate on
CIFAR-10 dataset (ResNet56)

Table 3 Comparison of recognition accuracy rate on
CIFAR-10 dataset (NAS)

Ak SHiE FE4 LA/ % PUNERN R/ %
N4 2.352x10’ 0 94.90
L,-norm 1.151x10’ 51.06 93.37
L,-norm 1.151x10 51.06 93.86
FPGM 1.151x10’ 51.06 93.64
Taylor 1.151x10 51.06 93.80

A3 1.151x10’ 51.06 94.93

2 7 CIFAR-100 #iE&E FMIRAEMERTE

Rk Evie JE45 e A1/% PRNER /%
ENEE 430x10° 0 96.97
L,-norm 2.14x10° 50.24 95.81
L,-norm 2.14x10° 50.24 95.50
FPGM 2.14x10° 50.24 95.61

Taylor 2.14x10° 50.24 95.77

ES'S 2.14x10° 50.24 95.90

x4 TNEEGRLHITHMEEEREE

Table 4 Performance comparison at different

(ResNet101) compression ratios

Table 2 Comparison of recognition accuracy rate on

CIFAR-100 dataset (ResNet101)

GRS i FE45 LeA51/% PBNHER /%
ENiE 4.270x10 0 78.30
L,-norm 2.094x10’ 50.96 74.75
L,-norm 2.094x107 50.96 75.59
FPGM 2.094x10’ 50.96 74.45
Taylor 2.094x10 50.96 75.42

A3 2.094x10’ 50.96 76.68

JE4i L6 15/% Eric RIS RBIERR %
10 2.108x10’ 5.717x10" 95.10
20 1.856x10’ 5.021x10" 95.14
30 1.635x10’ 4.433x10"° 94.92
40 1.394x10’ 3.786x10" 95.01
50 1.151x10 3.119x10" 94.93
60 9.210x10’ 2.511x10" 94.61
70 7.460x10° 2.036x10" 94.57
80 4.550x10° 1.241x10" 94.03
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Fo FE AR SR, AR Y T I8 434 A 57 B
K R o 4L BT A RN 4 S 800 4L BT A 3 Ah AR X
3 A 52 38 2% 1 — B0 A M R R SE G, R
FAAH R A B A e 40 LA 29 5, % BE T [ Lh i35 %)
SYA RN B 2S5 Bl 42 JR BY B 2 Fh ARG o T LR
TERRE B S A SRR AT, DARR IR SE 50 45 41
(AT SEPE

P 26 2538 43 14 s g Mk 15 B R o R v )
B E, P T Oy RS i 2 28 1 e X S5 .
PR 9E M it M 15 X 25 4 Ak B9 A (Y 52, DL NAS-
Bench101, ResNet Jfy JEERIAY, 7E CIFAR-10 45 45
X AR L A SR AR E T 2 R R SR
Y150 s i 1 XoF D) 4 T A J2 it TN A [) PR, 17 4 Je) A
B AR B B DT 43 3h A T 4R A% )2 PR, (HARIE
PR B9 A R 5 51 F0 BiE — B, A SCrP R st A
WA A B, L, YA e R B 2 1 1
A AR I R E iy SN 2 R OB T B = B
FIVTE 45 I 00 26 0 L 9] o H A [ i 1k SR s
BAITE R AL A UERR %, 3R 5 4 th T R TR M
PR LR A5 50

®S5 TR EHERIEABERIEL
Table S Comparison of the effectiveness of different

hierarchical cutting strategies

I 2 By ST TESRLL/% BT R /%
10 92.91
S E 30 91.05
50 88.93
ResNet56
10 92.59
s i 30 91.91
50 90.84
10 95.81
ESETin 30 92.66
50 91.05
NAS-Bench101
10 96.29
B pes] i 30 96.10
50 95.61

MR ST LRI, IE RSB R FT, &
Jas Fi g 1 o B AT AR T R S v B O R
PERER B . T 1 4 R Gt % 1 BT B, RES SRS 1
HB R B I F B 9 2% rp L IE TUAY B3 HE RIS R, AT
TEAT B8 AR TR 35 M e SR A TR I, re e
JEE Ml A AR AL AR BE o AR SR SR v AR SC
WL BN HAFAE—E B R BRI, i T H R A P 3
HL, A7 0] A2 X S LR 5 SR PE AT 0 JEE BT A, ik £
JZ T RETE A f) B PR A R PH A SCBE R D fE, R
ENERMER, R gl SE UK, A

Fe bR b XA RUR A A B . — B X0
SR BEAT O BT RG, A2 MR R A 45 RO AL 3
S BRI X A K ) 4RI £ BRI B A BE T
PETIG| KRG RE 09 235 °F e

3 & 8

1) BE %% 58 85 B S MO/ N T 2845 . wE LIz
b ZE AR S TE A HUAIL 2 5 28 A 0 U] bt 2 ) 4% G
A 00 L, AR S i R A4 8 P13 AT 10 235 4 A 5 AS 5.
25, 3 I A A ASE 0 28 2 B[] 10 0 F IO OC &R
SEHLT A 2R i (ansk 25 iE S . B ERER) 1Y A Bk
S S ETA . SRR B, 768 ] ResNet £, A%
SCRRE A BN TSRS B4R, HL7E NAS-Bench101 A
T o 2 |, v] DA S B B R i R Be, PR AR
UL G TERE .

2) ARG BIETE T |5, fh Xz
W 2 th AT REAEAE 1Y 250 32 . 2 R AURE G &, M4
) T B A S R ) ST AR AL R ML, S 2 0y
WM G SR A R, A S A B
P DRI EF 30 ok P ) A S, S B S ) A A 1Y T
FOPE A5, S0 9 i A e M Y 4 )R LR K

3) 7E NAS-Bench101 2 % Jz ResNet 5 1] [ 4%
o, AR SCE L RR SRS RN 2 0 SR | Bk 25 %
e PHES I a5, TR St 53 20 8T RCER A, X
W28 St 50% 1) e 4 Le A AT A5 A A B 55 AR
R A 58 AR BE 4R R TE 1% LA . SRR 4 2R
FEWT, AR SCHE M A AS B U] 55 A B A B vk L A% 5E T
ISR e
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Low-altitude perception models pruning algorithm with irregular structures
YANG Zi, ZHUANG Liansheng’

(School of Cyber Science and Technology, University of Science and Technology of China, Hefei 230026, China)

Abstract: Large neural networks are challenging to implement on terminal devices due to restricted processing
resources, notwithstanding deep learning’s superior performance in low-altitude intelligent sensing. Pruning
techniques reduce model complexity by eliminating redundant parameters, thereby improving real-time performance.
However, existing methods primarily target regularly structured models and struggle to handle irregular structures
generated by neural architecture search (NAS). To address this, a dependency graph-based pruning scheme for
irregular structures is proposed to optimize model efficiency. The method first employs structural parsing techniques
of computational graphs to automatically identify unique multi-level connection patterns in low-altitude perception
models. Subsequently, it constructs an efficient parameter grouping module to precisely locate minimum functional
units that can be completely removed. Finally, a cross-layer comparison global optimization strategy is adopted to
implement unified evaluation and pruning of isomorphic substructures. This solution overcomes the technical
constraints of structural adaptability when compared to current approaches, allowing global precision compression for
irregular network architectures. This feature makes it especially appropriate for low-altitude perception scenarios that
call for intricate spatial relationship processing. Experimental results demonstrate that the proposed irregular structure
pruning method can effectively identify and perform group pruning on complex structures, including multi-branch
connections, residual connections, and concatenations, in both NAS-Bench101 models and ResNet series networks.
When implementing 50% compression rate network lightweighting on the CIFAR-10 dataset, the recognition accuracy
drop does not exceed 1%.

Keywords: low-altitude perception; convolutional networks; lightweight models; model pruning; irregular

network architectures
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REBEEMNHETETUEBEERN LCU &
oM EL 45 o AL B X
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(. AEEMES LRI AHON G ITFE R, B 3100515 2. JEEMASHIR R #fb24ke, JEat 1001915

3. WITTEFESMNEE AP, 432 312030)

it E KRB CHE TARS LR EREGLEARRL R A, #HE—HETH
BRAH A & A4 3 T (LCU) 4 A 4B (BA) 11t (HGLA) &% . % & % UL LCU A & A
BT, RBESEELRE ., BHBRESAGERHATREX S, HWER. RALERXENZ RN
BAWLH, ¥, BELEREARLELHMEESAGEEFHELZALFEREALE, KELEK
BIANZEMANA URGEEAAE, FXALRHENSH (QP) FTHKEH BN ELME, &
4 PR R B T AT R AR, P H kAR E(E% L (PSNR), 44 48 L M 48 2k (SSIM) Fr £
REFHHTELERET, BAEAEEFBERA 16 Kbit/s B, &M 4% % (HEVC) A X A
i A R 42 4] (RC) £k HM-RC, 2T % B R &l (MLP) #) BA %, X TR F R A EHEA
Bymi RC &k, A TEAMMGH (VVC) & 2 ¥ % RC Hik 4 A H %, PSNR, SSIM fr £
WE A5 4 (MOS) 4Bl F 37T 3.34%., 2.16% F1 9.8%, U H A 5 & A F 3% 2 Fo B4 & 15 5

7 B BT S R S
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NHEkFRERL: A
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YEHS: 1001-5965(2026)09-3146-07

FIEE, JUHIRTEW v 2 IR 25, S8 B RS 52
T e SO R A i AT e — TG B R AR

i Y 1 R ] Y 7 3 2 — 2 RS R AR (rate
control, RC) H1 [ tb ¢ 73 K (bit allocation, BA) 5.1 .
RC 75 LA G B vl 25 SCHEVE T, H H AR R 7 45 18
W9 AR, B 4k BA Fil & b 2 L (quantization
parameter, QP) ZEFE, M1 5L B 5 5 4058 i 1 2 [1H]
B A 3T i, 50 4% BART & B bp i R0 B oR
RC A7 24> S5 3% BA Fl QP £, Hirv,
BA £ RC By G IR, B TEMR I8 LN 25 52 %
JE FVER M, AR AN (R g 65 B T 1) 343 AT B Ly
T . HHET, BA 3275 B8 4 (group of pictures,
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GOP) | i A1 5z K 4 5 5 JT (1argest coding unit, LCU)
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Fig. 1 Low bit rate video transmission in low-altitude

communication environment
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Table1 HEVC test sequence

%5 B#rBER 512 Kbit/s H5= T LI EL
Table S Experimental comparison under the target bit
rate of 512 Kbit/s

25 Feyl 2% %R W /(s ™)
A Traffic 150 30
A PeopleOnStreet 150 30
A Nebuta 300 60
A SteamLocomotive 300 60
B Kimono 240 24
B ParkScene 240 24
B Cactus 500 50
B BasketballDrive 500 50
C RaceHorses 300 30
C BQMall 600 60
C PartyScene 500 50
C BasketballDrill 500 50
D RaceHorses 300 30
D BQSquare 600 60
D BlowingBubbles 500 50
D BasketballPass 500 50

Bk PSNR/dB SSIM MOS
CHk22] 40.54 0.930 4.03
SCHR[23] 41.13 0.948 425
SCHK[24] 41.58 0.952 439
HM-RC 40.09 0.926 3.96

ES'S 41.76 0.957 4.41

=2 B#REZENA 16 Kbit/s 1752 FSLIEXTEE

Table 2 Experimental comparison under the target bit

rate of 16 Kbit/s

Bk PSNR/dB SSIM MOS
SCHK[22] 32.50 0.869 3.14
SCHR[23] 33.06 0.887 3.25
SCHR[24] 33.53 0.891 3.45
HM-RC 32.01 0.862 3.08

ES'S 33.86 0.896 3.54

%<3 B#rEEZE Y 128 Kbit/s 172 TRttt

Table 3 Experimental comparison under the target bit

rate of 128 Kbit/s
Bk PSNR/dB SSIM MOS
SCHR[22] 36.57 0914 3.40
SCHR[23] 37.18 0.928 3.73
SCHk[24] 37.74 0.931 4.01
HM-RC 36.01 0.906 3.35
AL 37.89 0.934 4.05

=4 BIFEEA 256 Kbit/s 3= LI T

Table 4 Experimental comparison under the target bit

rate of 256 Kbit/s

Bk PSNR/dB SSIM MOS
SCHR[22] 38.72 0.921 3.84
k23] 39.18 0.936 4.06
CHR[24] 39.63 0.940 4.12
HM-RC 3827 0.918 3.68

AL 39.71 0.945 426

1 512 Kbit/s 3% 4 Fi % 437 50 (19 4 804 98 {8
5300 5 B AR R M 5 (3R [22-24] 2 HEVC B
J5 2 2% R HM-18.0 i) HM-RC) it 17 % W45 b Al
TSR R L o 2 WLAE B 2R HI 0 (R 15 1 1L (peak
signal-to-noise ratio, PSNR) 1 %% 4 A1 X ¥ 5 %k
(structural similarity index measure, SSIM), == YL 3¥F- f
% H W L4543 (mean opinion score, MOS) . H:H7,
MOS i iz #1820 44 ¢ 32 W A 1) 19 WL AR WL 7 4
AT, R JH 1~ 5 53 ST 4y, 5 r R e, 5
g RN K 2~ 5 frn . WL, AR SO A
flls 4 FhH %, PSNR 22T} 0.95 dB, SSIM -1 4
Tt 0.017, MOS i i T HoAlh 4 P55 . 25 B2,
AR SCEETE A [R5 28R 2 3 B A0 S+ 19 2 WL AN 32
WLPERE, JCHARARM A TR T30 B35, 53k
TARSCR M EARAS R BA H 1A RCPE RS AN B .

Ry 96 I AR SC AR HY A A% 3 K XS HGLA 55125 11
S, X H AR A 512 Kbit/s 1915 B0 #4711 fil
S, e AR R B PERE SR TR I, By
T 5 FPE AL : OHGLA; @ JC X IR 43 A, 7 Bk &2
BT Xy, RS — BA; OAUE G
I, AR B O — R R, TE X AT AT &
VESXIL s @25 (R AL, B B 14145 O DX sk A
B, AR 2% X B L RR 2 20 43 i ;s ®TE QP - 4k
B, B BA MY45 SR, A AT LCU [H] QP it i
AbFE

M 6 BSEIR 25 AT LR Y, 2% G B U X &
TR RIS B B TTm . 5 JEUUA B HGLA
FHEE, 7ERS R X34 73 HL A = , PSNR F# 2 40.05 dB,

F6 AREHETETFX HGLA BEIEMSZI

Table 6 The influence of various factors proposed in this

paper on the HGLA algorithm

SRy 6 IE AR SCB A AN ) 5 R A5 T B P BE A
kB FRTE R 16 Kbit/s, 128 Kbit/s. 256 Kbit/s

SR TC PSNR/dB SSIM MOS
HGLA 41.76 0.957 4.41

To R I SR 40.05 0.944 3.92
(AR 40.49 0.948 4.01
Jizs A 4131 0.949 4.07
JEQP-it b3 41.54 0.951 4.10
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SSIM %k 0.944, MOS T & 2 3.92, 3 B X 3 K] 43
XU A4 RAE S BA HAT CHEVEF, Hik 330
2 2 A 4015 O BR 5 P HE UL S 1 A AR 1k o

AR AR SRR — BB,
PSNR [#4 40.49 dB, MOS F [ 2 4.01, i 1A = 42 2%
JEE X 38k PR 9 5 VE BA ML A B2 T G 5 358 3 T L
FA TR o 2 B8 B A TR AS AL ) (TG 23 [A] AL
i), PSNR il SSIM ¥ tH BLE: i T [, MOS M 4.41
R 25 4.07, U B G A0 I A R AL i 7 42 7 32 0
JRRR BTy T LA TE 1) RN

UbAh, 2 BR QP V-t 4b BT B MOS FFIL &
4.10, L% PSNR F1 SSIM 781k 45 /)N, {H MOS F [
ik 0.31, R B LCU [A] QP E ik I Ab % S 1 4R Je%
Sk B 25w, LB nl Be g A i 30 2
W J2 AL E DR, 5 A HR B
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LCU-level video bit allocation algorithm based on two-layer
game in low-altitude communication environment
ZHANG Yafei"?, LIU Lulu', YU Jinchi"?, ZHU Difeng"”", GONG Xuan', GAO Yi'

(1. Hangzhou Innovation Institute of Beihang University, Hangzhou 310051, China;
2. School of Software, Beihang University, Beijing 100191, China;
3. Zhejiang Yuexiu University, Shaoxing 312030, China)

Abstract: This paper addresses the issues of low video coding efficiency and insufficient bit rate utilization in
low-altitude communication scenarios by proposing an largest coding unit (LCU)-level bit allocation (BA)
optimization based on two-layer hybrid game model (HGLA) algorithm. Using the LCU as the basic unit, the
algorithm performs region partitioning according to texture complexity, motion intensity, and edge information, and
establishes a differentiated BA mechanism for high- and low-complexity regions. In particular, a combination of
cooperative and non-cooperative game models is used for high-complexity regions to achieve coordinated BA; for
low-complexity regions, a global quantization parameter (QP) smoothing strategy and a spatial weighting mechanism
are introduced to improve bit rate utilization efficiency and visual continuity. Finally, experimental validation under
four low-bit rate scenarios demonstrates that the proposed method achieves significant improvements in peak signal-
to-noise ratio (PSNR), structural similarity index measure (SSIM), and subjective quality. Specifically, at the target bit
rate of 16 Kbit/s, compared with four baseline methods including the high efficiency video coding (HEVC) rate
control (RC) algorithm HM-RC and the frame-level multilayer perceptron (MLP)-based BA algorithm, the intra-frame
rate control algorithm based on a simplified cubic rate-distortion model, and the variable-resolution rate control
algorithm based on versatile video coding (VVC), the proposed method achieves average performance gains of 3.34%),
2.16%, and 9.8% in PSNR, SSIM, and mean opinion score (MOS), respectively, demonstrating its excellent
practicality and adaptability in improving bit rate utilization efficiency and preserving image quality.

Keywords: rate control; low bit rate; game theory; bit allocation; reliable transmission of low-altitude video
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1] . REALEFHES KD (FOD) bR M &R A T XA ATH R G ET LR
HEEE X, 43 FOD BARR T/ Tk VAR B9 45 8 KA FF 83D i 19 B2, 42 FOD %48 &,
W — M ETHEFFE S FOD AN §RA 7 k. RE¥ ILFOD My £ ot Fk, Wi
FOD W &t #%E. XTZHEE, X¥ L FOD(BHELBENF LR RHAAL) HATEEL
Mo ZTHERRRAER, REAMFHAMATFNHRIAE, B EZHRUHE, WFRIET FEMR
WF b, BETRW TEA S RREEHENRDE-BDEEMWE WL, F0h A RE AT

AR A,

K /NS R H A R R B AL
*x B R MR
FESES: TP399
XEkARERD: A

I3 R 37 1 B 18 4 h > ) (foreign object debris,
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Fig. 1 Training set examples in the multispectral dataset (images
are pseudo-RGB images synthesized using red, green, and blue

wavelengths)
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Fig. 2 Rust stains and strong reflection phenomena appearing on

metals in the dataset
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Fig. 3 Stability of asphalt pavement spectra
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Fig. 4 Spectral response values and pseudo-reflectance
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FOD detection and recognition for low-altitude takeoff and landing sites
ZHENG Haowen', HU Haimiao"?, XU Zhuang” ", HE Zhuang’, HU Haoxin’

(1. School of Computer Science and Engineering, Beihang University, Beijing 100191, China;
2. Hangzhou Innovation Institute of Beihang University, Hangzhou 310000, China;
3. Zhejiang Provincial Airport Group Co., Ltd., Hangzhou 311207, China)

Abstract: The detection and recognition of foreign object debris (FOD) on low-altitude takeoff and landing
runways are of critical importance to aircraft performance and airport operational safety. A FOD dataset was created
and a physics-based FOD detection and identification approach was suggested in order to address the issues caused by
the small size, lack of distinctive visual traits, and restricted availability of public data for FOD. Initially, multispectral
images of common FOD materials were collected to establish a multispectral FOD dataset. Based on this dataset,
attribute analysis was conducted on common FOD types, including metal rust and strong reflection phenomena.
Utilizing the reflectivity of asphalt backgrounds, a pseudo-reflectivity metric relative to asphalt was derived for
different materials. Through various statistical measures, the separability of different materials was preliminarily
validated. Subsequently, a neural network with an encoder-decoder architecture featuring densely nested connections
was proposed, using pseudo-reflectivity as input for material identification. The suggested approach outperformed
existing material identification and segmentation models with similar parameter ranges on the test set of this dataset,
achieving an accuracy of 0.999 3 and a Macro-F1 score of 0.774 9.

Keywords: material recognition; airport runway foreign object debris; autoencoder; multispectral image;

pseudo-reflectivity
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Fig. 1 Binocular vision multi-target 3D detection
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Fig. 2 Diagram illustrating the dual-target calibration principle and accuracy estimation plots
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Fig. 4 Comparison of pseudo-color disparity maps before and

after optimization
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Fig. 5 Projection map of bird point cloud
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Table 1 Evaluation metrics of disparity maps
ARt 25 %% BRI RN 2 b 2 AR M AR A
TeALA AL 40.700 4 105.226 0 26.795 5 2 255
B A IR 40.178 2 105.171 0 26.8512 2 255
ARG I8 263329 85.594 9 40.453 4 1 254
T2 24.885 6 87.183 3 39.624 7 1 242
TRNSERLAT A 1.543 1 66.820 3 503215 1 255
IR R (A IR i 1278 1 66.724 3 50.388 0 1 242

33 MEREITG

F2~F AT 4 41 H bR HE A 0 i I B
HHESEEIRE . 1E 0.5~ 1.5 m &Z DM, &8
AR IR 22N 2.55%, 4 X IR 25 ETE 2 cm N,

2 BREBESINERE
Table 2 Ranging data of target key points

AR ARR AR R TS AR fR/m M B /m B B /m
(485,565)  (~0.056,0.076,0.326)  0.34 031
1 (656,525)  (0.011,0.077, 0.413) 0.42 0.40
(729,547)  (0.043, 0.080, 0.379) 0.39 0.38
(571,460)  (-0.056,0.086,0.787)  0.79 0.79
2 (626,436)  (~0.007,0.075,0.909) 091 0.89
(683,443)  (0.051,0.078, 0.868) 0.87 0.87
(688,384) (0077, 0.026, 1.189) 1.19 1.17
3 (750,376)  (0.169, 0.015, 1.237) 1.25 1.28
(772,382) (0200, 0.024, 1.231) 1.25 1.23
(578,456)  (-0.117,0.196,1.865)  1.89 1.84
4 (605,453)  (=0.063,0.201,1.981)  1.99 1.94
(673,493)  (0.085, 0.267, 1.800) 1.82 1.82

xR3 BiRRELNERIIRESI
Table 3 Absolute error statistics of target key

point ranging m

) IR RMENTIRYE ROBXTIRE TR IR

1 0.030 0.020 0.010 0.020
2 0 0.020 0 0.007
3 0.020 —0.030 0.020 0.010
4 0.050 0.050 0 0.033

s A 4R 25 (E80.018 m.

34 HABMIEFEXERLE

T BB 214 BT = G 0 4 0 A G 3 2% R AR
VC g 7323k, PLEE (block matching, BM) . 44t SGBM
DL KA SC SGBM (( GPU I ) 47 7 tt 5 72 1 X
e, S5 45 1 98 — N Intel i9-12900H CPU+1 280x
720 EIG 5 HER, X L F8 b A 36 40 22 8] 25 1 % O
BRI iR 25 | G817 B ) B 25 R AR, 25 Rk S
B o

*4 BREBESNERTRES

Table 4 Relative error statistics of target key

point ranging %

A5 RUERRZE  G2MNRE ROANIRE 4TI R

1 9.68 5.00 2.63 5.77
2 0 2.25 0 0.75
3 1.71 2.34 1.63 1.89
4 2.72 2.58 0 1.77

ez AR R 25 B H2.55% o
RS IILE A EIRARRTLL
Table S Comparison of indicators for stereo

matching methods

(NN ZRF/%  TIIAEXSER2E/% BT H]/ms
BM 1390 0 7.20 413.90
&4 SGBM 40.700 4 4.80 241.29
ACSGBM(GPUMNE)  1.278 1 2.55 22~35

ghA 3 S BE K 6 DT IE A 22 R AR SO
FESE I R AERf PR S5 7 TH R B 0 . BM B AR AR
22 L (1] 6(a) ) F7 7 R HE M, X 3 55 2015 1 )
IH AN 2 5 15 48 SGBM Bk 19 A 22 &1 (] 6(b) ) L AE
—E R bk T MR ), A TR R SRR
B DK, A B 22 AN S S AR AL
T, AR SRR G A 2= (K 6(c) ) U] 2 31
TR T 2 W 2 A5, RIS 7 55 40 3 DXl e 7 S
YER A 22 A5 3T, 402 Tl 1) 5 4V 5 0 o v 24 45 3
T
35 MHFHUEILRFEEBSIEBEZERNIT R

Shy it — A I Ak 7 G 1 B B G A, 3
F = O R ST 4 AR A, %0 1k B A S
% 1 38 PR U R H ARBLAY 2 AL LT 2
B R £ FE AR E B b)) FEAT 40 1, 10 4FE Y6 AG
RYAEY RGBT B B v A . AR IR R EE Ry
T (5), WIEAEEREAILLIE 7230 £ by, FEUE
P B N Zy, BV R B Z, = kZ, (k > FE 25 45 ik A
T HEk>1) o ARFFIZE d A, T e

%:k (8)
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Fig. 6 Comparison of disparity map in 3D detection methods
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b, = kb, (10)
AR I F AR, )
fi=Vkfy
11
bl = \/zbo ( )
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b 234 [] 7
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3.52 IR BN R E S
TEGG LA AL 9 R IR 2 AT TR A

F6 HEtkEH
Table 6 Scale factors

JRARIEE  BEES R BT i s Ei
JEH/m HFk IS f/mm 2R p, /mm HFES Z, /m
3162f = 3.162by =
0.5~2.0 b ’ 5.0~20.0
10.43 189.72
10f, = 106, =
5~2. 0~200.
0.5~2.0 100 300 60000 50.0~200.0
0.5~2.0 SLBfo= 36 = 2 0000
P 100010436 1897.38 : :

by z Z
AZy =T 0Ad = ZL =k [ FoAd ) = kAZ 12
= o =k g o (12)

s AZ T RN BB A 28 0 TR B 1R 25 5 Ad S 22
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PR AR X R 22 BT REFE IR 2.55% LN

4 &£ ip

AR SCIH IR 25 22 B 3 5 1) SEBR AR oK, Bt —Fh
T XH MG B 2 H AR = 4e kG0 AR . 38 i itk
SGBM 8.1k 5 Z B Be il 22 1k, #2755 808 H AR 1)
W 5 8 ARG B, SR a0 R W

D) fE RN T, AR 22 B 1 2 R
H N 40.700 4% [ 2 1.278 1%, F 30 22 B {8 A
105.226 0 F25E & 66.724 3,

2) £ 0.5~2.0 m IEE LR P, 2 H bR i I EE
SRR 228 2.55%, [RI0), 36 F 45 FL B AL A B G
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High-accuracy real-time 3D multi-target detection for
low-altitude security scenarios

WENG Jia’nan', XU Zhuangz, LI Yanghui1 , YE Demao" "

(1. College of Optical and Electronic Technology, China Jiliang University, Hangzhou 310018, China;
2. Zhejiang Province Airport Group Co., Ltd., Hangzhou 311207, China)

Abstract: A real-time 3D detection method based on binocular vision is proposed to meet the high-accuracy
ranging requirements of dynamic targets in low-altitude security scenarios. The method, which is based on the semi-
global block matching (SGBM) algorithm, combines morphological processing, bilateral filtering, and interpolation-
based hole-filling to enhance the completeness of depth information and disparity quality in weak-texture areas. With
calibrated camera parameters and the triangulation principle, target 3D coordinates are computed in real time.
Experiments show that within the distance range of 0.5-2.0 m, the disparity hole rate is reduced from 40.700 4% to
1.278 1%, with an average relative ranging error of 2.55% and centimeter-level positioning accuracy. The method’s
scalability to 2 000 meters is further confirmed by scale model study. Overall, the proposed system provides an
efficient and cost-effective solution for multi-target 3D perception in low-altitude surveillance.

Keywords: binocular vision; semi-global block matching; disparity optimization; depth estimation; 3D

detection; scaled model
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] B AMZREREFALANANTE, FETETIRERS G W EH BN E EE
FAFFERR, RAEEEEE (CFAR) HEMZR K TR ERETHATEATAMN, NPRER
Wik B AR, BT R MR AER AT DAL, KRBT AVGIES ., #EKEHR
A; FlA LogitBoost R A K ik H X MR, BHARWNBH)LE, AURET 2L EHE. K
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W IRy EEIHARGENIREESAET, BRFIEFEHETER (AUC) 2R A Y
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PREE M T4 Tk A R G I HE S TR S A
SRR, XN T H ) AT TE ML RAE S R TE
ANHLTE T T il AL 125 FEMLLAME RS | Ot
TR AU B B ELER S RO, HLRUE T b i
5 A% G2 1Y IR HORTE B 2 BRI R A 7 i R
1 oy R,

ARk, Z KT IR B AN S . 2
KPR B VLA R A TAERE Ty . X v si H As 4
1o 43 BRI BE ) e R 103 S BRI RE 0, B 32
FWFIE AN bR A EE FIR T, KRR E AR
HAFOE IR T 2 aE AR & B W) BUE Y, HAE T 55 S5 )
Ui KA, AV AR B AL RS f g A L, K Sy
PRy 2 K T A T A R ET A3 50 T AL
SR ER SR AL T AT AEME . Khawaja 255 7 545 (radio
frequency, RF) 73 #11¢ . T ik . W15 RFE 4 & 3t
T RF B JC A HL B9 I | 3 28 F R B (detection,
classification and tracking of unmanned aerial vehicle,
DCT-U) Y &R G, I-itf — 2 %) o 1 15 58 7 ik A EAR
TR, BHEE RGN T £ BT kG i
{5 58, IEH DCT-U () IR . Semenyuk %5
e f ik RF, G T2 A 4R A, 42 7F T BN
B ARG A . S B AT e

Soriano!”! 4% T fH 5 HE % 7 (constant false alarm
rate, CFAR) [z JLAT 5678 (A i (B 50 - 2 18 jfg % %
(cell-averaging CFAR, CA-CFAR) . B ¥ & 1110 i
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Fig. 1 Open field scene
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Fig.2 Scene with metal obstacles
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Fig.3 Scene with tree obstacles
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To ANAL-TR IR BIEE A 1~3 m, 1&E T30 37 K
9T AW B b 4E AR R B R B 55 /0 B ARk
DRE 7 (140 20~50 m), RAEE T 2 TC AT &
P8R, AL 4 AT A S el i) AT, B
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B ENVEAT: 55 S5 M4y 250 2 i .
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Table 2 Numbering of each action task and
action classification
SFEAR
A RE1I~3 m, 21530 s
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TR PR R AT
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A2 RS AT
A3 ESHLET /AT

A4 PR TR CAT
A5 WP ZE

1.2 BERZIFRE
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P 3 ARSI R 4 RALWCRLL, I SR A% 22
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T IR B G Ak e S AT 3 I I (] £ P B R 10 ik
R chirp, 2833 ¥ 1 I S5 14 [81 3 J2& chirp 1)
SE B A, Hoos 5 A B R 2k & S Y chirp 34T 1R M
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1.3.1 HERLE

SERBOERESHOLHE o0 RFERMAT, =1/f. —
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HRE AN ) 37 557 F 2B B R AF T 20 [, AR AIE BT
R T 4 DA e B HE P

1) BSECE AN : FEW AR B3 5 b DTk e %8
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Pseudo-label enhanced multi-feature fusion for millimeter-wave
radar UAV detection
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Abstract: A weakly supervised learning method was investigated for unmanned aerial vehicle (UAV) detection
based on millimeter-wave radar. To enhance feature representation, multiple categories of information were fused,
including spectral energy distribution, motion trajectory variation, and statistical descriptors. Target pre-detection was
conducted using a constant false alarm rate (CFAR) algorithm, which adaptively filtered the radar echo data and
provided coarse localization. Doppler-related indexes were employed to reflect target motion parameters, and time-
frequency domain information was used to derive energy characteristics for feature extraction. To further characterize
the echo distribution, statistical measures like skewness, kurtosis, and energy ratio across close and far range bins were
calculated. A LogitBoost ensemble classifier was employed to train the detection model by combining multiple
weighted weak learners through iterative optimization. To address the scarcity of labeled samples, a pseudo-labeling
strategy was introduced. The self-training mechanism automatically generated pseudo-labels from high-confidence
predictions on unlabeled data and incorporated them into subsequent training cycles. Experimental validation was
performed using a dataset comprising multiple real-world radar recordings with UAVs and empty field scenarios. The
proposed method demonstrated robust performance under weak supervised conditions in three different scenarios.
Compared with the baseline model, the final model achieved an improvement of approximately 7.2%/1.6%/6.6% in
the area under the receiver operating characteristic curve (AUC) and a reduction of approximately 36.9%/0%/10.6% in
the false alarm rate. Moreover, the model exhibited consistent detection accuracy in challenging environments with
noise and background clutter. This study demonstrates that millimeter-wave radar detection performance for low-
altitude, small-size UAVs can be significantly enhanced by combining multi-domain features and implementing
pseudo-label augmentation techniques. The method provides practical value for real-time surveillance and airspace
security applications.

Keywords: millimeter wave radar; UAV detection; multi-feature fusion; pseudo-label learning; constant false
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Table 1 Platform configuration parameters
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Table 2 Comparative experimental results

Bk Pl% RI% mAP50-95/% S
YOLOv5n 89.7 89.5 50.0 2.51x10°
YOLOv6n 87.8 87.1 492 4.24x10°
YOLOv8n 96.1 89.5 50.9 3.01x10°
YOLOv10n 91.8 87.9 50.5 2.71x10°
YOLOv11n 91.6 89.2 492 2.58x10°

IDD-YOLOV5 90.3 85.7 44.6 3.82x10°
LiteYOLO 86.8 83.7 0.7 3.74x10°
ES'S 9.1 85.8 50.2 2.20x10°
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ROR o AT HAR Sk, AR SCH Ik RE A5 B Afl i AG:
DN I S BRI, A R0 S Tk B A TR, 3%
REAIR T A6 3, I TR B2 GO G P Jre B A S 5 7Y
BB, X LSS G UE T AR SR TR A I
R P T A DB, R S T /N B B TR A 55 o
HAH m il SEdE

c) Iﬁ%
B3 AR RGN 3 A i TR R R 451

Fig. 3 Example diagram of defect recognition effect of different

(a) YOLOVS (b) YOLOV11

detection algorithms
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FEHBA FIF R % . #F DynamicDCNv3Head 5 5k 1 UIB
P[] B 51 IR, AR A 2 B i ARG DK B8 1 — 2P

5 B HE T, AR IUORG B 1K 3] 49.9%, #5285 ik |
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AR, LA 2.20 M, 3% — 25 5 70 70 3E B T SR g 1 A
M, HSFPN 55 B Jhy #5570 B8 5 T W 35052 o Ak 1 ik
filt ; C3k2_UIB 5 B W] 7E 47 fiF 42 B Aij % %F HSFPN
P T R 1 B AR BE R EAT TR RO, s Ak
T 40 JEH 5 1 DynamicDCNv3Head A5 B 78 46
i AR R T X 2% B BRI T GE . X R
W, % 2 G 6 08 7E B DR RS UK B A9 [R) B R R B
JEE b s /0 50 TR T RE R M SR ) 25 A AR
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Table 3 Ablation experimental results

UIB HSFPN DynamicDCNv3Head Pl% RI% mAP50-95/% SR
91.6 89.2 492 2.58x10°
v 92.6 85.1 493 2.55%10°
\ 89.6 85.3 482 1.85x10°
y 89.0 88.6 49.6 2.42x10°
v 89.2 86.7 46.6 1.86x10°
90.8 84.5 48.8 2.37x10°
90.3 87.6 49.9 2.23x10°
V 92.1 85.8 50.2 2.20x10°
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Lightweight insulator defect detection algorithm based on UAV perspective
HU Xiaojie"?, NI Cui"*", WU Chunpo"?, LIU Zhu"?, WANG Peng"’

(1. Shandong Provincial Key Laboratory of Key Technologies and Systems of Intelligent Construction Equipment,
Shandong Jiaotong University, Jinan 250357, China;

2. School of Information Science and Electrical Engineering (School of Artificial Intelligence), Shandong Jiaotong University, Jinan 250357, China)

Abstract: As the primary method of low-altitude power monitoring, unmanned aerial vehicle (UAV) inspection
presents the dual requirements of lightweight and high precision for the detection model. The timely detection of
defects is crucial to the reliability of the power grid since it is the fundamental component of the safe operation of the
power system. Based on YOLOv11, a lightweight insulator defect detection algorithm based on the UAV perspective
is proposed. Firstly, in the YOLOv11 backbone network, the improved feature extraction unit of MobileNetV4, with a
general inverted bottleneck structure, is integrated to enhance the perception of subtle defects of insulators. Secondly,
the YOLOv11 neck network was integrated with a hierarchical spatial screening feature pyramid network, and the
interaction path of cross-layer features was optimized to minimize model parameter redundancy. Finally, at the
detection output, the dynamic deformable convolution detection head is used to replace the traditional detection
module to improve the adaptability to the geometric deformation of defects. Experimental results show that compared
with the YOLO series model, the proposed lightweight model can reduce the number of parameters by more than
12.35% on the basis of ensuring detection accuracy, which is more suitable for edge equipment such as UAVs and
inspection robots, and provides an efficient solution for the real-time detection of transmission line insulator defects.

Keywords: insulator; defect detection; feature enhancement; lightweight; YOLOv11
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Table 1 Performance comparisons of this paper with seven models on the joint spatial(x2) and angular(2x2—5x5) super-
resolution task
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Fig. 5 Visual comparisons of different models on the joint spatial(x2) and angular(2x2—5x5) super-resolution task
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Table 2 Performance comparisons on PSNR and SSIM of this paper with seven models in the LFASR task(2x2—7x7)

PSNR/dB, SSIM

fRETY RFAEAY
HClInew HClold 30Scenes Occlusion Reflective

LF-EASR™ 2022 35.86/0.975 41.54/0.971 43.44/0.995 39.80/0.992 39.35/0.981
DistgASR"® 2022 34.70/0.974 42.18/0.978 43.67/0.995 39.46 /0.991 39.11/0.978
HLFSR-ASR!"” 2023 36.43/0.982 43.25/0.990 44.03/0.996 39.87/0.992 39.60 /0.981
LiuZ? 2023 35.29/0.954 41.92/0.969 43.33/0.988 39.67/0.983 39.20/0.963
Lifi1Zhong"" 2024 35.21/0.975 42.36/0.979 43.95/0.996 39.68 /0.991 39.36/0.981
Liu%:®" 2024 35.41/0.954 42.02/0.969 43.38/0.995 39.71/0.991 39.31/0.982
ViewFormer” 2025 35.37/0.977 41.93/0.975 43.82/0.995 39.86 /0.992 39.57/0.981
ESS 37.71/0.983 43.99/0.993 44.15/0.995 40.07/0.992 39.45/0.984

T SRR I LA T R Zekb B

®3 A5 9 MIEATE LFSSR E55 (MUK 2 f5750 4 £%) L&Y PSNR F1 SSIM *tt
Table 3 Performance comparisons on PSNR and SSIM of this paper with nine models in the LFSSR tasks(x2 and x4)

PSNR/dB, SSIM

7% RISy EPFL HClInew HClold INRIA STFgantry
O O O O O X SN O L O O L I ONC Y
—-— 34.49 28.94 37.36 31.20 44.30 37.41 36.41 30.96 39.43 3115
i 2022
0.9758 09170 09771 09188 09943 09721 09843 09523 09926 09488
) y 34.81 28.99 37.96 31.38 44.94 37.56 36.59 30.99 40.40 31.65
DistgSSR'" 2022
0.9787 09195 09796 09217 09949 09732 09859 09519 09942 09535
— 34.83 29.34 38.23 31.51 45.08 37.68 36.67 31.37 42.17 3218
) 2023
09775 09197 09810 09231 09949 09737 09853 09526  0.9957  0.9571
- 3531 29.20 38.32 31.57 44.98 37.78 37.06 31.24 40.85 31.64
HLFSR-SSR 2023
0.9800 09222 09807 09238 09950 09724 0987 09534 09947 09537
on 35.26 29.47 3831 31.56 44.99 37.84 36.95 31.39 41.76 32.14
LF-DET 2023
09797 09230 09807 09235 09950 09744 0984 09534 09955 09573
' 34.49 28.70 37.47 3113 44.25 37.21 36.37 30.73 38.89 30.61
BRI A 2023
09767 09148 09790 09208 09943 09724 09843 09503 09916 09432
" 3522 29.28 38.14 31.56 44.90 7.83 36.92 31.24 40.98 32.03
MLFSR! 2024
09801 09218 09803 09235 09950 09745 09865 09531 0.9949  0.9567
- 34.67 28.96 37.80 31.42 44.78 37.63 36.46 31.28 39.95 31.36
LF-TGUnet 2024
09776 09189 09791 09215 09948 09734 09857 09529 09936 09511
" 34.56 29.14 38.01 31.40 44.80 37.60 36.45 31.25 40.45 31.30
LF-GIANet" 2025
0.9782 09198 09798 09218 09948 09733 09858 09522 09945 09505
e 35.70 29.47 38.49 31.61 4531 37.86 37.28/ 31.45 41.45 31.72
09809 09244 09815 09244 09953 09748 09872 09550 09953  0.9553

TE: SRR BRI 2 DIV IR T RIZAb B

2.5 K== T LFASSR Z L1 &E

R VEAl A SCRE R A IS 25 3 56 0 FH 32 b ik
fiE, M UrbanLF-Real™ % 4ff 4 Hh ik Bt 12 4~ i 70 4%
235 o A8 0637 BEAR, A0 & E SRURE L T I 58 50 S i
S5k A5 Z P BRI T AR s S, IRl 4 TR, e
BB TE ML 38T W45 AR 2 A T 13 LR
Y

FEZ AL, BER A 22 TR E U4 E)
LFASSR #8578 47 4 ] 1 41 9 f o) 5k = %7 1l

Yo FAGNH T AR 12 MK ORI KR
HYHB ARG R . AR SO ARUR R AU 4R
AT L1114, {HA57E PSNR Il SSIM 45 45 - U3
TS HERE, JEEITA L 5 i rp 3R AR T fe s 1 738
e . K 6 J8os T Hh 2 MR A 5 507 ik
PRG035 T 4 L, 7 40 68 8 DX B, Sk
LU 3 BE RS A SR B A YT, AT LA R Y X
X B 250 5 9 s BAR R T R WA . K 73k
P ZS 637 R4 T Y Tmage128 35t (RIE 6 HP A%



55 93]

FAETA, S5 T 1] 406 25 3 5 107 e B DR W R B s T - A ] o 4 8 Oy ik 3197

B2 Y5, o AR SO S H A 3 R X
Y5t T LFASSR MR R0 At B0 . 7T LA Y, A 3C
J7¥4E PSNR 1 SSIM 3% 2 Wid& br AL HUG B ih
WS-, Hoor A 22 Wdse /N, SR IIAR SO e 3

PR H S R A B R AR R R O T B A R AR
oo VA Bz ARSI R, ARSI IR R A3t iR
Yy P AT REA UK e i 25 8 5 A AR B, U
AR SCHERL AT R4 i3z AL fiE

*4 REHILTERIZIE (x2)-AE (2x2-5x5) FERGB SR REXTLE

Table 4 Performance comparisons on the joint spatial (x2) and angular (2x2—5x5) super-resolution for

low-altitude light field images

PSNR/dB, SSIM

Yt

I e e TSR T
Image36 37.09/0.9817  37.06/0.9816  37.15/0.9819  36.85/0.9804  37.01/0.9813  37.00/0.9809  36.82/0.9804  37.20/0.982 3
Image62 36.34/0.978 5  36.41/0.9791  36.64/0.9793  36.07/0.9777  36.42/0.978 8  36.34/0.9782  36.04/0.9775  36.64/0.979 3
Image63 36.08/0.9834  36.25/0.9840  36.30/0.9841  36.17/0.9839  36.19/0.9838  36.13/0.9836  35.89/0.9828  36.44/0.984 5
Image81 37.87/0.9807  37.97/0.9812  37.92/0.9809  37.95/0.9812  37.87/0.9808  37.85/0.9806  37.68/0.9800  38.04/0.981 4
Image82 36.87/0.978 7  37.01/0.9793  37.03/0.9792  36.68/0.9777  36.93/0.9784  36.71/0.9778  36.50/0.977 1 37.30/0.980 5
Image85 37.56/0.9861  37.79/0.9865  37.74/0.986 3 37.41/0.9857  37.76/0.9860  37.42/0.9855 37.10/0.9847  38.10/0.9872
Image86 39.56/0.9789  39.57/0.9789  39.48/0.9786  39.59/0.9790  39.52/0.9787  39.55/0.978 8 39.46/0.978 5 39.64/0.979 2
Image89 37.26/0.9789  37.23/0.9790  37.33/0.9792  37.20/0.9787  37.26/0.9789  37.23/0.9787  37.03/0.9782  37.37/0.9795
Image98 37.21/0.9837  37.41/0.9844  37.29/0.983 9 37.06/0.983 1 37.29/0.983 8 37.11/0.983 1 37.07/0.9832  37.36/0.9843
Imagel128  39.52/0.9910  39.69/0.9920  39.56/0.9921  39.51/0.9919  39.69/0.9918 39.53/0.9916  39.14/0.990 1 39.99/0.992 8
Imagel87  37.23/0.9914  37.38/0.9924  37.21/0.9920  37.48/0.992 1 37.25/0.9916  37.10/0.9914  36.80/0.9910  37.69/0.992 6
Image264 35.68/0.9812  36.04/0.982 6 36.19/0.983 0 34.69/0.977 5 36.02/0.9819 34.62/0.976 3 35.34/0.979 8 36.01/0.982 9

T PR AR AR 20 VR AR RIZR AL 3 DA A2 B4 8B (P34 {53571 °437.36/0.982 9, 37.48/0.983 4, 37.49/0.983 4, 37.22/0.982 4, 37.43/

0.9830, 37.22/0.982 2, 37.07/0.982 0, 37.65/0.983 9,

Imagel28 I
PSNR=39.990 dB
SSIM=0.993 l

2RI HENI SR
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K6 fkamaotmE g as ] (<2)-MRE (2x2—5%5) A4 PR f M e 45

Fig. 6 Visual results of joint spatial (x2) and angular (2x2—5x5) super-resolution on low-altitude light field images task (the second

scene in Fig.6)
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Fig. 7 Visual comparison of PSNR and SSIM distributions under joint spatial (x2) and angular (2x2—5x5) super-resolution

# 5 LFASR 7 LFSSR jERistL
Table S Ablation study on the LFASR and LFSSR tasks

) ) PSNR (dB)/SSIM
O BIHRAT 5526 Bl ‘
w/o 4DLFGS AT
HClInew 34.27/0.970 0 37.71/0.982 9
LFASR
HClold 42.27/0.979 0 43.99/0.993 1
HClInew 38.32/0.981 0 38.49/0.981 5
LFSSR
HClold 45.01/0.9950 45.31/0.9953
% 6 LFASSR {E55;ERs0Ia
Table 6 Ablation study on the LFASSR task
EXFERS HERS PSNR/dB, SSIM onp TEAUEFLERE
Hit jige  4DLFGS SR 10!
HClInew HClold EPFL 30Scenes Occlusions Reflective (10°s7)
v 34.55/0.960 4 41.88/0.9912 33.22/0.9702 41.84/0.9918 38.28/0.9853 38.96/0.9773 1.483x10’ 76.12
v 34.41/0.959 6 41.70/0.991 2 33.26/0.969 9 41.90/0.9919 38.34/0.9855 39.06/0.978 1 1.485x10’ 76.30
v v 35.12/0.963 9 42.40/0.992 0 33.51/0.971 1 41.96/0.992 0 38.45/0.9857 39.12/0.978 6 1.638x10’ 85.63
v 35.09/0.9639 42.42/0.9920 33.51/0.9715 42.11/0.9922 38.53/0.9858 39.13/0.9780 1.525x10’ 119.93
v v 35.35/0.9653 42.81/0.9925 33.67/0.9719 42.15/0.9923 38.64/0.9862 39.22/0.9782 1.678x10’ 129.26
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3 & i g R W R EHEAT 25 W) R0 A B A AR A AR 1S A
ARSCI B AE R AT LAF 4518 JE B PEREIL

1) ARSCTT L BE RS A A BDOL Y =5 18] 5 ff L A 2) ARSI EEAE T2 [ - 1 B2 [R] 1o 70 %



55 93]

TR, S T RS 5 16 e i ik e e 7 B s [ - £ B [ IR 0 5 07 1

3199

R, AE B — A R Bl s )R o) B AT 55 T L B A B
3 PR . LR, 78 (2x2->7x7) 1 B2 PERAE 55
() HCInew Fl1 HClold %% 45 % I, PSNR 743 5l ik |
37.71 dB 1 43.99 dB, B WL J7 4 55 1.28 dB F
0.74 dB; 7825 [ 5 BE AT 551, B STFgantry £
4E 4, 7€ HCInew, HClold, EPFL F1 INRIA %{ 4 4
R LB R A S g ) B P AR, U R
R AN ) 3 8 43 W AT 45 EL A e vyl A

3) AT EXNAKS HNGRRE TR BAK
0z ALRE S o TEASET X UrbanLF-Real 4545 42 i
PRI R O PTG LT, 12 N EEST . B 38
I IR G2 5 LRI 25 3 1 A9 F- 34 PSNR Fil SSIM
43y 513k F) 37.65 dB H1 0.983 9, B4 T HoAb X e 7
%5 7F Imagel28 st , A SCJ7 ik 1 F- 44 PSNR #l1
SSIM 43 15 £ 39.99 dB il 0.992 8, [R] i 1 T 45 41
1 25 W0 AR AT T 25 389 SR o6t L T 1k s/, B L AE
FLR S o T B B 1 B T S RN A AR AR
TP

4) TH RS9 R I, A RO 2 PR AR A
A bRk, H 4D Y63 ik ok M B (S B
MIAVEHIJE R WA X o 76 25 8] - £ B [ B 8 43 B R AT 55
th, ZERAE SR ) AR I8 4D 6w ik
A P 253 i 6 DA 48 E IR T B TR A1 2
Mo R AT 5, BLLIF 4% 4D Y637 m W ik
I J5 , HCInew %4 % 1) PSNR 1 37.71 dB % &
34.27 dB, TP 3.44 dB, Ui I T EPI B/ ik ik 2k
L RE 5 A7 2 O M UL S B IR E e ) .

5) AR STy v AR R G IR 3 RIS O IR AR R
AT AT 8 32 B AR R B A AR Ak S, X e A
S0P 5 LA — SRR AR A AR D i A B T2 Tl )
B, A R S X [ R R, T
i 38 AT T RUBE L 5T 55 P i T B AR R
A E WAL T U — R UuE ik . S5 ST T
MM ERAE LR MR R E S EdE—
@il ki

£ E Xk ( References )

[1] NgR, Levoy M, Brédif M, et al. Light field photography with a
hand-held plenoptic camera[D]. Palo Alto: Stanford University,
2005: 5-11.

[2] LyuW Q, Sheng H, Ke W, et al. Advances in light field spatial su-
per-resolution: a comprehensive literature survey[J]. IEEE Access,
2025, 13: 18470-18497.

[3] HuH,GuoMT,LiHD, et al. Revisiting spatio-angular trade-off in
light field cameras and extended applications in super-resolution[J].
IEEE Transactions on Visualization and Computer Graphics, 2021,
27(6): 3019-3033.

[4] Kalantari N K, Wang T C, Ramamoorthi R. Learning-based view

[5]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

synthesis for light field cameras[J]. ACM Transactions on Graphics,
2016, 35(6): 1-10.

Zhang S, Chang S, Shen Z Q, et al. Micro-lens image stack up-
sampling for densely-sampled light field reconstruction[J]. IEEE
Transactions on Computational Imaging, 2021, 7: 799-811.

Jin J, Hou J H, Yuan H, et al. Learning light field angular super-res-
olution via a geometry-aware network[J]. Proceedings of the AAAI
Conference on Artificial Intelligence, 2020, 34(7): 11141-11148.
Liu G S, Yue HJ, WuJ M, et al. Efficient light field angular super-
resolution with sub-aperture feature learning and macro-pixel up-
sampling[J]. IEEE Transactions on Multimedia, 2023, 25: 6588-
6600.

Wang L 'Y, Ren L F, Wei X Y, et al. Light field angular super-resol-
ution based on intrinsic and geometric information[J]. Knowledge-
Based Systems, 2023, 270: 110553.

Mao Y F, Xiao Z Y, An P, et al. Deep sparse-to-dense inbetween-
ing for multi-view light fields[J]. IEEE Transactions on Image Pro-
cessing, 2025, 34: 6302-6317.

Yuan Y, Cao Z Q, Su L J. Light-field image superresolution using a
combined deep CNN based on EPI[J]. IEEE Signal Processing Let-
ters, 2018, 25(9): 1359-1363.

Wang Y L, Liu F, Zhang K B, et al. LFNet: a novel bidirectional re-
current convolutional neural network for light-field image super-
resolution[J]. IEEE Transactions on Image Processing, 2018, 27(9):
4274-4286.

Zhang S, Lin Y F, Sheng H. Residual networks for light field image
super-resolution[C]// Proceedings of the 2019 IEEE/CVF Confer-
ence on Computer Vision and Pattern Recognition. Piscataway:
IEEE Press, 2020: 11038-11047.

Liang Z Y, Wang Y Q, Wang L G, et al. Light field image super-
resolution with transformers[J]. IEEE Signal Processing Letters,
2022, 29: 563-567.

Gao R S, Xiao Z Y, Xiong Z W. Mamba-based light field super-res-
olution withEfficient subspace scanning[C]//Proceedings of the
Computer Vision—ACCV 2024. Berlin: Springer, 2024: 421-437.
Chen S R, Chen L, Wu D F, et al. Enhancing light field image su-
per-resolution through Mamba-based spatial-angular correlation
learning[J]. The Visual Computer, 2025, 41(15): 12649-12662.
Wang Y Q, Wang L G, Wu G C, et al. Disentangling light fields for
super-resolution and disparity estimation[J]. IEEE Transactions on
Pattern Analysis and Machine Intelligence, 2022, 45(1): 425-443.
Van Duong V, Huu T N, Yim J, et al. Light field image super-resol-
ution network via joint spatial-angular and epipolar information[J].
IEEE Transactions on Computational Imaging, 2023, 9: 350-366.
Yoon Y, Jeon H G, Yoo D, et al. Learning a deep convolutional net-
work for light-field image super-resolution[C]// Proceedings of the
2015 IEEE International Conference on Computer Vision Work-
shop. Piscataway: IEEE Press, 2016: 57-65.

Liu G S, Yue H J, Li K, et al. Adaptive pixel aggregation for joint
spatial and angular super-resolution of light field images[J]. Inform-
ation Fusion, 2024, 104: 102183.

LiuD Y, Li S Z, Mao Y F, et al. Learning implicit and detail-en-
hanced network for light field image spatial-angular super-resolu-
tion[J]. IEEE Transactions on Circuits and Systems for Video Tech-

nology, 2026, 36(2): 1544-1557.



3200

b oam o = Mt R OR % %

2026 4%

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Wu T, Yuan Y J, Zhang L X, et al. Recent advances in 3D Gaussi-
an splatting[J]. Computational Visual Media, 2024, 10(4): 613-642.
Hu J T, Xia B, Chen B, et al. GaussianSR: high fidelity 2D Gaussi-
an splatting for arbitrary-scale image super-resolution[J]. Proceed-
ings of the AAAI Conference on Artificial Intelligence, 2025, 39(4):
3554-3562.

Zhang H, Zhou W H, Lin L L, et al. Cascade residual learning based
adaptive feature aggregation for light field super-resolution[J]. Pat-
tern Recognition, 2025, 165: 111616.

Sheng H, Cong R X, Yang D, et al. UrbanLF: a comprehensive light
field dataset for semantic segmentation of urban scenes[J]. IEEE
Transactions on Circuits and Systems for Video Technology, 2022,
32(11): 7880-7893.

Liang Z Y, Wang Y Q, Wang L G, et al. Learning non-local spatial-
angular correlation for light field image super-resolution[C]// Pro-
ceedings of the 2023 IEEE/CVF International Conference on Com-
puter Vision. Piscataway: IEEE Press, 2023: 12342-12352.

LiuD Y, Mao Y F, Zhou X F, et al. Learning a multilevel cooperat-
ive view reconstruction network for light field angular super-resolu-
tion[C]// Proceedings of the 2023 IEEE International Conference on
Multimedia and Expo. Piscataway: IEEE Press, 2023: 1271-1276.
Li D C, Zhong R. Light field image angular super-resolution using
edge features[C]//Proceedings of the 2024 6th International Confer-
ence on Robotics and Computer Vision. Piscataway: IEEE Press,
2024: 132-138.

LiuD Y, Mao Y F, Zuo Y F, et al. Light field angular super-resolu-
tion network based on convolutional transformer and deep deblur-
ring[J]. IEEE Transactions on Computational Imaging, 2024, 10:
1736-1748.

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Wang S Z, Lu Y, Xia W, et al. Light field angular super-resolution
by view-specific queries[J]. The Visual Computer, 2025, 41(5):
3565-3580.

Wang S Z, Zhou T F, Lu Y, et al. Detail-preserving transformer for
light field image super-resolution[J]. Proceedings of the AAAI Con-
ference on Artificial Intelligence, 2022, 36(3): 2522-2530.

Cong R X, Sheng H, Yang D, et al. Exploiting spatial and angular
correlations with deep efficient transformers for light field image
super-resolution[J]. IEEE Transactions on Multimedia, 2023, 26:
1421-1435.

TRIRCEL, BN, T AR, . ST RIS RS 5 S LA
GG HER ] OGS Y T2k, 2023, 60(14): 1410017.

Xu XY, Deng H P, Xiang S, et al. Light field image super-resolu-
tion based on feature interaction fusion and attention mechanism[J].
Laser & Optoelectronics Progress, 2023, 60(14): 1410017(in Chi-
nese).

A, BB, AR, 45 TR S | S TR I S 5 43 I
28111 YGHL T AL, 2024, 51(12): 240222.

Huang L, Lv T Q, Wu Y C, et al. Two-way guided updating net-
work for light field image super-resolution[J]. Opto-Electronic En-
gineering, 2024, 51(12): 240222(in Chinese).

Zhang W, Li H J, Ke W. LF-GIANet: cascaded global-view inform-
ation adaptation-guided network for light field image super-resolu-
tion[J]. Multimedia Systems, 2025, 31(2): 73.

ChenY B, Liu S F, Wang X L. Learning continuous image repres-
entation with local implicit image function[C]// Proceedings of the
2021 IEEE/CVF Conference on Computer Vision and Pattern Re-
cognition. Piscataway: IEEE Press, 2021: 8624-8634.



55 93] TR, S T RS 5 16 e i ik e e 7 B s [ - £ B [ IR 0 5 07 1 3201

Light field gaussian splatting representation and joint spatial-angular
super-resolution for low-altitude scenarios
MENG Jiahan', YANG Chi', LI Chuanjun’, LIN Lili’, ZHOU Wenhui" "

(1. School of Computer Science and Technology, Hangzhou Dianzi University, Hangzhou 310018, China;
2. School of Information and Electronic Engineering, Zhejiang Gongshang University, Hangzhou 310018, China)

Abstract: Unmanned aerial vehicle (UAV) perception and environmental monitoring are two low-altitude
commercial applications where light field imaging technology shows significant promise by simultaneously capturing
the spatial and angular information of light rays. However, existing light field cameras and super-resolution methods
struggle to jointly optimize spatial and angular resolutions, limiting their effectiveness in tasks requiring precise
perception and high-fidelity reconstruction. To address this challenge, this paper proposes a light field Gaussian
splatting representation and a light field angular spatial super-resolution (LFASSR) method tailored for low-altitude
scenarios. Specifically, we extend the conventional 3D Gaussian splatting framework into the 4D light field domain
and propose a 4D light field Gaussian splatting representation. Leveraging the geometric structure of light field
epipolar plane images (EPIs), we decompose the 4D representation into cascaded 2D Gaussian splatting models along
horizontal and vertical directions, enabling more efficient modeling of light field geometry. Based on this
representation, we develop a unified light field super-resolution framework. The framework first extracts and fuses
features from the spatial, angular, and EPI domains, then constructs directional geometric feature spaces for horizontal
and vertical views, where 2D Gaussian splatting is applied separately. Finally, high-quality dense-view light field
images with enhanced spatial resolution are rendered via EPI-based synthesis. The suggested methodology greatly
outperforms state-of-the-art methods in joint spatial-angular super-resolution, as shown by extensive experimentation
on public light field benchmarks and a recently gathered low-altitude light field dataset. It achieves the best
performance in terms of peak signal-to-noise ratio (PSNR) and structural similarity index (SSIM), while also
producing visually superior results with sharp detail recovery and smooth, natural disparity transitions. Moreover, the
method exhibits strong generalization capability and competitive performance in standalone light field spatial super-
resolution (LFSSR) and light field angular super-resolution (LFASR) tasks.

Keywords: light field; light field super-resolution; light field Gaussian splatting; spatial-angular joint super-

resolution; epipolar plane geometry
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different schemes
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An interference magnetic field compensation method based on
a model-data hybrid drive

ZHANG Dehui', ZHANG Jinsheng', LI Ting', MA Xiaoyu', LIAO Shouyi', NIJing’, WEI Hao”"

(1. College of Missile Engineering, Rocket Force University of Engineering, Xi’an 710025, China;
2. The National Key Laboratory of Digital and Agile Aircraft Design, Chengdu 610000, China)

Abstract: The precise compensation of the carrier’s self-interference magnetic field is a key challenge in
improving the accuracy of geomagnetic navigation. Two model-data hybrid-driven magnetic interference collaborative
compensation strategies are presented in response to the drawbacks of conventional compensation techniques,
including the linear assumption and the challenge of responding to complex settings. In the preprocessing stage,
principal component analysis is used to reduce the dimensionality of the data, and the compensation parameters
obtained from the physical model are used to initialize the neural network. In scheme one, the shortcomings of the
conventional compensation model are analyzed, the compensation parameters are solved using a neural network, the
traditional model-solving paradigm is broken and potential multicollinearity issues are avoided, and a random factor
term is introduced in the interference magnetic field to simulate the random interference magnetic field with strong
nonlinearity. Scheme two constructs a loss function to link data-driven and model-driven, deeply coupling the efficient
extraction of magnetic field features with the physical constraints of the interference field. Experimental results show
that the proposed methods have the advantages of high compensation accuracy and strong generalization ability
compared with pure model and pure data compensation methods. The highest compensation accuracy in generalization
ability tests at different heights and different regions has increased by 69.64% and 69.39%, respectively, verifying the
effectiveness of the proposed methods.

Keywords: geomagnetic navigation; interference magnetic field; acromagnetic compensation; physical model

constraint; BP neural network; hybrid drive

Received: 2025-03-20; Accepted: 2025-05-27; Published Online: 2025-07-01 09: 36
URL: link.cnki.net/urlid/11.2625.V.20250630.1804.002
Foundation items: National Natural Science Foundation of China (62473377); Natural Science Basic Research Program of Shaanxi (2024JC-YBQN-
0657); The National Key Laboratory of Digital and Agile Aircraft Design (KFJJ-2024-1-03-05)
* Corresponding author. E-mail: 772108312@qq.com


link.cnki.net/urlid/11.2625.V.20250630.1804.002
mailto:772108312@qq.com

20264 9 A EtEZMEMRXRKXEZER September 2026
52 5o Journal of Beijing University of Aeronautics and Astronautics Vol. 52 No.9
http://bhxb.buaa.edu.cn jbuaa@buaa.edu.cn

DOI: 10.13700/j.bh.1001-5965.2025.0282

ETRERUE ISR ANLE 5 5% B RS
HA, KER, LR

(WL TR RS HHRAURRE SHOR B, HH 310018)

1 B MALANBARNAELR, GERANERERZLARTZFFRIAMBRL) Z
WM, EREERTERB G VELEEFHSWEIFENE A, XTI, BE—METE
B QR4 (DQN) RE#EMFIMA hHmAEEANL e d K, RETHE, o FETHA
BRI, ot —F Bk B AN R AR Ko ), FR, WRERTHE®BERRR T EN
Stable F& & E H ¥, EEANGRERIRS ERAHIATH AR, TRERLH.: IREGER
AN G B B SR A A X # P, BB R RIFE 85% U b, FHmEmHE, F
B ARG R E R T IR 2% UL, EFAXEAEHET, HELKRLAERELEE

WIFHRT 15% L E, HRBELANGHSEEARN ARG EERENF K,
X O TANER; Bk, BEBRAFE; TEAN; HELAMNL

hESES: V279°3
XHAFRERE: A

Te MU FLRTE M L ARAS | 5 KA 38 o 1
KA E e T, TEA SRS . ZE R AU 1 &
GO R O i DDA ST S (B A A B
BB TN, 58T AP, TS ADLERE
AT L o 0 4R o S8 R — JE A HILME LA 52 3R Y
HIRME S5 o TC AWLEERE 2 6] (38 15 % T B R AT 55
ZOCHE L, YT IC ANV QAT 2R 4T i R0 15 AT 2
— A PR, R ) A I A B 0 4 N T AR
FEEERCR 2 CHZ, WL, T AV ILLEFRE A
B2 B RO AR L ()

T E 17 s B B AR B 786 08 9 25 0l 55
REAS PR | R . e L B H f B,
A% 55 i P P DA 456 5 T B el 3R 00 32 3 i
PR, Gn B B )7 51 FE B 1) 1t (destination-sequenced
distance vector, DSDV) % m1 #3338 6 IR 25
# 1 #1318 (optimized link state routing, OLSR)"*; 3%
FHUR 3% /1 ML A4 3 25 D8 3% /1 #7518 (dynamic source

XEHS: 1001-5965(2026)09-3211-12

routing, DSR)!"™; #4275 Wi B Pp 1, An e 75 B B 1) A
(ad hoc on-demand distance vector, AODV) 1B
B - HE 7 % /1 5592% (temporally-ordered routing algori-
thm, TORA)!"™; HL2x B Fh BIMS, W3 T3 1k 2% 20 1) it
PSRN JE 00 0 B L, S R R TE RS
#% i EMY (greedy perimeter stateless routing, GPSR)!'”,
WA, Grag S 36 4t —Fh Hybrid 8 £ 1 157 2
PRI, X R PR ILRELE 2 BRI Fh T i T P T 32 3 D) 4
B g A, Wb s b b WA T RS . (EXS T8
AHUEERFE AR A M0 5, AL S50 3 4 /45
AR, ks ShAS R RN, 2
Bk R AT BRI, b BRI R, a0 AR
RETE A B . 95 s B R DL BN PR B S I A K

1 48 6 R AR TE 5 B A 3 2 I R 28 IR B T
TC i 3K B T 8 A5 R, 0 A A2 T e R
RS Ak Y 52 e 28 WO, DT 3 OB £ 3 3 g
U ) BF S R RHEIN  Ay KT e Bl A 0 28 1455, 3 4

Y ¥s HHA: 2025-05-09; FH BHEA: 2025-07-25; MI4& KRBT E] . 2025-07-31 09: 01

[ 4% 4 AR #B 4k - link.cnki.net/urlid/11.2625.V.20250730.1659.004

HEETH . Wras 0w H (2022R52048); #iTARHE I H (2024C01028,2024C01211)

*B{E{E# . E-mail: 1ds1118@zjgsu.edu.cn

SIFtE: F—N, MNFH, TN ETREHENF T 5 FAYH G BT [J] B FACEAAAFEFR, 2026, 52 (9) : 3211-3222.
Shou Y F, Liu D S, Chen Y H. Intelligent routing strategy for high-speed UAVs via deep reinforcement learning [J]. Journal of Beijing
University of Aeronautics and Astronautics, 2026, 52 (9) : 3211-3222 (in Chinese ) .


http://bhxb.buaa.edu.cn
mailto:jbuaa@buaa.edu.cn
https://doi.org/10.13700/j.bh.1001-5965.2025.0282
https://doi.org/10.13700/j.bh.1001-5965.2025.0282
https://doi.org/10.13700/j.bh.1001-5965.2025.0282
link.cnki.net/urlid/11.2625.V.20250730.1659.004
mailto:lds1118@zjgsu.edu.cn

3212 [ T |/ A N = = o

2026 4%

WA HSCHFFT 48 T 6 FH R B Q M 4 " (deep Q-
network, DQN) 8.3 3k & i RS- VE M, @i 455
TRBE 5 2] 5k 2= ] 09 07 2%, i I X KA T AL
FERAESD BT P AT PSR AT oK o Lin %00 $2H
— R TR B SR AL A o) IR BRI SR, B TE AR
BETE 20 vy bR R A A A A i A Bl Ok
) % H ) 38 e 2 T AR A B R BB Bl
JE O AR B G O, ORI BES O I I
BRI Ao Qiu A5 — b 3 T R B SR Ak 2
() B A4 T 1, B RN SRR A 2 I
TS B R SR R B IR B AR AL, i B A TR
J % Hello £, (4 I [7] (8] B , D5 Ak 28 il 31 DL fe KAk
TR, G R ISR FE . Liv 5% 7R
TR s Ak 2 > 5 B o AN WL 1 4 3 1 i i e o
() JE Al b, R B 25 08T X 45 e AL I Y 0,
A JC NAILACE T {5 2 45 238 15 B B U R v, 7
22 77 1] ) 2 1 e 1Y) S 30 45 R 1 400 T AR 45 i i T
W, Jung Z5 W T om Ak s S 2 T — B R s Ak
o] 454G M A B E B Y Q A ) MBI el P X
QGeo( Q-learning-based geographic routing protocol)*”,
AT Ak 2E S XL 48 GPSR #EAT Ak, e W8 54 B
MBS — BT A, o B PR A TR () AR E AR
fE. Qiu Y —Fh 3L T 28 B IR R k2% > 1Y
B, MEE R T AN ST T AP
B B A AR R A AN A B o s PEAG, O 51 AR
A1 42 I’ 2% (long short-term memory, LSTM) $LfL IR
JE R AL T 4, BT i S, (E WSS i 2%
YIGRRa e TE TR . Bai 257 $2 ) —Fh 2 SR BE 5 AL
25 BT R R B AL (proximal policy optimization,
PPO) 531 11 [H Hy 3 W o e /B BRI, B AR A2 2 1)
2% rh s A R R v OB B CBE R TR R
T 22 b (5 ) 9 25 R Sk DR 455 I e SR 1 280
Wang %5 P 5 1 — i 56 F e b X0 IR Q M 4%
(dueling double deep Q-network, D3QN) ¥ [ F 7 5,
AT A L b TE 25 55 M T P R R 7S R A
2%, HIZRIEG i i 5 5 s AL R ITFIE 5T, A R AR
-84 iy B AL i AR AR . Ke 2507 i H —Fh I T L2
AE 1A 5 b2 > 15 A Ay A X% Hy DL AR B3k, [a) I,
455 Z U MERL Y B 3 2458 b HE 2R 4R
Ji, T4 2% T AHLAR RE 2 {UHL I8 A 3h 19 2% 15 2 B
T VRIRE Y SR DR ORI S S B, DA 4 5 0 2%
SEFFIEEARVERE o

4B TC AALEOAR AR 8, S WX AN [R] 37
S AR IRAT 55 5 PR 1 75 R, e T A ML B
WrT IR e — e R R g 5 SR S PR BN, 5% 0L
e TC AMUAIA], iS5 To AL fe o AT 1 3

1 460 kn/h, [H 1L, BT T 5 AL RS TEAE 55
o (BRI E SU P EE AP 2 E 05, Xl
TR BIC UG 0 2 R s LSl e, ik e i e
AT RE PR RAL S A Ty, 3k el T 3E A ) 4% PR
AT EVE B A

{ELA% G i e B R AE 8 3 &S JC A HIL 2 35 8
H R L BB FH AL ) A R, 1Y AL B PR A A
BB ST 28, DA TIT A2 5 1 i 8] i N B o 3T 4
K, BEXS Bl AR W A ERIE, AN BT ORI TR JEE
SR 27 > B T I AL IR 2% f) gy TR SRR o AR,
O A TR 5 A 2 ~J i o SR 22 T 10 96388 JC AL, a5k
Z X R TCANIE 2G5 L I

X% 26 T AL TEIRAT AE 55 I IR AR
W G — R 2 i, A SO TR L Ak
o7 > B — ol BN T o N g S AR ER A T 3
T i TG LR R AR RE % e SR, 3 0 45 T AL
X T b BRI £ 2k ST ORI € o B BR B, i — 25 T
S G ALY A B A Ml At 57 DS BE 7, JO s MR AR
A o BT i R R R TE AL
h— SRR, BN BRI LT B B RO
17 S8 57 5€ RS vh DR SR, DA T B e 3 3k B 5 2l 25 1
HAF L5 oK o AEOT LSS p, AR SO ik 5 &
A% Gt % v IS0 R A T8 32 5 A o -~ B e SR g st
FIXFEE, SR R, AR SO ke v id . Z A ath A
A RERIHE.

1 SEEREMEEE

A SCHT 25 B T N HLAE T B A5 00 265 T LA Al 42
H— ATl E GV, E), Horfr, V3R R T AP 5 4
B EFRRT IR B A BT Oy SRR A R 4%
4 AR T L PR R 3 Catg a) 2R 0 P 2 [R]
A7 AE B PRI {5 B i o B 0 A () €8 35 % 3 £ 3
1 BB 2 P R R B O AR E P . AR U R B T

250
150
50
—50
—-150
-250

o %

B EADUEREESE A2 s
Fig. 1 Modeling of self-organizing network communication for

UAYV swarms



55 93]

FE— L, H BT IR B A 2 o 1 R T AL R e SR g 3213

AHLERBC & 12 L R T, A TC AL w T LSS
Hoq B 23 (A7 B AR o AR, 2% 75 ik Al 2 48
J A S 5 A5 R RCHE B0 485 A Y P s i R T 2 AR B
At~ A, (H DAE A I S, Tk DR IR S I I

T BRPIRZS AR S A A S P A A
P WA B o o 224 S A A O AR, B
18 B B R A LN Crae, AT 2T I 25 IH 2
S s i B X SN BN ENEN N DS E 2ghe
BRAT fUHE B 2 FO T B, SE BB IR e 0 TR gE N
P ON T AR B, TR A AT R B T I 1]
[E3] 7 2 DAY T 2 TR ) RF B 358 25 Ay A B T 18] B 2 P9 4 73
Tic 3] 54 AT Y 98, MRV LA e/ i Al 98 2 0
AT A 9E

Te NAILB A R4 A5 N BRI O Ry o 19 25 1, 711
w; Z 8] B BB dy j 7E SO T e g My 2 18] A BRI B
%o %,ldi,j <RlimitHﬂ‘, 41474)5\ u;%ﬂ u,ZIEﬂﬂ@I@%%
B, LR E; o B AR, %07 3Us T R L
A, FEAS SO T 7 Al 190 46 4 b 0 4 07 ok
i, SEBRiE {5 HE B H S e 22 BFEE B R T
S5 2P RS

T ) A9 15 R S I A A R S IR ] 2, T R
i JE 3 Hello Kl A AL A 7 15 %2 1 i 8] (8] fid P4
5 368 15 VI 1Rl A 9 4 T s A A5 R, Bl iy
Ak B A — A B[] [ B 29 58 B, A 326 WU i B 95
BlE W T o BLAh, BT A MR A e A A R rh ik 2
Al B 22 1 AR B AR RS B, AR R A A
23 (A R IR B AL R G Ak B EA 5
L HHT I (A BE SR AR RS E B & W AR
A~ I 18] 18] 5 £ 9 2R 4T K a0 b BRI, 23 45 5 8 &
HR Y B g S A S IR AR, AR B TR] 3R A5 40 2k
FEVEHD SR AS 37 RS R B AR AN, &1
SO OB AR SR G A EOIRS AR B, IR AT
S LAY RO IR B UG 07, DA T 8 285 58 38 0 A
PO 265 BRI A SRR, DAL, 1 R A Y SRS A IA
W32 BIVE B ASH SR ] | A 1% SR e R 25 3 MR AL Y
B, 7 7E Jm 75 14 LI S, AN BE PR I 42 JR) 52 I
17 S AT 128 2 G Ve VW N i VB | 5 4
AR .

2 SR ANSEEREBAKRE
21 REBUFIRIE

WA > oA ad 7 2 — Al R RE R TE S
PRI A2 B R vh AR A de ok i R i AR, i T 1R
2 PR 5 WS B RS B Y i sh A A 56, R,
AR REAR 5 BREE 1Y 3¢ HL AT LAy By /R ] R
% 14 72 (Markov decision process, MDP) .

MDP A SN HT 4 DNITRAMAIITAH S, AR, P
(s'Is,a)] o Horpr, SRS, RIFR B 0000 bR 2 i) 4
B, AR, BV R AR Y w0 v R SR A
RJJh, BDAE BERAE R IR 5 5 AR 61738 .
JEARAFHIRI . P(s'|s,a) = P(s1 = 8",a, = a) A
REFE R B, L RR B RB IR 5 IR 1 238 B 2,
BV A2 11 A — 56 B 1] 1, 8 BE A Ik W0 ZZ B B R
s €S, MIEMERBERME 7 = plals), T —4
KW Ea €A, PAT a5, AERE LU P(siilsi,a)
) R 56 2 B 31 B BRBRIR S s, T MR 41 A G 22 il
PRUAS B R B[R] evh, B RE MR BB AR 5 0 85 i
F1 28 H Y BB 2 il v, o T AN PR 3 AR 1 Fe 28 B
P B0V Ay 3 2o AN BB 2 20 45 31— A e SR W 7 = plals),
-8 2o 32 R W e KA BT HIR A R, -

T
R = Zy’/"rﬂ (1)
t'=t

A y A4 T

R IR m A R, RN R T
DQNP B k| #4522 [ 4% ( convolutional neural
network, CNN) A1 28 56 8] Bt ML il 51 A Q 2% > B ik,
DL it e o A A SR S AR A S [ i i B R
[, 5 Q%S ILAH L, DON fif 1] CNN 1 H bR
BOE Ay, IETI AR B D sl e . HoR
FHARSE 1 bR 26 A2 1 H AR Q 8, AT 38 575 1
FoEE, IR E MR Q (H S BARMEZ R Q 5
Z[A] Y 22 54 Ak sRELL (0):

YON = +ymfo (s,+1,a|9;) (2)

LO)=E [(y,DQN - Q(s,,atla))z} (3)

S E R R A AR AR BRI 3 57 DON
B HFR Q 1E; 624 DQN E ML ALHE; 6~ DQN Hix
50 24 A

V% L o I S I ) 6 £ A R
0, 1 b 19 2 £ A5 26 001 3 3 S0 4 2 190 4 £ A o A
GUESEANE S/ SR
0 0—a (Y- 0(s.al0)-V,Q(s.al0)) (4)

A o ¥ V,0(3s,al0) W E

R DQN FE1F Z i fb 24 I AT 45 h IS T 18 3%
B, H A 2R 3R 8T b u] Be B Q fH o B AN
THR IR, AT L T 3 DQN 4374 (double
DQN, DDQN)"™, DDQN % 3 () 4t 2% #8  5 DQN
Bk—5, Br QAT A

YWPN =7 +y0 (sHl,argmaXQ(sM,aIG,)I6’,'> (5)

. yPP™N 4 DDON 1 H ¥ Q i 625 DDQN T [



3214 [ T |/ A N = = o

2026 4%

A, T /0 N — 2 sh1E; 625 DQN H

PRI 28 B, T TP i S R A
TESIVEREPE IR L, TRIE I 22 W 45 R H e ST

LT RS, B R T AT, TR 2RI

) {argmaxQ(s,a) rand < ¢
n(s) = a
REAILZN 1 HoAth,

A e HIRE R, WRFBR, FRE AR L PRI R
W HEA T PR R AR R
22 REBUZEINEIHELE
221 HREZENR

X F 2R/ A B 4B R AE A U [,
Uy, ], RS2 AP L SRS 05w, 7E e
W EZHBER: S;: [H,D,Cil.

H R SR80, AR R 45w, 8] H AR 55
Uges 1) PR IE Foc o B AR KBS . HL BRI, B 0 1 1Y
T RBOBD RS S R B IA H AR R

D27~ AR JE T 5 0, ) H AR T A5 e 1 A2
L AT AT B A EI K B R B Ak
/N [ RE R

G227 408 B 1 257, T AL 38 19 70 4% {5 18 25
NERGFEAE R Cu T HFEA R Z 2. H
RAGE A A, (5 PR BAR, ATy
“TIAFT B AR AT EAE 5 B SO T 5 18 S
(0 0 s o TR U, o F A 0 2 R Y A% i A
S B 5 fe/ i) A B8 2 B O SO T, DA Al
T T A T AT ZERR B . B AR SR 4% )
FENG DL Z A B R L m P, (AR Az A8 bn A B F
{7 AR TR I 08 S5 A5 3 ) P

2 BT S T — BT A R A B
B ROME, T k5 B A B T BT B v o Y T A
MBI AT AT 38 — BE T AR — R I ]
(tastp b+ o 1], HITICSRIZ T —BE S5UF B R —
YR T (0 B ) 20 B o B /N i PR KA i 6T
(tastptes - 1, | AT A — AL AL B

1y — Iin
T, = (7 )

Tmax — Imin

Xof T AN A, AR ST A SE AR R TR A
T, HC3E 1 B A I M 22 RS R BB ER
FE o DRI, 55 AU R B 8 B N RLPE 22 R R — Bk
L LIRS B e 3 4519 OIS AR B

(6)

H! = H;(1+pT) (8)
D! =D, (1+pT)) (9)
Cl=C;(1+BT) (10)

i BRI T, 0 < B < 1, FH T BB {55 HE L

PEXPIRZAF BB TIBE; S CT > Ca, €T = Cirao

8B B I ML S LS, T R AR
P BE B2, BUAT T8 {5 B T BEREIN P . el 2
TESZIHE BN AT G 03755, RLI0 A fi e % 422 W]
DR S B v [ 5 5 D O 1 o T, S ORI L 0 TAE 9
B Z2 i A] LA o HAB AR R o NI, AR SO AL
A5 W 25 PRI R T — > B % AR E B2 ] T Stable,
FH T B Wit s 19 A o M AN ] S, el R R AL 2 )
FAVLE AR SR, BB & B TR BE BRI RREE . Y
08 J 1Y R 0 B T — BRI o I AR B T s
AW

n

p
V OSMM
Uistable = [1 +6 —hp T 1 (11)

s=1 nARImn[vd(Mn“Hl)
s

Mu‘ = E mu, ( 12)
Jj=1

e n2 88 E T R u AR R —BEET, B3k H AR
ST 2 BT R u R B AR A PR Y
s U (g, s, ], FE TR O i B A RO
55 KT A5 Vo N BE AR 7 252 2 N7 B B[]
[E1) o ¢ R X B g 28 Al 3 8, 3 Sy B B0 IR 05 M,
Sy B 55 R A R T Ak B £ B BB K
BE, m,, R BEAR T R S0 Ry A BBCHE A0 R
BASIAC B, T Al 3 80 £ 20 38 5 sk 5 R 1 1
ﬁ'ﬂﬁ I‘Eﬂ 5?& t; AR“,"",d(u,,uH,)ﬁﬁ&ﬁﬁ{%ﬂE%Rlimit L?gl
T R AR — R A5 w0 Z2 18] R B d(uy,u00) Y
751 Arydwonny) = Rimic — d(Ug, Use1) 3 S5 p YT F,
FH T VR RE RS E B IR T~ A 20 )

Sk B RS E B N T B R ST il PSR TR )
AN FRBE T S T 1 AT S A R BT RE o X
e AT LA 00 28 vy 5L L 46 R 4 B
AR Ak i B BT 2R RIS 25 v e T AT, P RO > i i
SHOIRZS By 5 S0 DT g P A

PR, A SCH H A0 B AR E B IR T 255 5 I L
T IUANJ7 T s e AR B SO 1T ) S I R S S
W T 3 (8 A 194 T A5 PR R AT 3K M 5 Y R TR] Y A X R
J3E, TOUAE G 5% 1) 3 25 28 1 5 DR B XIS 5 90 i A
B9 2T S BAGI E A  KCH0e A% a0 I 2 T
TR O AT R 5 A OB F I B O R, Fi B
VAR S PR 75 A0 T 5 W T I SOIR S

i 40, £ 52 B e T A HLAR B g A 2 o, 2
2 T 2 P A A SR X T A, D
S B AR T BE T IR TR A T R R 1T R
TF o SR e by SR M AR A 214 11 B 28 4 W T s 1,
iy T JI I A WA 32 v (8 ST 220 2R R, S ALE AR 0 B E
PEo A, HE— AR b P AR R AR R R A



55 93]

FE— L, H BT IR B A 2 o 1 R T AL R e SR g 3215

ALGAPEER, (A B B A S K AR, B E
B A 7 A i ek 2 o 38 A R HE BA A 3R £ 4%
77,

B AR E B IR 0 5 | A B PR SRR R A8 )
PR bR e XU 556 B, D0 216 1B 467 Jed 5] PN B 7T
R 1438 HAR 4 0738 v i B AR aE T AR 0 181 % f 5
70 ) T A N g S RS, Sy s PR A T A T 1Y
[ T R AR E PEDEAG, (5 B e DR SR AN T Y
HCRAS, B B 0 oA o e 1% A8 A 1) T RE 2, A A%
TREHE AL A = B S IR EE T R B B% 5% kv B B 1
F R AER

b, Stable Hl B35 % BE 40 B T« X T
REAMBERE N — k1 a5, SA T R FLAL R Bl B AR
9 S el 12 I e e /A N X (D ST =0 S
O(n), Horbr, n ol A% v () 8 4 05 80
TEEE, v, A7 s [a] (%) AH X I 25 RT3 2o 990 2 115
IR VULE R, B, i B &5 4450 o). {HX}F
M, , 75 BEXTEEAR bR ] A R BB K
HEAT BN, BRI 22 N Oy . L, 153 B A
TE T — Bk 40 Stable A 1) S 2 22 B O(n?) . Iy $
TR, ASCRH SR, ¥ »m,, 5 E
SR HEAT A A AN = ORI R TR S AR
Sy s i TSN O RS D SN 71 N NI 3R
Stable 155 1 5 2% BE B O(n) o

I ZAR AR 25 [A]3R 0] 25 VR BE 2 2) BRI 25 1) 4R
SERN

S:: [H.D..C]] (13)
H; = MiStabmHiT (14)
D; = HiSmbleD,'T (15)

222 HHEEN

BIEZS RGN 86 F — Bk . Pk, A3
FE SCBhAEZS 18] R 2/ 8w TR AR — R AN
B BEENA: (u,uo,us, - u] o TER—FHY BN
PESERE Y HTT 8w 7T AN B Uper P BT —
T EE B
223 EEphdH

% PR SR 1 A 2 3 ey S R R R B 1
AIEE L RRUE ISR . FEMCEAR T, TR — Bk
S HARTT A, B AR R I AR AT IR R il B
r:{lﬁmﬁﬁﬁ%ﬁ

P00 A HART A

R 5| F e R A S, S A R R R

W 25 T2l DR, 2 a2 2 T Lk 4 A4 PR

(16)

AR . AR U, B, B FE S Arh i 1

VAR R ENE, D, e RZ BRI RS 1

TR IER , H,, 2% R B P 3 AR 2

(BRI B AR . VR, 3K B R dE AR 45

HD, . H B /ME Din « Honin 5 55 KA Do« Honax s

LR Dy H 64709 —{LAbBE, 195D, S H .
D} = Dyin

D =— """ 17
from D max — D min ( )
H - Hmin
. (18)
KKKKK Hmax - Hmin
a
R=- </11D:-,“,m +H; |+ pze G ) ri (19)

HHe o o wATIARF, Huy +p+us =1, 43
S 0.4, 0.3 F1 0.3,

SR NS Y i S B, X6 R 2 5K H BR T R
W LIS EAS 25 T B0 A1 1) B 22 Jil

1 . -
i 5 Hx
RSUCCCSS = ( 20 )
E h <
A xKon

o RO ARU T AL B ) B B BEEG n o IR IR R
W IC AP ASURELG o AT R, R, A AR
SR T 0, WL 0 R 2.
23 HEBIGAER

AR S R T AAILEE R B % PR SR S AE 2R an 4] 2
R, LARG SCHr i 59 0 AN AU D038 15 0 28 1 2 TR B
SR Ak 2 2] PR, SR AR i IR B BB g DG R s R AT 2k
W, I PRSI | YR . B B AR AE N
ZRFEARIMA R M . 2 58 i — A4 H &
0 1R 0 A AR 8 BT, AR D0 2 s BRI U B
— LI AHEAT IR B 2 2T U Sk, TR B B PR
WS, FOFF IR — B S IR, DI TE R 2
PR B 2RI 8K

A SR Y IR BE 5 AR 57 2] B AU Ry Rainbow
DQN A5 A1, 53 3k ] i 48 B 6 AMASE A (14728 o L) K e
P2 TH B R P BE . DDQN™ 3 i XU E Q K 4% i 4
bootstrap ShAE FI L FIVEAL, T Q 2= Wil &
R BT et A L)) G P U2y % = N i d
AN TR AL, A A0 i ] o i A I A, 45
BT 2222 ] (e, 485 T BRI ZR80% . Dueling
DQN" 3 35 43 31| 2 7R R 25 EURN S A D 3, o 4y b 5K
MANEZ BBz A 2205 2l o i Rs IR A
EAMBVEI ., 7B TEShEZ M ATz b, RS2
Jil 238 3o 5 PR BT AC HARUIAR B, R, I 2R Y
H 5 018 AT LAAS 20 57 6 09 A6 1, ATl 2k iy
B . 43 2 DQNE F B R 2 5] 41 1] 412 114 4
For A, WA AT (E . M7 o 25 %) 3 o % S 450



3216 [ T |/ A N = = o

B i it e

: Iz

: Sps Qps Vs S

I

! PURRREL <
sk

! ;i g el fe 4t
! HARQfE

: ot
i S0 i Sy .

i FIFRFI%

| IRk ;
g > EHEH

: Bz —

i e NHUHERE {5 92 b

2026 4
B |
S NHUERER {5 2 52 i
1
= - - !
UAVa)y= [?;VC AVb i
1
= UAY) !
UAVi - = i
i 3= UAVd !
UAVe UAVS !
Mt lM%Mﬁ :
T~MT S
Bt A i

T B REH 1 PMY

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

2 T AU RERHS I E AL
Fig. 2 Intelligent routing policy framework for high-speed UAV swarms

TR R R AL R AR RBE . BRI
Rainbow DQN 1 iy H A& £ il 77 =X 57 SCiik [30]
A TEAN IR, A SO FEBR, (O 32 R AT R
Sl

BRI P Y1 2 2ok A 359 A i IR 55 45 b 58 B, SEBR
T8 Bt AN K I 5 2 19 I 24 2 8500n 2% 310 45 6 AL
W FEIBATHBL, TE AL s T A S A A
W3, O AT oA NG S S8R L . [IEE, i
T 25 J5 45 B0 0 0 28 I 45 S5 R R T L SR
A AR SR RE A% D (5 M B T AR AR TE ALY AR
SIS b Ak B kT AR 5 PSR, O TR A AR AR
XRS5

3 fTEWIE

ARSI 05 BB ] Python 3.9 % 5 Jk
F Networkx 4 & TC AL 45 3058 . DR EE s Ak 2%
ALK H] Pytorch TR FE 2% ] HEZR 4R 5 S B, e 4%
A5 B3RS AE Pytorch WP SE 8L, I 2 An{ B IR B5(H
FHAHTR 9 9 28 S50
3.1 EMNIERR

TEREARLYN R B B, SR V- X5 22 Jily Y- 125 e i S
IRVE RN 2R B R DR e b . SF YR T
7 15 TR 5 A 2 2 AR AR AN [) I 5 6 O o 1) 5 g
PEALFR B, 55 5000 & T — K48, DL EE
RV S 35 S e o o it AR FHAE O o 1 34 g Bk A
IR T PEAb A B A B8 A 5 D ack R v o IR 8% 1) SiE
M AGRE T1, RENE B i Ak 2 2] AU AR I 2 it # v
XoF B FH 25 456 SR S 1403 7 P AR

FE 9 24545 L2 56 i B, 3 BOEICHE A IR 56 L K
A1 347 i 3 g ) AT | SR 1 e B o S A Sy

REVF M 4615 o

B A 416 R R O RO A B L A A A R
B CAE F bR a5 B HE AR
L= P 1009

total

(21)

T Posecess AR5 9 B AL R0 5 Puow 9 2R3
Je 3k R A R

LA st ity ik 190 2% A 858 VR K00 A0 S B3k bR Y
AT B, B T A R Bl A G A HLI 2% 35
BT BB E VAT SR

HOHE B - 32 i 39 i I SE DA A £y A i 2 H
P a5 BT SE IR 0P S5 1, P AP A 190 2% o 11
AL KR

E D totaln
— n

Pl
S Diggar 985 B AL Y LR 5 Progar 9 A £ 550
n BRI S
B £ Y- X 4 b N A T B 4 7 A%
F B bR s, BEER B AR T B B A0 2 172
BEBEIEIR o LA 5 5 o B3 1 AN ] 19 245 971 28RN
MBS TE T A AE IR A

D,
> =

Z (22)

B=-" (23)
Plnta]

e 7, AR L o AR R B

32 EEMERE

W 2 45 SR S HORCE N3 1 TR, 8 Hello
Package % 1% [A] B& hy 150 ms, fix Kl {5 1 B i & N
150 m, 5t R/ TC AHLVERER 3 AT U . [5),



55 93]

FE— L, H BT IR B A 2 o 1 R T AL R e SR g 3217

JUT A 25 T0UA 2SR S [ 2 B [ ] B £ 408 J 1
SUE BG5S B R A 15 B TR R .
SR M PR SR BT R 45 T AL s 2 B A5 S AR
R PR 2 ) R R AR AT A R P BRI
{55 R AR T4 2 BIE, MRz B R &k, JE
R4y 10 M3, FAMFE 98k 5 MHz, 73MF 1
1) o KA T8 25 FRAR AL ik 22 o 20 Mibit/s., (R,

X PRI, B4 TE BRYT S BE I Y T Y 5
Sy e /] A B8 1 Mbit/s 223 - 43 BE Rl 98 4
Mbit/s(LL 50 A>3 s 6] o TRl A4 05 5
L B S5 AR B S 3% 5 5 . TC WL e e 1L 1Y)
—2p, Jorh FE R R O Eh, BT C AP SBIE
ST R AR A T EEAS RO, S 5E 4 o AR =X %
YR RUE

*1 TANEHBEAAMNBHESERE

Table 1 Simulation parameters setting for UAV swarm communication self-organizing networks

pET . OB EABUCR EABURN  BIRE  BIREAE Hello Package — rr o T
Jobm A MR (ms ) HEE(msh) Sobytes  WREms  %ptiFims P OHZ g Mbits )
15001 500500 30~70 150 10~160 5~80 1024 20~80 150 24 1

D7 B A v A TR Y B R £ B A D 4%
REDER = eic4% N71S7 ik ] B 9 s SN0 o S S
T AR T /N T B R, AR A vl 7 £ i
S A A0 e T L, LA T I 28 9 1 B A 4 5 O R0
Xt A 1 O, R — RS AE A s ]

P it B P (Y AR I RE, 205 5 R P IR PP A F2 i
Ui 5 5 5 BE, 5 FUAR T BB P i B L, U0 i
B R A T o GREE R AL A 2] BRI 25 I 2% 2 5
2 fiw, o, #Rid (DDQN) /U kIl DDQN FY%
BERR AL SRR 28, RSB ] .

*2 REBUFIRBSHIRE

Table 2 Setting parameters for deep reinforcement learning models

oy YNGR Mgkt RBREE v 7

LB e(DDQN) eff)ii/ME (DDQN) N Steps MIZPFAGMIAR M FAG U

0.000 01 200 000 256 256 0.99 0.005 100 000

0.9 0.05 3 1000 3

A 343 548 A Rainbow DQN 5 DDQN T4 Jif 2%
2T SR AR BE TR R I SR R, I R 51 A Stable
TFAE RS B S, A HER R I SR R 47 5% b, A
YN 25 0 245 PR B2 R 1 L SCRT IR R 8%, % il 2558
H 200 000 8, 4556 Bl ALA B 4357 1 E ML A 41
I o] 265 PR 85, BUCHiE RS IR 1T 05 S H AR T R O B AL
A
3.3 SHEEER KR EHTIUN B

K 1 DDQN 1B 4 Xif Fe AR A, [R] B, 2 o 98 5 it
2 2 AR 4 A 2 5 2R 43 2 0 S G 40 56 T i it
Y X Eb AR A K oK SR Stable Rl F A A5 AT, 358 B
DSR % i 3™, AODV B4 i 3", GPSR i
B ", Hybrid 18 A i 57 % B PR & QGEO #%
F B I A Ry 55 AR SO R I SR W (14 6T L B B
W JESN 7 i B /R S 45 R K, 72K 7 h, RDQN
5 DDQN 43 %126 75 3£ T Rainbow DQN 4 i 27 > £
U 1 i o TC ML 8 I SR g & 3L T DDQN
TR SRS R AR Y ) w8 o G AL R I v S s, LA
N 45 R Y2678 Al ] Stable [H 7 BRE Y
34 BRENNESWER SR

P 3 o0 bR R i Ak 2% 2T SRR AT 200 000 %8
YGRSl B B 2520 Bk AR i AR (L&, FL
3 000 F& 3K — U LAy i 2 B ke 34, Jovh, LI
N 25 B (0 /R AR I 25 Hp R B AR ] Stable PR iF

1% . ElH RDQN 7E T 25 000 5e P i 8, I i
2L 75 000 56 A2 A7 5E LW 84, 1 DDQN W FE Hif
50 000 % P W81, Fe 2T 125 000 48 22 45 5¢ AR
o A UL, ASSCHR 0 3 T R B SR Ak 2 2T 9 R BB
H SR L AT R A s st

Pl 4 Sy TR B2 iR A 2 2] B0 A0 4 40 )1 25 5 72 op o
Y55 — Bk T 46 9% (9 I 4E , 4F 3 000 565K — R (E
TEYI SRt #2 1, RDQN 553 9 % fA M B I T DDQN
Sk, M AE U 2k b oK SR Stable PR A R 0 4 i ¢
A 411R FH Stable K1 (1) JFUAA AR AL

SFEIR

V7
3 NG B R X L

Fig.3 Comparison of the average rewards per step during the

training process



3218 b A M R OK % ¥ 2026 4F
140 100
— RDQN
130 | RDON N 90
120 — DDQN q\\“ 80
2 — DDQN N %
SZ 110 ij 70l
% 100 g 6ol
= 90} B
gi 80 & 207
B I 40t
70 b
30 N
60 10 20 30 40 50 60 70 80 90
50 ! B K 3% I R] ] B /ms
) .88 88§88 (a) NI 61 BRI 50 A
q:,)‘*’ o (\5+ < K ')f’+ \g;r \('\%Jr o )
1,000
RIEE RIS
2 800 |
4 YR B34 Ak A XT L §
Fig. 4 Comparison of average latency per jump during the ;EE 600 |
training process ;fg 400
35 BEEAMEBEHESBERSH % 200
e 1 s M4 I S 80 L T ANLER A .
5 AR, JF Hd FE Bttt 25 000 441 10 20 30 40 50 60 70 80 90
P, BRI s R BEHLA B 5 1 a5 5 i ] mmﬁfﬁﬁ!ﬂm/ﬁ .
ST S i e N (b) AR [RIHCHE f2. %% 2% I 1] T - RS ] 42
REAIGIK (9745 55 Tl T 2% S8 507 EUBRE A AR SR
. - " 300
B B BILE , A SCOG] e 2H {5 055 5 ' e BEUH [] 7 28
L e \ e 250 |
BOE AT 250 5050, JF IO E BT R 2
6T MWL 5 3 1 130 m/s B0 1, 3 — | 200
A0 A [ 5 1 U6 R 45 B o 1 44 oy
REREATXT He A3 BT o 5 205 0 LA 4 % 35 6 ][] M
B A DAy 7, 0 i % B v 5 R AR AN [ 3 15 43 or
0

Y PRI . 5 21 50 56 245 S 35 B 4 R Ak 0 4
IRZE R, 45 R S Fis

S S5 R, A% G B e Bk A B B
Kk E B RN 25, i L TR B R Ak T (1 g
H% pl SR W B i T B A I A A BT R, I A TR
et serp R AR e . AR ST
Stable K 175 Bh T $1& i 4 % B 0 1k 1 I BT RE 7, D
/b DKL it DR 284 5 B0 B8 25 O RN AD I AE B
B A 3% ) I P 388 o A% 4 8% el TR I KGR R
Wik & 70%~90%, Hrh, DL Hybrid & & Wi B
PR IR A

B RE K Fh R W AE = R B AL 5T R
50% LA I KA 2, Bl (] bR A 15 I, 5 2588 1
90% LA I+, FEBL T s i il v M AR e . 7R
Vi 381 ity s 40E 195 3k P S8 5T, R4 B HR SR S B A T
RIS W AR A, P S PR AR E AR, DT A
BFEE . DLk, QGEO 76 V- 24 4 Wk bif 4iE i L v b 6
e, XA 35 TR Ak ST B A IS Y PR, (H AR AR TR
JE R AL 2 2] B R INAE MG 25 . FR LT UL, A RE %
SR FE A | AR 3% (] B I IR 58 T RE S PR =
BIAIRIR 2R, A R i AE , 42 T T3 A5 A R T

10 20 30 40 S0 60 70 80 9
Bl A Je kA ] F/ms
(o) ANIAI RS B 0 i i i B -3 o

-+ RDQN DDQN N -+ DSR
RDQN N -e Hybrid QGEO
DDQN AODV -+ GPSR

Pl 5 NI[RIECHRE A3 A 326 ) ) [ B T 26 P R X L
Fig. 5 Comparison of network performance at different packet

sending intervals

[ A, 75 i TG A LR HE PR T DR 35 1 e ) i
fehmae .

PR SO BN TE N AL JEE A A 1 £ 0 265 1 i
MM AT TR LS . S, R R A A ik i
[F1] 1] B 3¢ 72 A 50 ms, I3 5 18 % JE AL AR B ey
J3E K DAk A [7] 5 pht B U5 SRS A2 AN [R) 3% 3l B
RIVERER B, S5 2R AN1E 6 fran . SEH 25 R 3R, Bl
GNP EE R IE N, 55 500 BB 1 5 Bk B Y
ATEE PR3 b, T S B B A AL A B
S I T 90 B I O, S BSR40 2 B Y g
ZHAHRHIE . GPSR i PF X K QGEO J5 ik AE R i§
DL B AR RE , LR G 0, 1 e 4 R 32 4%
R, JEHAE TG BE IR F) 130 my/s I, i TR0 0 2



5 9 1l 5L, e HET VR TR AL > (780 0 T DL RE K i SR 3219
100 — PAE, 42T T A ROR
s 95t 5 e
5 ool \ PR AN, S 190 25 JIASE 9 28 K AN [] 4 ot 2% B o 3 £
2 st \\\\ PEREBIRAEAT T AR AT . B KO K
s (50 ms) AR ABLAR AT (130 mJs) B 2
| \ Sl 3ot A T AL R R R I 0 0
65 B, TR, 326 A o e 3 A B0 ol e ) A 2
O 10 a0 70 100 10 160 7 JRR T 17 7 190 4% LA B B804 906 i
BRI (mes™) R4 i ) i R AiE R T ¥ B A A 2 SR LY . Bl
() RIS AR LRI % 45 FUR 4™ A, AL FE AR SO B I v SR W AE P 11
600 A %t DR 2 BB A B R T L P8
o S00F Uity 6} 42 5 S 249 43 Bk Bof 4 v ) R . SR A
g 400 o 16T, P4 U 3K T e 40 ST ), T I
e — T BB RACR . 5 H AR P H, A SO
= 200t / A 24 A Bk B AE T TR B L B R b, A
! / 95
90 +
S 10 @ 70 10 10 160 § 85 ’\0\\——0\\”\1
%ﬁgﬁ/(ln'{‘) g 3(5): \\‘\\
(b) 7 0 47 S - 3 ) e A *E: 20l
120 = ol N
60 -
L 100 55 , . . . .
£ ol 20 30 40 50 60 70 80
2
| IR 1 5%
e (a) TR IU24 HUBE F Heli i
E or ! 700
20+ ————
’ 600
0 — g
—20 10 40 70 100 130 160 @ 500 -
B (mes) ;ﬂ; /
(o) IR 5 SRR 749 i R
+ RDQN DDQN N -« DSR 1:5 300 | /
RDQN N -e Hybrid QGEO ol 3
- DDQN AODV -« GPSR 200 -
6 RIS T 4R 100 L
Fig. 6 Comparison of network performance in different [ A
speed scenarios (b) I 44 UL TSP 5
P E AT B R AT B b o, LB AR R IS S BUR 180
B BUE R R HAE S T e 34 R _160F
A4 GPSR (. #, H A1 i 2 5 B 496 i A ARG, E LA ‘§J Eg
S VL 1 s LB B 103 £ 75K Hlybrid 1R 45 1 7 ER
it e 174 3 B0 01 SO R o | /
MR T, 6 B o MG 7 B TR 4 N B =
U B T8 15 AR E Tk, R4S M BB B R TS A R 20 3"0”%4";/570 P—
B, AR B0 K 3K R AR AR R 7E 85% VA b, i iR A% 24 K

GEPM, FEBL B0 15 A, ) 25 T Rainbow
DQN (14 1% B2 5 A 27 S B RUAE AN [ 1 B2 25 1F T R
Al LA, AR IS h SR I 7 - 249 i B i ) S AP
Py s S Ty T R B A, A AR s e
FRIE A 04 R, A7 25 R A T e i i, - 4 1) S
SR | R kA IR A A G B e P DT 3 A 23%

(c) ANIF P28 UL -3 B o

< RDOQN DDQN N -+ DSR
RDQN N -e- Hybrid QGEO
-+ DDQN AODV -+ GPSR

7 IR 2K AT 6 28 P RE X LE
Fig. 7 Comparison of network performance at different

network scales



3220 [ T |/ A N = = o

2026 4%

BfSE3G KT 22 . ik — L35 25 T 4% 19 S g
ST A B PSR, TR R B TR
TS 0 2845 K A H1 € B Tk, DA AR 1 40 o 3 5 B
HE Y5

[ 8 7R T 3 ok R X 25 BB rf YT A R R )
R B R AT AN ] 9 465 5 15085 BT 100 0 2% 14 g R I X
Lo 5B, 1 0% I AR A AN ] e RN
SREME A = A T RCR S, U H R B T 0 1Y GPSR
H1QGEO WML, #E 715 S EE 4 30~50 m A1 70~110 m
DX a] A R B BRI 8y, X FEE Rt T B
P4 3% VR R TS i [) B 25 1 384 - S0 i A MR R B
AT FH % BRI /D, AT SE A T B H SR A AR
o KRR —ERE FhZRKPHEER
B, (3 A P REATS SR AR FF AR X AR E o

100 -
90 -
&
% s0f
|
Z 70t
bl
E 60}
50
40 - - - s -
10 30 50 70 9 110 130
17 5 e/ MV S /m
() AN[RIY 5 5 N A A R
800
. 700}
E
g 600 f
=
£ 5007
= 400 |
&= 300}
" 200}
100 \ \ \ \ \
0 30 50 70 9 110 130
9 s e/ MR FE B /m
(b) ANIRIY 5% B - 4403t 2] iy Fsf 4B
200
180 |
» 160}
5 140
£ 10f
= 100
& 8o}
T 60t
o0t
20 -
0 1 1 1 1 1

0 3 50 70 90 110 130
R/ M S /m
(ORNEREE:- 3 i e T § e

+ RDQN DDQN_N -+ DSR
RDQN N - Hybrid QGEO
DDQN AODV -« GPSR

K8 AN S B T MASTEREXT L
Fig. 8 Comparison of network performance under different

node densities

4 &£ ip

AR SCHEH T —Fh T Rainbow DQN ¥ & 5ik L
2 o) BRI AE ) 1R 0 A HLE R B bl SR, 1B AR H
Tt i 3 0 AL G BAAE 85 B S A 1 B 458 15 W 45 h
1 F PR RE 5 20 AR T, 15 R AR A58

1) 7ETC LI 3 0 10~ 130 m/s 3 Bl 9 15
P S serh, AR SCR BB b AR s B ALK A R A
25 8 X LG S5 DR A AE 85% LA L, P34
1) Sty B 28 AH 55 4% G It DM SCF- Y BRAIC 23%, s 2
U W RS BN TS5 9

2) TEAHE A 3% if 8] (6] & 24 20~ 80 ms 3w [l
W47 LS5 g b, AR SCR R I H AR AR ALK A
FRAE 20 ms B4l A0 i 4903 K 1 3 5 T AT RE AR R AE
50% LA I, A% G i th b SO ¥ $E T 15%. R,
-1 i ) i BN S ey A0 T4 9 % ER AL, A 2 T B
A e AR 15 s b B T R P RE R N

3) TEASIR] N 48 RIS 5571 s 4 BE S e vy, AR S0
FIE % Fh SR WA I 245 1k 8 A2 SR AR B2 e I Bl /N,
FHA AL 55 1% el DM SCER I B 4 A R 1, B BE A 2
JOE X O £ RIS 47 R K T s 2B B A AT R 1 i B A
S P R AV 5 30 1 0 ZE R I S PR AR, DT A 22 Fh & 2%
s T S RE IR = 1 A5 MR R AN n] FEME

2 #k ( References )

[1] Mazal, Caballero F, Capitan J, et al. Experimental results in multi-
UAV coordination for disaster management and civil security ap-
plications[J]. Journal of Intelligent & Robotic Systems, 2011, 61(1):
563-585.

[2] Keller J, Thakur D, Likhachev M, et al. Coordinated path planning
for fixed-wing UAS conducting persistent surveillance missions[C]//
Proceedings of the IEEE International Symposium on Safety, Secur-
ity, and Rescue Robotics. Piscataway: IEEE Press, 2016: 1-6.

[3] Khan A, Zhang J, Ahmad S, et al. Dynamic positioning and energy-
efficient path planning for disaster scenarios in 5G-assisted multi-
UAV environments[J]. Electronics, 2022, 11(14): 2197.

[4] Dahmane S, Yagoubi M B, Brik B, et al. Multi-constrained and
edge-enabled selection of UAV participants in federated learning
process[J]. Electronics, 2022, 11(14): 2119.

[5] Sharma R, Patel K, Shah S, et al. Aerial footage analysis using com-
puter vision for efficient detection of points of interest near railway
tracks[J]. Aerospace, 2022, 9(7): 370.

[6] Zhang R, Li S, Ding Y M, et al. UAV path planning algorithm
based on improved Harris Hawks optimization[J]. Sensors, 2022,
22(14): 5232.

[7] PangX,LiuM, Li Z C, et al. Geographic position based hopless op-
portunistic routing for UAV networks[J]. Ad Hoc Networks, 2021,
120: 102560.

[8] Wheeb A H, Nordin R, Samah A A, et al. Topology-based routing

protocols and mobility models for flying ad hoc networks: a con-



55 93]

FE— L, H BT IR B A 2 o 1 R T AL R e SR g

3221

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

temporary review and future research directions[J]. Drones, 2022,
6(1): 9.

Hong L, Guo H Z, Liu J J, et al. Toward swarm coordination: topo-
logy-aware inter-UAV routing optimization[J]. IEEE Transactions
on Vehicular Technology, 2020, 69(9): 10177-10187.

Shen H, Jiang Y J, Deng F M, et al. Task unloading strategy of
multi UAV for transmission line inspection based on deep rein-
forcement learning[J]. Electronics, 2022, 11(14): 2188.

Perkins C E, Bhagwat P. Highly dynamic destination-sequenced
distance-vector routing (DSDV) for mobile computers[C]//Pro-
ceedings of the Conference on Communications Architectures, Pro-
tocols and Applications. New York: ACM, 1994: 234-244.

Jacquet P, Muhlethaler P, Clausen T, et al. Optimized link state
routing protocol for ad hoc networks[C]//Proceedings of IEEE Inter-
national Multi Topic Conference, 2001. Technology for the 21st
Century. Piscataway: IEEE Press, 2002: 62-68.

Johnson D B, Hu Y C, Maltz D A. The dynamic source routing pro-
tocol (DSR) for mobile Ad hoc networks for IPv4, RFC 4728[R].
Fremont: Internet Engineering Task Force, 2007.

Perkins C E, Belding-royer E M, Das S R. Ad hoc on-demand dis-
tance vector (AODV) routing[J]. RFC, 2003, 3561: 1-37.

Park V D, Corson M S. A highly adaptive distributed routing al-
gorithm for mobile wireless networks[C]/Proceedings of IN-
FOCOM '97. Piscataway: IEEE Press, 2002: 1405-1413.

WL T, MFAL, 5, S ST IR R AL T 0 R 2 B R Ak Ty
H] RS TS FHEOR, 2022, 44(7): 2311-2318.

Meng LY, Guo B L, Yang W, et al. Network routing optimization
approach based on deep reinforcement learning[J]. Systems Engin-
eering and Electronics, 2022, 44(7): 2311-2318(in Chinese).

Karp B, Kung H T. GPSR: greedy perimeter stateless routing for
wireless networks[C]//Proceedings of the 6th Annual International
Conference on Mobile Computing and Networking. New York:
ACM, 2000: 243-254.

Garg S, Thler A, Bentley E S, et al. A hybrid reactive routing pro-
tocol for decentralized UAV networks[EB/OL]. (2025-01-23)
[2025-05-08]. https://arxiv.org/abs/2407.02929.

Cao Y, Lien S Y, Liang Y C. Deep reinforcement learning for
multi-user access control in non-terrestrial networks[J]. IEEE Trans-
actions on Communications, 2021, 69(3): 1605-1619.

Lin D P, Peng T, Zuo P L, et al. Deep-reinforcement-learning-based
intelligent routing strategy for FANETSs[J]. Symmetry, 2022, 14(9):
1787.

Qiu X L, Yang Y W, Xu L, et al. Maintaining links in the highly dy-
namic FANET using deep reinforcement learning[J]. IEEE Transac-

tions on Vehicular Technology, 2023, 72(3): 2804-2818.

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

(33]

[34]

Liu C Z, Wang Y X, Wang Q. PARouting: prediction-supported ad-
aptive routing protocol for FANETs with deep reinforcement learn-
ing[J]. International Journal of Intelligent Networks, 2023, 4: 113-
121.

Jung W S, Yim J, Ko Y B. QGeo: Q-learning-based geographic ad
hoc routing protocol for unmanned robotic networks[J]. IEEE Com-
munications Letters, 2017, 21(10): 2258-2261.

Qiu X, Xu L, Wang P, et al. A data-driven packet routing algorithm
for an unmanned aerial vehicle swarm: a multi-agent reinforcement
learning approach[J]. IEEE Wireless Communications Letters,
2022, 11(10): 2160-2164.

Bai Y J, Zhang X, Yu D J, et al. A deep reinforcement learning-
based geographic packet routing optimization[J]. IEEE Access,
2022, 10: 108785-108796.

Wang Z, Li H X, Knoblock E J, et al. Deep reinforcement learning-
based joint routing and capacity optimization in an aerial and ter-
restrial hybrid wireless network[J]. IEEE Access, 2024, 12: 132056-
132069.

Ke Y Q, Huang K, Qiu X L, et al. Distributed routing optimization
algorithm  for reinforcement

learning[J]. IEEE Sensors Journal, 2024, 24(15): 24851-24864.

FANET based on multiagent

Mnih V, Kavukcuoglu K, Silver D, et al. Human-level control
through deep reinforcement learning[J]. Nature, 2015, 518(7540):
529-533.

Van Hasselt H, Guez A, Silver D. Deep reinforcement learning with
double Q-Learning[C]//Proceedings of the Thirtieth AAAI Confer-
ence on Artificial Intelligence. New York: ACM, 2016: 2094-2100.
Hessel M, Modayil J, Van Hasselt H, et al. Rainbow: combining im-
provements in deep reinforcement learning[C]//Proceedings of the
AAAI Conference on Artificial Intelligence. 2018, 32(1): 5737-
5744.

Hu G N, Zhang W, Zhu W H. Prioritized experience replay for con-
tinual learning[C]//Proceedings of the 2021 6th International Con-
ference on Computational Intelligence and Applications. Piscat-
away: IEEE Press, 2021: 16-20.

Wang Z Y, Schaul T, Hessel M, et al. Dueling network architec-
tures for deep reinforcement learning[C]//Proceedings of the 33rd
International Conference on International Conference on Machine
Learning - Volume 48. New York: ACM, 2016: 1995-2003.
Bellemare M G, Dabney W, Munos R. A distributional perspective
on reinforcement learning[EB/OL]. (2017-01-27)[2025-05-08]. ht-
tps://arxiv.org/abs/1707.06887.

Fortunato M, Azar M G, Piot B, et al. Noisy networks for explora-
tion[EB/OL].  (2019-01-09)[2025-05-08].
1706.10295.

https://arxiv.org/abs/


https://arxiv.org/abs/2407.02929
https://arxiv.org/abs/1707.06887
https://arxiv.org/abs/1707.06887
https://arxiv.org/abs/1706.10295
https://arxiv.org/abs/1706.10295

3222 b= it = it K K % % 2026 4

Intelligent routing strategy for high-speed UAVs via deep reinforcement
learning
SHOU Yifan, LIU Dongsheng’, CHEN Yahui
(School of Computer Science and Technology, Zhejiang Gongshang University, Hangzhou 310018, China)

Abstract: With the rapid advancement of unmanned aerial vehicle (UAV) technology, high-speed UAV swarms
are increasingly applied in low-altitude complex environments. However, this also poses challenges, as traditional
routing protocols struggle to cope with highly dynamic network conditions. Based on the Rainbow deep Q-network
(DQN) deep reinforcement learning model, this paper suggests an intelligent routing strategy for high-speed UAVs
with an emphasis on communication assurance in high-speed and highly dynamic scenarios and enhancing the
capacity of UAV nodes to make autonomous, decentralized decisions. Stable factor is also designed to evaluate the
future stability of communication links, enabling UAVs to autonomously make adaptive decisions based on the latest
network state. According to experimental results, the high speed intelligent routing scheme suggested in this study
reduces the average end-to-end delay and the per-hop delay by more than 23% when compared to traditional routing
protocols, while maintaining a packet delivery ratio of more than 85% under all evaluated velocity settings. In high-
frequency communication scenarios, the packet delivery ratio is improved by more than 15% on average, effectively
meeting the requirements of high-speed UAV networks for stability and communication efficiency.

Keywords: UAV swarm; routing strategy; deep reinforcement learning; flying ad hoc network; high-speed
UAV
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Fig.2 Schematic diagram of time granularity subdivision
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Fig. 6 Schematic diagram of enemy combat unit modeling
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Table 3 Multi-source factor parameter
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B (ZF116.010°, 4ifE23.764°) 1;"’"“*:?3 (12,45)
Amin
CFHL (ZBF116.066°, ZiE21.766°) 12"“*::16000 (12,21)
Imin
(Z:5118.833°, £[i£24.083°) (45,48)
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(2% 118.653°, £[#23.665°) (43,43)
(4% 115.417°, £55#20.426°) (5,5)
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(4% 115.750°, £[£21.083°), (9,12)
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(Z:)3£118.833°, 4i[#24.083°) (45,48)
D22 (4J%119.1733°, 4ii24.417°), (50, 53)
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(Z£119.583°, Hiff£21.022°), (54,12)
(Z:%119.461°, £5#20.583°) (53,6)
BRSO (£J#118.000° ~118.016°,

243 1523.500° ~23.516°)
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Table 4 Grid subdivision hierarchical information
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2 JUE /km 24 R /km ZERETER(°) LR (°)
11 27.8 13 10 115.000~120.000 20.000 ~25.000
11 27.8 14 5 115.000~120.000 20.000 ~25.000
12 9.2 15 1 115.000 ~120.000 20.000 ~25.000
13 1.8 15 1 115.000 ~120.000 20.000 ~25.000
14 0.9 15 1 115.000 ~120.000 20.000 ~25.000
19 0.007 7 21 0.001 118.000 ~118.016 23.500 ~23.516
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Fig. 7 Risk quantification results
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Fig. 9 Local fine spatio-temporal grid modeling effect
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Table S Two radar detection range overlap ranges calculation results
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Fig. 10 Calculation results of two radar detection ranges
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Multi-source element modeling and risk quantitative analysis under
spatio-temporal grid
LIU Longhao"**, RULe"**", WANG Hongqgiao” *, WANG Wenfei">*, ZHANG Zhenghao"**, LI Yifan’

(1. Equipment Management and Unmanned Aerial Vehicle Engineering School, Air Force Engineering University, Xi’an 710051, China;
2. National Key Laboratory of Unmanned Aerial Vehicle Technology, Xi’an 710051, China;
3. The Youth Innovation Team of Shaanxi University, Xi’an 710051, China;
4. Unmanned System Research Institute, Northwestern Polytechnical University, Xi’an 710072, China;
5. Unit 94754, Chinese People’s Liberation Army, Jiaxing 314011, China)

Abstract: This work suggests a multi-source element modeling and risk quantification approach based on
spatio-temporal grid subdivision to tackle the problem of spatio-temporal coupling modeling for multi-source
elements in complex battlefield scenarios. Firstly, in the spatial dimension: A novel grid subdivision architecture
compatible with the BeiDou grid location code (BDGC) is designed to significantly improve spatial data storage and
computational efficiency in order to address the storage redundancy resulting from the triple virtual extension in
current global subdivision models such as geographic coordinate subdividing grid with one dimension integral cording
on 2"-tree(GeoSOT) and the efficiency gap issue associated with the “letter + decimal digit” encoding scheme of the
BDGC. In the temporal dimension: To address the limitations caused by the quintuple temporal base extensions in the
BeiDou subdivision time code (BDTC), an innovative dual-baseline temporal encoding system with “absolute-
relative” layers is proposed. This successfully overcomes the spatio-temporal fusion bottleneck for heterogeneous
elements by achieving a four-dimensional joint representation that integrates geographical position and time.
Secondly, a two-level nested spatio-temporal reference framework comprising a “global reference grid - local combat
grid” is constructed. This architecture balances local adaptability with global consistency by supporting the dynamic
change of grid granularity based on equipment systems or the battlefield environment across several operational
domains. Finally, to resolve the contour distortion problem inherent in traditional minimum bounding rectangle
(MBR) methods when characterizing the geometric features of complex terrain and airspace elements, a three-
dimensional realistic scene topological feature modeling method based on the ray-intersection judgment algorithm is
proposed. Leveraging the spatio-temporal grid subdivision architecture, a unified quantitative model for enemy
operational units is constructed. Combined with risk levels, the battlefield space is partitioned into free space,
contested space, and denied space. Simulation experiments demonstrate that: The proposed method enables rapid
multi-scale reconstruction of battlefield multi-source elements; At an approximate grid resolution of 1 000 meters, the
average relative error for spatial representation is only 1.414%; Compared to traditional methods, the average relative
error is reduced by 49.37% and time efficiency is improved by 99.65%; It can meet the real-time response
requirements for UAV swarm trajectory planning. This work provides a validated new paradigm for intelligent
environmental modeling in UAV swarm operations.

Keywords: spatio-temporal grid; BeiDou grid code; battlefield elements; risk quantification; unmanned aerial

vehicle cluster
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