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A lightweight dark object detection network for infrared images

LI Zhao-Xu', XU Qing-Yu', AN Wei"”, HE Xu', GUO Gao-Wei', LI Miao", LING Qiang',
WANG Long-Guang®, XIAO Chao', LIN Zai-Ping'
(1. College of Electronic Science and Technology, National University of Defense Technology, Changsha 410073,
China;
2. Aviation University of Air Force, Changchun 130000, China)

Abstract: Small target detection has been a classic research topic in the field of infrared image processing, and the ob-
jects are usually brighter than the local background. However, in some scenarios, the target brightness may be lower
than the background brightness. For example, the civil airplanes usually have low-temperature skin when cruising, ap-
pearing as dark points on medium spatial resolution thermal infrared satellite images. There are few features of these ob-
jects, so the current detection networks are redundant. Hence, we proposed a lightweight dark object detection net-
work, AirFormer. It only has 37. 1 K parameters and 46. 2 M floating-point operations on a 256x256 image. Consider-
ing the lack of infrared dark object detection dataset, the authors analyzed the characteristics of airplanes on thermal in-
frared satellite images, and then developed a simple simulation method for medium spatial resolution thermal infrared
satellite images of civil aviation aircrafta, and constructed an infrared image weak target detection dataset IRAir using
civil aviation aircraft as the simulation object. AirFormer achieves 71. 0% at recall and 82. 6% at detection precision on
the IRAIr dataset. In addition, after training on simulated data, AirFormer has achieved detection of real flying air-
planes on the thermal infrared satellite images.
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11.5~12. 5 um

The thermal infrared images of real civial airplanes capured by SDGSAT-1: (a) 8~10.5 pm; (b) 10.3~11.3 um; (c¢)
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W bR K EITHE B bR R H
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0.3 A3 F AR L A5 A7 B A H AR 1 £, 6 fRT Ak
J 0 B AR R A A G 20 R o 35 H AR AR AR
IR MR REAME R LT 5 Eeil (RO B bR ), # 3
HEMGRIRSHY BARFER A, 5B R
FRGEAFAE IR 22 AT SO0, S GIR AR AL B - T
Y BOR R AR, T AR 25 N
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3) BAR KA

MR 26 M TR A BB 8 B AR K B T A B B
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Vi=(1-A,)V,+A,(1-r)V, . (10)

Hor v, BRI AMNEMG b (i,)) 15 3 Ak 1 K 2
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s 4 FELS Frs A8 3053 53855 1 B bR —
H A 8 BBl 30x30 K/ US4 4 35 3 v 1 1
S RIS AS B AR AT 05 B B, B H AR
Wk O H AR @B, FE ) FMFEe)
R ECRE . TR BT Rl s A, 1
B HBREEAE Z0 T LS 55 H bR 0K B AR AE A
TEASRHE , 0 3IE T AR SCH 4 05 B 5 A 2ok
2.3 HIEENAE

H T SDG LA 15/ Sl I 21 Ah KR L —
TR B bR E O AR SO EE T AT A
16 w5 55 2 H bR B0 48, i 44 00 IRAir, B4 &
2 000 B 74 EG DI ZRAE R4 1 000 BT,
TR BT HAL & 50 5K A 7] 75 554 5 ) 5 ik Be 0 B R

; 4 2
i

0 jofofo 0.01 | 0.04 [ 0.04 | 0.01
0 [023]1023] 0 0.04 | 0.14 | 0.14 | 0.04
0 (023]023] 0 0.04 | 0.14 | 0.14 | 0.04
oo fo]o 0.01 | 0.04 | 0.04 | 0.01

(a) (b)

(¢c) (d)

K3 AbrFREERE R AR A (a) FEARTEAREA ; () ERBE AR A8 (o) FARF AR5 5 (d) 2 BERE R g SR A

Fig. 3 Schematic diagram of the calculation for object abundance matrix: (a) object shape modeling; (b) shape model embedding in

image; (c) object abundance matrix calculation; (d) Gaussian blurring of the abundance matrix
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Fig. 4 The lIst real civial aircraft and its simulation: (a) simu-

lated image; (b) real object; (c) simulated object
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Fig. 5 The 5th real civial aircraft and its simulation: (a) simu-

lated image; (b) real object; (c) simulated object
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Table 3 Simulation parameter settings for real objects

28 H#r1 Hbz2
LN (10.2,10.7) (10.3,9.95)
b 80 m 80 m
e £ 45° 0°
FEAH L] 0.18 0.11
TR bR 22 0.7 0.7

1%, MR SE R 256256 , 4847 4 TIFF EI§ A% R
WA NRBEASBR A, ASCK B AR R F0. 1918
RAEB MR KIMERIEAE N BAr bR ERE . 58
2 Bl B AR I 32 38 H 7 2R 2 i 8BRS

B KRBT AR 30 Wi EHSAE A U Rl KR
HIT 20 Wt 5 B8 18 3l B AR A I 5 1 0F & 19 45 R i
B . T SOk E—2 048 B bRl B B s 5
S E .

(1) Binfi S8k E

HAR KB AR A R RHLR S 22 R R,
Wik & 747-8 W BR & HLHL B 76.3 m, 3 J&
68.4 m, MiZs % A320 F R BREHHLE K H 37.6 m, 3
JEH34.1 me PRI, ASSCHE BARK B LB 40 m
50 m .60 m .70 m 180 m, 45 HUE /) H A5 % H %
F73:3:1:1:1,

H bR B < i R CHLIEA A W35 R, AR
SCHs F AR JE T2 M 800~900 km/h, 7E 30 m 55 [A] 43
PRI EUS X B ARE R R 7.4~8.3 pixel/s.

H AR K+ H AR K B (825 (8 b 31 r BRUAE 91 Rl 4%
0.1~0.2,

1o TSR < i BT ASOR A AR 25 o 815 R 0.7

HARPGT A SO 8 T A0 B 2Rz g ) e 5]
iz 2 R H bR iz sh 0 , B AR ) BUEE
[l A-180°~180°,

H bR 5 IR 2 £ 50% () H A5 78 B2 4 it 8 21,
A 50% 9 B ARTESS 5 W EI 5 35 Wiz W) i 3. R4
it A E AR A IR R A A ke A AR
il IR RS R Ao VA R VAR KSR T8

HAn KB Hbrs B B AR KB L H bRk i H
P0G IR S AR AE B Y L N B LA G, DAORIE B A%
FEAR R ZREPE R E P

Q)i Ry E

Fit—FEE YR A B T BARH XS EL
BB Z AN A SGA % 8T US| 5% B L i [a]
(s NI e

WA - ERUAEL S BB R 1~ 10 Wi REFD (FPS) .

BB AFBUTHI M B1 B2 I B3 = AN Be L —4~.

it (B 457 % < F 0007 5 72 D i B A IR
U0 R W AFAE LA o R B AR SCRIA
W)L Tt e S 4R WAL RS A0 B, IS 22 1) B —
TSR X IR MRS e 2 25 . X268 kiR,
SV ATl R T A 1 U S 0 A

Ax = ecos b, , (11)
Ay = esinf, . (12)

Forf 0, R 55 kWt G 0 O A% 5 1) R BU(E Y L
[-m, e e BUE N O 1 FI2IRE ., EHA N WMEE
J& Ad O AR B S R AR AL 5 1 R
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Pl 5 P i B - A U8 05 B H B s i S L
i T S AR RS
VI =V!(1+mn) , (13)

Hop, v SR RS E (i, ) 1R B AR K EEE, V!
VSIS J5 AR 2 K AR, A IR AN IE R O A i
2R n REPLAS B . n BUE A 0. 002 5% 0. 005, 4% 3C

PR Ay MR i B
HirEoE . F B F I HisEH 1% R 3 ~ 10 Z [H]

H bR 55« 25 DL H bR B0 A0 1 5x5 7
F AT S8/ 05 5 B AR R0k I H AR
BGHEHE , ATz H b5

R4 025 YR R Y SO B bR B g s
Bo B4 T 4 Befii BP0 5 50 i & . J7HE
e 50 WY H AR AL ELAE , 8] AT A Al 49 it H AR E
HERY Lo RSN 4B B PSR E . K
6 1 LUt A [ et A it (6] 37 2% 58 T H bR Lk
28 SRR, Y WU 1 FPS HICI ) A # B H AR
TR A RN , T 24 WA A 10 KPS HL i [a] f327% 2 2 4%
F I EH AR 2 2 I BELI S IR

3 XRERSHSH

3.1 LA

AR SCHEIRAir B 42 E XS R 8 A9 AirFormer [%)
AT T PRI . AirFormer FUASFHELERE C1E R 64, ¢
BN 8, IE R B Z2 LB H MR 32, BN
JI W RAE BB R 40 W A BRI R 256%
256, IRk AR RS 5048, LR K/INS A 8, 1
Adam TEALAF , 2% 2T F W R AR 0. 0001, 75 40 FE 52
2 ZWINR BRAR B 0. 1, HEAM , R SCE X RGB EI&
8 H ARG M 2% CornerNet'™ . YOLOv3™'  Deform-
able DETR" . RTMDET-tiny>" il YOLOX—tiny ', )

(a) (b)

R4 RAir HIRETRHETSH TR
Table 4 Sample numbers under different load parame-
ters on the IRAir dataset

Y5 YIE Y Mt it
HH FAEC HERE  JPAIE HARE
Bl 301 1970 338 2260
B B2 363 2271 345 2332
B3 336 2131 317 1977
1~5 FPS 480 3059 499 3229

M35
6~10 FPS 520 3313 501 3340
) 015% 339 2158 315 2063

M ]
o &R 339 2157 361 2374

A

2185 322 2057 324 2132
W 0. 002 497 3200 467 3079
[1:935% 0. 005 503 3172 533 3490
Bt 1 000 6372 1 000 6569

®5 THREFRINSHIRE

Table 5 The parameter settings of example simulated

sequences
25 751 751 731 751
0041 0077 0266 0393
B B2 B2 B3 B3
T 1 FPS 6 FPS 2 FPS 10 FPS
Wil 37 5% 01%% IECES 21%% 256%
W i, S8 0. 002 0. 002 0. 005 0. 002
HirgE 4 10 8 5

Jn] U T3 B AR E 2l H Ar ks 55 DSFNet ™ 7
IRAir B AT T PF . A FXT B, CornerNet
YOLOv3 . Deformable DETR, RTMDET-tiny #1 YO-
LOX—tiny $J 76 BT 256x256 [ Fll 4 50 %, A%
FH UG B0 55 7 A U1 25 i 0 006 36 5 T BE . YO-
LOv3 . RTMDET 1 YOLOX %7 Ay BBy BEAS I 33 3%
A2 U B 1000 B 90 e A 48 g T 35k, e L 9 )

(c) (d)

Ko fiEFFIRE: (a)/F510041;(b) 5510077 ; (c) 7510266 ;(d)/751 0393
Fig. 6 Simulated sequence examples: (a) sequence 0041; (b) sequence 0077; (c) sequence 0266; (d) sequence 0393
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4. RTMDET-tiny Fl YOLOX~tiny 43 %I & RTMDET
I YOLOX [ fie /NS HBURAS , S 3 47 H A5 4G I 451 355,
R B AR R PE R . RTMDET—tiny #1
YOLOX~-tiny 42 i [1] RGB &% % B H B A6 AT 55 1)
B 7E IR Air B8 48 V700 v & 30 E 4ok
J AR B RTMDET-tiny A1 YOLOX—tiny ] R 45 %%
T H bR, PR AR AR SCSE 5 6 RTMDET—tiny F1
YOLOX—tiny B £ #EAT T 51 X PEJ# % . RTMDET-
tiny 1 YOLOX —tiny 7R IA i 11~ % 46 i 1L (%) P3
P4 1 PS FREAE AT R, I RS Sy S s g A AR
RSFEY 1/8 . 1/16 F11/32, IR Air 504k 5 v i H kA B
RSFA/N  ZEGR /N 1 P3 2 PS5 AR F HARERE
TS . I, ZEAR T S, RTMDET—tiny Al
YOLOX—tiny 2i ki FH P1ARAE B CHE RS 8 J 46 A
A BEUGRSE 9 172) 47K . DSFNet U 2 £ Xf n]
TGRSR 2 3l A ks AT 552 i 42 1Y)
Rk | A5 R P 2 ) del 2 250 J8 LA B 22 i i)
B s s E B TR
3.2 EMNERR

AR COCO B 45 e By P45 4 - 24
J& (average precision, AP) , 1 5K & HiUE {5 FE 7E Hij 300
BT , 315845 R IS5 25 (1) AP AP, Horfr APFE
0.5 3 0. 953 104132 IF o BI{E V- B85 B2 19 71
B IERESS HAR R TR/, 5 FLEHESS I L AR
F4) T AE A1, AT — 2 114 E A o7 3 S, O A T 38
I HCEIE N 0. 2 B BV BIAE FE AP, eAh , A S0k
it 32 8% /N H AR A AT 55 8 69 3 71K (Recall ,
Re, X FRK ) TG R (Precision, Pr) DA & F1 43
BAE = A bR . A RIS ER R 0 B ECE &
TS H AR AEE L , AER R O IE R G H Y H AR %
H i e 0 0 B ARECE 1 e, 1 BUEE
[ 3 R it 2 %) VR RN T34 TR A R

&6 WM EMERELLE

Table 6 Performance comparison of detection methods

2 X Re X Pr
Fl =——-— , (14
Re + Pr (14)

F1 80l R, 2 k0 i e pe i . 72 A R
Re R Pr fLF1 23 B0 113 b 75 2255 IR T e
55 FAHAE 09 22 1 H B A DA R 950 0 A 15 I (R
S DR U0 A SR S O R AR SOHE T AE 5 (B HE
A L BIE 1 R 0. 2 25 28T 1) T00 I HE 2 15
BIE L 0. 1A M0, 13 7551 0. 9, BUF1 A5 K
BF A A3 [0 23R MR SRR R 14380 S i Sy P RE Y
PRI S5 5 . A Y000 AE 347 {1 A bR BBCRE Ab B, 25 &
B[] — 5 5 25 Wt PRG3R AR AL, 4% S0 HL TP 45 D3
FE 5 30157 565 40 i AN 50 it {4

ARSCR VI T 4558 1k 1 I 45 AR S R0 A
EIAG R SF Ry 256x256 B 1) T #4538 58 B (floating
point operations, FLOPs) F] F kb 8 B vk 09 &2 2= FE
BEAN , AR SCINA T i A HL 5K 256x256 K445 Hini H
o A I B3 ) A LT 8] . T DSFNet R #0451 ) H
BRI | I T DSFNet [A] I A 5 5K 256
256 J7 4 G A T HE ST I ] o AR R
UG AE N 265 P i % T B8], A4 35 LG 28t ]
I Kb ]
3.3 ZERHW

W3R 6 TR , 76 A {0 28 5 BRI 2% 15 Ak
SER R R 5 BRI LT, AirFormer SE 3 T AR /NEL
BLR BB S H R MR R, S50 U 371 KL 77
JAB B R B N 46,2 M, B HE BEAE IS AL R 5.7
ms, B0 F UL TR k. FES B FITE Sis HIK
BT, AirFormer A% 24 R H KL H ARAS I X 2% 7] T
B 3 2 4 Ao 9, oA w SR g AR AR S (9 RTM-
DET—tiny Fl1 YOLOX—tiny P ~4% 52 2% H A5 A6 0 9 2%
IR 2 AN EE D

TE W 45 B I 25 PR RSB 0 T, AirFormer 7F
IRAir BE 4 F Sl T X5 w555 H ARG AR BRI R

VRS CornerNet YOLOv3 Deformable DETR RTMDET-tiny YOLOX~tiny DSFNet AirFormer
AP 0.336 0.270 0.274 0. 350 0.398 0.233 0. 349
AP, 0.770 0.752 0.709 0.812 0.765 0.528 0.737
FEN IS 0.738 0. 766 0. 688 0. 544 0.716 0. 504 0.710
TR 0. 904 0.902 0. 897 0. 675 0. 843 0.932 0. 826
F1 0.812 0.828 0.779 0. 603 0.774 0. 653 0.764
e 201. 0M 61.5M 41. 1M 2.7T™M 2.7M 17.0M 37. 1K
FLOPs 112. 8G 12. 4G 15.0G 5.9G 5.5G 12.2G 46.2M
HEHFERT 29. 4 ms 11. 7 ms 32.3 ms 10. 6 ms 9.1 ms 50. 1 ms 5.7 ms
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APPERERT 1K 0. 349, A M Z W15 0. 710, HEHH 2 Al 3k
0.826. AirFormer DL S A F — 2 AL 2 R 1E [ Y
RTMDET—tiny 1 YOLOX~tiny 7 AP #5754 T Cor-
nerNet . YOLOv3 . Deformable DETR , {H & 7£ 43 1] %
WEW RN T80 LA KL TEARFETEN 5 bR
N EIEAI P BEXT L 45 IR A — B, AP FE bR £ 6
T TN AE X (A A [ 0 5 BE 7, PRI e R R R ST
oG A — T SRR AR I Tl 0 G 00 ) 286 78 AP 5 b
AR AL 25 R . (RSERR B IR AR 4
e i N RS BARTI &, BAR S 15 500 X 530
FEIEANE G, 6 2S H AR PRI R AN b i T iE
SRIAE 5 BEAERER S EAE . WAk, T2
41432 3 H AR K6 I 199 2% DSFNet 354 B AL T
i BT AR AS I 0 2% B PERE , T REJE B4 RS
T 10437 8% T A0 28 A0 22 B | AR E RS R 3K
(o IR 5T 4t 37 RS B 52 B3z 2l H A il
52 H )5 5 B2t — L WFFE A ME A .

T TV T B ARSI RE R R RS
FEAFE A 40 m HAR AR50 m HAR 5 35 58 L REAS Hefl,
R 3K P 25 H AR A [l 2247 1 25 F Hofl = 25
KISFRY HER . 783 000 7R & A L, 40 m K
) H AR ELEECN 6 222, (H )& HOERAR H T 3 016 4
Hir, A 1%k 48. 5% BiE B s R, Kl
W2 %6 H B 0 3 R FE ST, X 80 m K B2 1 B b
1A 1 30T 5K 92, 6% R H HAR i KE S
A5 B2 B AR R SR80 B, (H 247568 520 H s
55 H AR R ST bR I BE A2

7 AirFormer X R [E R~ B #Ra il 4 gg %t bb
Table7 Detection performance comparison of AirForm-

er for objects with different sizes

HRKE/m LN IER K th 8 A 1815/%
40 6222 3016 48.5
50 6154 4626 75.2
60 2109 1838 87.2
70 2016 1798 89.2
80 2062 1909 92.6

FIH IR Air B8 2 I 2k K ) AirFormer [ 25 X
2. 179 TP T A A LA S s v R/ ALEL 15 5Kk B
I A LA MEVG AT RN, A6 0 235 2R AT 4017 O 4 &
THIR o SHER S IERRA I B9 B bR, B0 KRR T A
19 H b, LDHE RS % . 72 15 skl ER b, Air-
Former F£ 4 it 33 4> FUIAE , Forp 14 4> T HE S L
S BT RAIL L T4 19 A FHOINAE Ay ke, A LS H

FRUAS o S0 H bR — = T FE S 5 o i Y &=
AirFormer £ H 458 B A% , AUAE BHG PR 5 A Ak = A
UASHE S B AR R = e 3 3 il 7
HMBT R, G RESNR, AirFormer R 1 2 %
S E FR = B3 B G T 4% R G e AR e
255 , AirFormer TEIX P A% 457 LRl T 9 .
AN, S0 B bR 78 B3 B B S 8 S 7E K BHE,
IKEZE LB R 1. 98% , AirFormer A fEAS H o

B1 B2 B3

Bl B2 B3

-

(e)
517 AirFormer i S i 55 H AR A DU 25 SR 18] - (a) 52300 H F7
— 5 (b) S H AR =5 () F2M H AR =5 (d) S HARPY 5 (e) 5%
ISk ZE
Fig. 7 The detection results of AirFormer for real civil air-
ports: (a) the Ist real airport; (b) the 2nd real airport; (c) the
3rd real airport; (d) the 4th real airport; (e) the 5th real airport



310 O hh 5 2 K 3 2 R 44 3%

4 it

B Xt 21 A1 RS I 55 A ARSI X — B Hk R, AR
SCHEAT T RGN 5 i R B s 4R W 7 TR T AE . RS
W53 D518, AR SCHE T — R L TR AR E
BILHI A B 2 1 G 55 L s A ) 4%, 2 B0 (LR
37.1 K, 7 256x256 RF 1 EMG L7 i is S B
h46.2 Mo FEECHRAE 71 B X FLCHE 55 H AR AR
SR = 55 H BR N TRR T XE G ) B AR SCR A T 4L
AP EARE 55 H ARkl 05 EUEOHE 48 TR A, PIr2 (4 1)
25 1) FH 2T 545 I 78 TR Aie B3 4 1S90 1 15 55
H ¥R 71. 0% 13 [1] 2 F1 82. 6% K I MEHH % . 16 52
ZLANEMER kAT Sk, R D5 AR I S S Y I 2%
P T 50 DG LS 55 H bR SE BT A A A DN 2
Ho RIBF R B, B2 4475 50 L Rl /N RGHI H FRAT
SRR X e RN, T B R S T ARl — R &

References

[1] IATA. Airlines Set to Earn 2.7% Net Profit Margin on Re-
cord Revenues in 2024 [EB/OL]. (2023-12-06) [2024-
04-28 ]. https://www. iata. org/en/pressroom/2023—releases/
2023-12-06-01/.

[2] Zhao F, Xia L, Kylling A, et al. Detection flying aircraft
from Landsat 8 OLI data [J]. ISPRS Journal of Photogram-
metry and Remote Sensing, 2018, 141: 176-184.

[3] Liu Y, Xu B, Zhi W, et al. Space eye on flying aircraft:
From Sentinel-2 MSI parallax to hybrid computing [J]. Re-
mote Sensing of Environment, 2020, 246: 111867.

[4] Fehrm B. Bjorn’ s Corner: Supersonic transport revival,
Part 6 [EB/OL]. (2018-09-14) [2024-04-29]. https://
leehamnews. com/2018/09/14/bjorns—corner—supersonic—tra
nsport—revival—part—6/.

[5] Li L, Zhou X, Hu Z, et al. On—orbit monitoring flying air-
craft day and night based on SDGSAT-1 thermal infrared
dataset [J]. Remote Sensing of Environment, 2023, 298:
113840.

[6] Zhu H, Zhang X, Chen X, et al. Dim small targets detec-
tion based on horizontal-vertical multi-scale grayscale dif-
ference weighted bilateral filtering [T]. Journal of Infrared
and Millimeter Waves, 2020, 39(4): 513-522.

[7] Gao C, Zhang T, Li Q. Small infrared target detection us-
ing sparse ring representation [J]. IEEE Aerospace and
Electronic Systems Magazine, 2012, 27(3): 21-30.

[8] Liu T, Yang J, Li B, et al. Infrared small target detection
via nonconvex tensor tucker decomposition with factor prior
[J]. IEEE Transactions on Geoscience and Remote Sens-
ing, 2023, 61: 1-17.

(9] LinZ P, LiBY, Li M, et al. Light-weight infrared small
target detection combining cross—scale feature fusion with
bottleneck attention module [J]. Journal of Infrared and
Millimeter Waves, 2022, 41(6): 1102-1112.

MEE, =, 284, 5 4B RIS S5
FINE =Wk S E =S =R EaR ] WANER AN Al | E- S M AREA B
S k2R, 2022, 41(6): 1102-1112.

[10] LinZ P, Luo Y H, Li BY, et al. Gradient—aware channel
attention network for infrared small target image denoising
before detection [J]. Journal of Infrared and Millimeter
Waves, 2024, 43(2): 254-260.

[11]Lin T Y, Maire M, Belongie S, et al. Microsoft coco:
Common objects in context [c]. Proceedings of the Euro-
pean Conference on Computer Vision. Cham: Springer In-
ternational Publishing, 2014 : 740-755.

[12] Vaswani A, Shazeer N, Parmar N, et al. Attention is all
you need [ C]. Proceedings of the 31st International Con-
ference on Neural Information. New York: ACM, 2017,
6000-6010.

[13] Carion N, Massa F, Synnaeve G, et al. End—to—end ob-
ject detection with transformers [cl. Proceedings of the
European Conference on Computer Vision. Cham: Spring-
er International Publishing, 2020: 213-229.

[14] Zhu X, Su W, Lu L, et al. Deformable detr: Deformable
transformers for end—to—end object detection [T]. arxiv
preprint arxiv:2010.04159, 2020.

[15] Liu S, Li F, Zhang H, et al. Dad—detr: Dynamic anchor
boxes are better queries for detr [J]. arxiv preprint arxiv:
2201.12329, 2022.

[16]1iZ, An W, Guo G, et al. SpecDETR: A transformer—
based hyperspectral point object detection network [J].
arXiv preprint arXiv:2405.10148, 2024.

[17] Xu Q, Wang L, Sheng W, et al. Heterogeneous graph
transformer for multiple tiny object tracking in RGB-T vid-
eos [J]. IEEE Transactions on Multimedia, 2024, 26:
9383-9397.

[18]LinTY, Goyal P, Girshick R, et al. Focal loss for dense
object detection [c]. Proceedings of the IEEE Internation-
al Conference on Computer Vision. Piscataway, NJ:
IEEE, 2017: 2980-298.

[19] Law H, Deng J. Cornernet: Detecting objects as paired
keypoints [C]. Proceedings of the European Conference
on Computer Vision. Cham: Springer International Pub-
lishing, 2018: 734-750.

[20] Redmon J, Farhadi A. YOLOv3: An incremental improve-
ment [J]. arxiv preprint arxiv: 1804.02767, 2018.

[21] Lyu C, Zhang W, Huang H, et al. RTMDET: An empiri-
cal study of designing real—time object detectors [J]. arX-
iv preprint arXiv:2212.07784, 2022.

[22] Ge Z, Liu S, Wang F, et al. Yolox: Exceeding yolo series
in 2021 [J]. arXiv preprint arXiv:2107.08430, 2021.

[23] Xiao C, Yin Q, Ying X, et al. DSFNet: Dynamic and stat-
ic fusion network for moving object detection in satellite
videos [J]. IEEE Geoscience and Remote Sensing Let-
ters, 2021, 19: 1-5.

[24] Yin Q, Hu Q, Liu H, et al. Detecting and tracking small
and dense moving objects in satellite videos: A bench-
mark [J]. IEEE Transactions on Geoscience and Remote
Sensing, 2021, 60: 1-18.



