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A Simulation Dataset for Infrared Dim and Small Target Detection and Track-

ing in Space-Based Surveillance IRSatVideo

Ying Xinyi, Zhang Xin, Zhou Xiang, Cao Xu, Lin Zaipin, Li Miao, Zhou Shilin, An Wei
College of Electronic Science and Technology , National University of Defense Technology, Changsha 410073

Abstract: The detection and tracking of infrared dim and small targets within sequential imagery acquired by space-based
platforms constitutes a cornerstone technology for critical applications such as space situational awareness (SSA), satellite
collision avoidance, and the monitoring of space debris. However, the rapid development and rigorous benchmarking of
advanced algorithms, particularly data-driven deep learning models, in this domain have been fundamentally hampered by
a severe scarcity of high-quality, large-scale, and physically realistic datasets. The acquisition of real, annotated infrared
satellite video data containing genuine dim targets is prohibitively difficult, expensive, and often restricted. Consequently,

the field has relied on limited-scale datasets, which frequently suffer from a lack of scenario diversity, simplified or static
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backgrounds, and an absence of authentic sensor and platform motion dynamics, leading to a significant "reality gap"
between simulation and operational conditions. To bridge this critical gap and propel the field forward, this paper intro-
duces IRSatVideo, the first publicly available, large-scale, high-fidelity simulation dataset specifically designed for infra-
red dim and small target detection and tracking in space-based surveillance contexts. The core contribution lies in a novel
semi-physical simulation methodology that ingeniously blends real-world elements with precise physical modeling to
achieve unprecedented authenticity. Instead of relying on purely synthetic or simplistic backgrounds, our approach utilizes
real infrared background imagery acquired by established Earth observation satellites: Landsat series satellites (for Low
Earth Orbit scenarios) and the Gaofen-4 (GF-4) satellite (for Geostationary Earth Orbit scenarios). This ensures that the
complex, heterogeneous clutter stemming from various Earth surfaces (land, water, urban areas) , atmospheric phenomena
(clouds of varying types and coverage) , and deep space is accurately represented. Upon these authentic backgrounds, we
generate synthetic target sequences through a comprehensive and physically-grounded modeling pipeline. This pipeline
meticulously simulates: (1) Satellite Platform Dynamics: We model the precise motion characteristics of the sensing satel-
lite itself. For the Geostationary Earth Orbit (GEO) scenario, this involves simulating subtle camera line-of-sight jitter
induced by onboard mechanisms such as cryocoolers and momentum wheels, derived from real sensor data analysis. For
the Low Earth Orbit (LEO) scenario, we model the continuous, predictable background translation caused by the satel-
lite's orbital motion, calculated using orbital mechanics. (2) Target Characteristics: A diverse spectrum of target proper-
ties is simulated, including realistic trajectories (encompassing both linear and maneuvering motions) , morphology
(approximated via Gaussian kernels to model the point-spread function) , and crucially, time-varying radiation intensity.
Special emphasis is placed on generating extremely dim targets with Signal-to-Clutter Ratios (SCR) as low as 1, represent-
ing the most challenging detection cases critical for early warning systems. (3) Sensor and Imaging Effects: The imaging
process for specific infrared wavebands (short-wave infrared for LEO, mid-wave infrared for GEO) is simulated, and
sensor-specific anomalies like dead pixels in GF-4 imagery are detected and compensated for using advanced algorithms to
enhance data quality. Applying this methodology, we construct two distinct, large-scale datasets tailored to the primary
orbital regimes for space-based observation: IRSatVideo-LEO: Comprising 200 video sequences (91,021 total frames) syn-
thesized from Landsat backgrounds. It contains 220, 126 annotated target instances and simulates the dynamic background
motion and higher-fidelity targets typical of LEO surveillance. IRSatVideo-GEO: Comprising 200 video sequences (94,
136 total frames) synthesized from GF-4 backgrounds. It contains 344,285 annotated target instances and focuses on the
extreme challenge of detecting ultra-dim, slow-moving targets against a relatively static but cluttered background, charac-
teristic of GEO staring observation. Both datasets are meticulously partitioned into training and testing sets (160/40
sequences each) following strict principles to ensure diversity and prevent bias. Each dataset provides rich, instance-level
annotations, including precise pixel-level masks and bounding boxes for every target in every frame, supporting both detec-
tion and tracking tasks, as well as pixel-wise segmentation research. The innovations of the IRSatVideo dataset are
manifold 1) It dynamically simulates background changes caused by actual satellite platform motion (both jitter and trans-
lation) , a critical factor absent in prior static-background datasets. 2) It encompasses a vast continuum of target chal-
lenges, from maneuvering objects to extremely dim targets with SCR values as low as 1. 3) Tt incorporates multiple infrared
spectral bands and leverages globally diverse, real satellite backgrounds, ensuring broad generalization capability for
trained algorithms. Statistical analyses confirm the dataset’s extensive coverage in terms of target size (mostly sub-10x10
pixels), SCR distribution, motion attributes, and background complexity levels.

Key words: Space-based infrared target detection; Synthetic dataset; Dim and small target; Geostationary Orbit (GEO) ;
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Table 2 Orbital parameters of common circular earth orbits
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Table 3 Parameter settings for background sequence simulation
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Fig. 7 Schematic diagram of detailed steps for target morphol-
ogy sequence simulation in the space-based infrared moving

small target data simulation method
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Table 4 Parameter settings for target morphology sequence simulation
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Fig. 8 Example diagram of target trajectories in satellite videos
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Fig. 9 Schematic diagram of detailed steps for target trajectory

simulation in the space-based infrared moving small target data

simulation method
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Table 5 Parameter settings for target trajectory simulation
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background aliasing in the space-based infrared moving small

target data simulation method
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Table 6 Parameter settings for target—background aliasing
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IRSatVideo-LEO simulation dataset

K 13 (a) B8 T 78 IRSatVideo-LEO 545 £ 7,
H AR5 2% Lb o B FBL SR B A G k. B
14 sl 8 4 3 43 A O ) K (oS- 34 RS A6
BEEOFI3Z[E) (35 6 Z[]) =

M6 LA ). o Hrai B, SCR/NT 3 1 H b
7 LIk F 34, 8\% , i F IR 4 A i /N H
b CHARTE BN T 9948 =) A I Pk %, 340 T8 1l 55
Fo HARR Pk R teah R H bR A s sl
R R HLENAT R, H B RAR, 1A — 2 Ll
1 H R B 1-2 IR B 55 25 3k (46. 4\%) LU S b 3l s
HATIZ 3l (38.5\% ) o X FP ZHE MR B ARAT 3 m
TR SR B 2 RN R I K B . AR,
IRSatVideo-LEO £ i 4 WA 55 T 78 8 . SCR 3L J& 1
BLBR AL - A AR B bs , HE R 7 A A 20
I SEBRR 5

B 13 (b) it —20 J8oR T Hbr AR FOB AR 5 41
L. % T AR T i B AR 2 AL,

11

© h[E KR KL AR



12

PEERBEF ik

JOURNAL OF IMAGE AND GRAPHICS

PR LH SR FHA 1830 ) i 0 236 e SR i F AR IR 5 1B 14
T 2ERERE , HA T3 A A R s

esfr- Y (16)

Ao, a R B A 2P Al T b S IR Y A g
DFe AN T 0F] 1 200, Y e=0 1}, Hir 2 FIE,
Bl e {H 3G O, 106 B 1t - R BE 3 0 B AR
JERAT F T2 :80:(0 < e < 0.2).81:(0.2 < e <
0.4); $2:(0.4<e<0.6), $3:(0.6<e<0.8), S4:
(0.8 <e< 1), MNEIHATLIE i, TAVNT 10

LE [ 27.0% J 50.0% [ 10.0% |
HE (mE i BE  BEE

(a) ERERENDEFESH

(b) TR RERE THEGTH

((a) background complexity and satellite velocity distribution ;
(b) image examples under different background complexity lev-
els)
14 IRSatVideo-LEO {5 H A 7 5 g M8 4]
Fig. 14 Schematic diagram of background attributes of the
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Table 7 Infrared small target detection dataset
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Fig. 18 Schematic diagram of background attributes of the

IRSatVideo-GEO simulation dataset
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%8 NUDT-MIRSDT #1IRSatVideo-LEO #{{E&E 2 B X BER
Table8 Key differences between the NUDT-MIRSDT and IRSatVideo—LEO datasets
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FPE B B iR 48/12000/11464 200/91021/220126 200/91021/220126
LT S 217x302 1024x1024 1024x1024
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Table 9 Performance comparison of different detection methods on the IRSatVideo—GEO dataset

TR 2HE | FLOPs |  #Bf7ifE |  ToUT Pd 1 Fa
ACM 0.40M 7.40G 1.41 3.00 8.97 2.02E-5
ALCNet 0.43M 7.50G 0.26 4.15 9.60 3.83E-5
DNANet 4.69M 283.59G 0.99 3.89 8.53 3.46E-5
ISNet 0.97M 610.08G 0.49 2.08 8.59 1.34E-4
UIU-Net 50.54M 1087.52G 1.28 0.90 6.55 2.47E-4
LN N ER 7y Al
RDIAN 0.22M 74.15G 0.16 3.25 10.85 7.82E-5
ISTDU-Net 2.75M 156.75G 0.60 2.00 7.12 7.88E-5
ResUNet 0.91M 76.33G 0.16 3.24 9.87 7.38E-5
RPCANet 0.68M 891.15G 1.37 1.84 13.68 2.92E-4
AGPCNet 12.43M 863.32G 2.59 4.08 10.81 5.72E-5
STDMANet 11.88M 62.98G 1.05 20.38 41.05 8.56E-8
DNANet_DTUM 1.21M 176.66G 3.68 10.63 24.68 3.25E-5
JF 3 /)y F A A DU
ResUNet_DTUM 0.30M 40.88G 2.18 9.37 26.74 4.58E-5
UIU-Net_DTUM 51.04M 1151.19G 6.46 4.08 6.16 3.43E-7

®10 ATEEETEIRSatVideo-GEO HEEARREHILIHR EXMLMEEDHER

Table 10 Quantitative analysis results of comparisons between different algorithms under different signal-to—clutter ratio

scenarios on the IRSatVideo—GEO dataset

BERERRE ARG Z RAEZRE
IoUT Pd? Fa IoUT Pd? Fal IoUT Pd? Fal
ACM 025 111 296E-5 560 1425 9.03E-6 25.78 63.39 3.46E-6
ALCNet 029 102 5.14E-5 847 1554 2.11E-5 2832 67.56 2.43E-5
DNANet 032 0.89 256E-5 509 1261 426E-5 19.62 69.19 6.53E-5
ISNet 0.06 035 9.6E-5 236 1374 1.95E-4 16.02 6847 1.05E-4
UIU-Net 036 072 334E-5 053 885 5.88E-4 1028 58.77 1.42E-4
ERRTEAR] AN SR ol
RDIAN 040 1.77° 1.15k-4  7.46 1676 ~3.03E-5 29.78 75.17 3.71E-5
ISTDU-Net 0.05 030 4.75E-5 253 1224 1.23E-4 1006 5047 9.46E-5
ResUNet 039 110 484E-5 388 1585 1.11E-4 18.67 69.97 7.59E-5
RPCANet 038 3.09 2.66E-4 2.64 2183 321E-4 748 79.56 3.41F-4
AGPCNet 055 139 427E-5 518 1722 7.73E-5 2231 7561 6.69E-5
STDMANet 1425 3023 6.79E-8 2631 5232 127E-7 4632 87.00 3.08E-9
DNANet_DTUM  0.10 042 2.00E-8 637 13.38 ~1.27E-8 3920 64.47 1.23E-8
IS IEAwA VAN =R 7y el
ResUNet_DTUM 091 - 1.78 9.45E-8 1221 2030 1.32E-8 49.17 74.92 1.54E-9
UIU-Net_DTUM  0.67 = 1.08 5.74E-7 544 7.62 5.75E-8 31.39 5544 1.54E-9

© h[E KR KL AR



18

PEERBEF ik

JOURNAL OF IMAGE AND GRAPHICS

B SR S 1 Z2 TG 32 R I Ry anF

1t IRSatVideo-GEO £ 45 £ 52 55 vh , A SCHE A1 ¢
TE GEO Y3t T MRS 22 HE H AR AR AT 55 o 72
rad e, YN ZRAE P BEA LR H K AN 22, FEAT %
M AT REDLER BT TR 8 K x 128 x 128 1y/NEefE Ny
B

fi 35 Liu % A (2016) Fl Tong 25 A (2024) (1) %
B AR T3 2o B AL B R S X SR T
ko A MR YIS AR AR IE UREAR I LUy
0.8: 0.2, ASWFFE R F IS sl i 1 7 itk A7 58
i T i B SR KW S S i B R R
it P4 DI 250 FH A5 i 452 2K PR EK (Focal Loss) , i
it Adam PR L 25 AT R AL, S HOEE WA, =
0.9,A, =0.999. YA IR 3, DI Uf 2% > F
H5e — 4, YNGR 20 NI IHAERE S AN ZR R R
WY T SER AR BL 4% Nvidia GeForce RTX 3090
GPU ) PCHL I, fdi Fil PyTorch HEZR 52 AT . Hi T ¥
AR (L1 344285 WUENS ) , PR I 2R AR A3 46 E
FTREMLRAE R R 5,

TE IRSatVideo-LEO #4542 5L 56 1, % JE %] LEO
Y F HbE e e s, B s ah &R 2 42,
gk K 0% ARS8 (K = {10, 20,40} ) U2 K
BRI OC R o HAR IS5 GEO LK A5 —
H,HIE AFEAR LR N 0.9:0. 1 LU I 2k
S MR B, B 5 B B i A I ) 45 L3 7
VA DT SR A B 4 1T Pk R e P

FEVEAR H8 b5 7 T, A% SCAE A 22 (Pd) |
H(Fa) AL (LoUMEAE N FEEVERE B &, AT
PEAf 153 BTSSR AEAS [ B0 22 R R B, kb,
A2 ik — 2 IRSatVideo-GEO I3 42 41 7 4 DL T
R DMEE R R HARSCR/NT 1,3t
20 Bt IV 915 2) M IR A5 2% e 3 5% - HAR SCR /T 2,3k
16 Bt 741 3R fE 44 b5t . HAR SCR/MFATF 2%
4z 8], LA BRI

T 3 TS A T A 4y TR A A SRR
s 2= b5t T RYZE A PERE . TRSatVideo-LEO i
AN AL =M D5 HARSCR

KF 6,85 A= /NF1000, 4 18 13755 2)
WY HFRSCR KT 6, 1 5 & 24 /T 1000,
13N 3) B a5 HARSCR/NT 6, 1 5t 2
= BE R T 1000, 3 9 A5, 3 2k 0 B SRR T A0
43, BE N B A DA, SR AR AN [RIMEFE R S 5 T

P RE o
3.2 IRSatVideo-GEO IR 544

9 JB/R T AN[RIE L AE IRSatVideo-GEO £ 5 4E
B E AT A A o A X A BT R DR B B
D7 S SR I RAL K 9. 0243, 85% , HE 3y 1. 12%
1074£8. 6x107°, R B T H A5 R AEA5 2 1Y i
DL AEARAR 2% b H AR A T S8 MR AIK . o 8
31 4 UTU-Net B 250 5 35 50. 54M, {H I ToU (U
0. 90% , & 715 B4 1 T ASS 7 2% 15 TG 1 il AR5 % Eb
H bR R AEABDOR (0] 8 5 51 A5 J7 35, STDMA Net
SCPR A PR R IR T , DA R U

T e B RGN R 56 TIF A [R) 2 B R Rl A iR
Rtk

10 L A1k TANFME 2 L 5T nyPERe
TP HEIME L HE (SCR<) 50, it J7 325 4G
B TE 1% 2247, U6 B SR WU Y 7 S 55 5 24 LR
M LU R B H FREFAE . STDMANet i i3 i 3 22 1
W PAEETE 2 41. 05% , FLAR T 9 TR B B 25 A3 ol dd 5
PEUE I S T 5 iS5 (55 AT IEAR TR,
T HIRE 2R

ALREAE o B 25 R a1 19 BT 7R . STDMANet 55
RAEFTAT L5 e vh e B e b €5, AT LA S B
() B bR 7 AR AR 431, TRl o5 AINME RS TR . o
Wiy AR A FRAR AR A% L s b AR 2 B, A 72k
W2k . STDMANet % FH I 28 454 1) B BRAS I
Wit IR 42 e B bR B Rk

9 MITHARCRIFAL R, 5 BIALIK 3 )7 A
Eb, B84 5K 8l D 3ok A G I 1 8 R 47 Ao [ b S 3
T ZWILLAMIN B AR 5 AN 3
K IR TR R A B A A 32 A7 s ]

BARKF , A FR W5 VL 7E IRSatVideo-GEO -
W 3f F BN, ME AR X B AR /N T SR 2% B )
G218 B LI A7 T 22 0T 12 SR X B e — Bk i
HRLRE ) RN R A Bt . IR S A Pk e A
JEARAE T B EE B AELLAM N B ARSI Hh i) 5 g
YERT, W78 43R B T IRSatVideo-GEO i H 4 114 31 41
AEJT o B RBHE I T X o0 AN [l K

W 2R 2 (] P BE 2285, T X 4 AL B 1 4
PRHEESE AIE A PRAL R, B Sy v Pk v R
BAELE A
3.3 IRSatVideo-LEO LIS R 54547

11 JE/R T LEO i 48 1 A %2 B I Hr 45 2
© K%

K 2RI



TR, EE, B, EE, KB, =&, BAH, R
T [ RE MBI L5 55/ B ARe il 5 BR BR (7 E #1955 IRSatVideo

ResUNet

ResUNet DTUM

463890_0025

702195_0010

442503_001/

451838 0490

530378_0082

DNANet DTUM STDMANet

B 19 A[EEEAE IRSatVideo-GEO B4 - X b iy Al R4k 45 5

Fig. 19  Visualization results of comparison between different algorithms on the IRSatVideo-GEO dataset
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F11 FE#KNF ETE IRSatVideo-LEO ##E & _EHyEBERT EE
Table 11 Performance comparison of different detection methods on the IRSatVideo—LEO dataset

AR SHE | FLOPs | BATAHE L loUT  Pd? Fal
ACM 0.40M 7.40G 010 2149 61.88 1.90E-5
ALCNet 0.43M 7.50G 009 2652 5935 3.69E-6
DNANet 4.69M 283.59G 6.54 2895 4433 236E-6
ISNet 0.97M 610.08G 181 1132 73.18 6.87E-5
UIU-Net 50.54M 1087.52G 1.98  30.04 6399 9.13E-6

LSRN ER 7y iRl
RDIAN 0.22M 74.15G 123 1501 67.06 4.29E-5
ISTDU=Net 2.75M 156.75G 141 3182 5288 2.67E-5
ResUNet 0.91M 76.33G 037 2344 7078 2.08E-5
RPCANet 0.68M 891.15G 346 17.60 71.86 3.42E-5
AGPCNet 12.43M 863.32G 1,73 29.19 7274 1.19E-5
MSLSTIPT - - 59330  0.64 080 6.21E-8
NFTDGSTV - - 1019.17 042 2043 1.16E-4
RCTVW - - 673 004 2315 1.73E-3
IMNN-LWEC - - 320345  0.65 51.74 5.00E-4
SRSTT - - 4693.61 0.00 5203 9.27E-2
ASTTV-NTLA - - 114870 272 7196 6.46E-5
4DISTD - - 3536.69 875 6649 1.13E-5
STDMANet 11.88M 62.98G 19.72 3144 6883 7.99E-6
A2ZIUNEE Aol

DNANet_DTUM 1.21M 176.66G 2345  17.60 72.54 2.74E-5
ResUNet_DTUM 0.30M 40.88G 309  21.04 6703 1.58E-5
UIU-Net_DTUM 51.04M 1151.19G 1158 2282 7071 1.56E-5
ACM_RFR 0.50M 79.88G 020 2615 6390 7.74E-6
ALCNet_RFR 0.53M 79.39G 020 21.84 6429 1.65E-5
DNANet_RFR 4.80M 358.16G 6.52 2940 7173 1.01E-5
ISTUD-Net_RFR 2.86M 231.41G 1.54 2662 5574 4.12E-6
ResUNet_RFR 1.01M 150.90G 038 3370 7339 631E-6

RABZE G i — TR PEfe
THRRCRIEAG R W], s 98 8 i AE e e 1
fiE 1 [F] i) HLA o 25 3R 3 . ResUNet_RFR 7E &
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AR AE A MRS feff B 25 R AIE il 5 50 T8 51 STDMA -
Net 19 3. 145, 1 f& R BE W ML SE B Ab FRAT 3K
KR E |, IRSatVideo-LEO i HiE 45 g 1% 1 M X
AR AR B v g il A, WEAR B T R BN Y
Peds, ARER T & 50 59/ NH iR (B 28 TS5
DoBRER . B Se i I E R R R W UL

W12 80 AR 22 A 0y H00 M S PS8, AT AR
v eA R AN E R 7 ol K= R7 SRS =8 S e NI [0 ST

it bR S B IE , TRSatVideo $54 4 hy K 3k
AW E VAN SR 7 el U R R e 7o e (T I E T S
-5 AR Tz AR % e

4 HiLERVTiE

ARSCRE RS RAELL AN /N H B A I 058 A 1
P8 L SR T 80 il X — A2 OB, 1 R T R
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Table 12 Quantitative analysis results of comparisons between different algorithms under different complexity scenarios on
the IRSatVideo—LEO dataset

(O35 TR BRGF
ToUT Pd1 Fal ToUT Pd? Fal ToUT Pd? Fal
ACM 33.94 9383 1.10E-5 15.65 49.15 2.13E-5 1473 60.34 2.42E-5
ALCNet 36.18 86.13 3.07E-6 2090 5091 6.77E-6 20.55 6425 1.24E-5
DNANet 42.73 8586 5.03E-6 19.14 40.07 4.27E-6 1599 48.89 1.41E-5
ISNet 16.14 9530 548E-5  6.80 64.57 9.83E-5 1569 5691 147E-5
UTU-Net 4474 9330 4.31E-6 20.06 4230 9.84E-6 2391 66.80 1.14E-5
PAMTLT A1/ 0N B BRI
RDIAN 2049 9529 3.89E-5  9.36 4898 « 4.82E-5 1344 71.10 3.34E-5
ISTDU-Net 4571 89.04 5.42E-6 23.15 5198 6.34E-6 20.71 61.90 121E-5
ResUNet 28.57 96.09 2.14E-5 1894 5294 1.61E-5 20.51 7042 1.59E-5
RPCANet 2043 90.64 3.90E-5 16.10 6046 2.23E-5 1439 65.01 2.75E-5
AGPCNet 4027 9545 932E-6 24.56 59.80 1.14E-5 1924 66.68 1.59E-5
MSLSTIPT 1.18 1334 -1.67E-7 051 0.81 9.93E-9  0.00 0.00 7.54E-9
NFTDGSTV 561 1920 1.02E-6 022 17.80 “2.03E-4 041 27.09 131E-4
RCTVW 6.04 20.13 1.37E-6  0.05 22.86 1.20E-3 0.0l 27.92 4.49E-3
IMNN-LWEC 6.24 7430 636E-5 042 3785 597E-4 028 4632 9.17E-4
SRSTT 0.61 7026 6.17E-4 0.00 4578 7.07E-2  0.00 3829 240E-1
ASTTV-NTLA  15.15 86.57 137E-6  4.09 59.07 259E-6 094 7222 1.90E-4
4DISTD 1459 82.83 1.27E-5 10.12 59.38 6.10E-6  3.61 57.03 1.72E-5
STDMANet 4349 93.95. 577E-6 2657 59.09 7.12E-6 21.98 61.54 1.19E-5
A ZIEARA AN ER 7 Rl
DNANet_DTUM 24,51 9575 2.086-5 1674 59.43 2.22E-5 1021 6248 4.23F-5
ResUNet_DTUM  25.18 83.03 1.42E-5 25.12 5836 8.81E-6 13.14 59.33 2.70E-5
UIU-Net_DTUM  30.78 77.13 1.10E-5 2251 7635 1.77E-5 1645 5890 1.88E-5
ACM_RFR 38.56 84.46 3.56E-6 22.43 5457 7.64E-6 16.00 50.83 1.31E-5
ALCNet_RFR 4127 89.00 3.20E-6 1843 4826 145E-5 10.94 57.00 3.58E-5
DNANet_RFR  44.85 9471 4.74E-6 23.78 5878 9.82E-6 1859 61.56 1.72E-5
ISTUD-Net_RFR 3587 77.28 242E-6 20.67 4045 527E-6 21.24 51.69 5.78E=6
ResUNet_RFR  48.12 96.13 2.87E-6 28.19 60.55 5.88E-6 21.79 6337 1.11E-5
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