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A Unified Remote Sensing Image Restoration Framework
Integrating Frequency-Domain Physical Perception and
Higher-Order Semantic Fusion

DONG Zhe, SUN Yuzhe, LIU Tianzhu, GU Yanfeng’
(School of Electronics and Information Engineering, Harbin Institute of Technology, Harbin, Heilongjiang 150001, China)

Abstract: Remote sensing imagery is often severely degraded along the imaging chain by heterogeneous factors such
as atmospheric scattering, sensor noise, and extreme illumination conditions. Existing all-in-one restoration approaches pre-
dominantly rely on implicit feature learning, lacking explicit modeling of the physical frequency-domain properties of degra-
dation and the ability to capture higher-order semantic interactions. To address these limitations, we present Aether, a uni-
fied remote sensing image restoration framework that integrates frequency-domain physical perception with higher-order
semantic fusion. Aether introduces a harmonic-adaptive degradation analyzer (HADA), which replaces fixed-basis trans-
forms with a data-driven learnable harmonic filter bank. This enables adaptive parsing and precise extraction of spectral fin-
gerprints associated with diverse degradation types. In addition, we design a higher-order nonlinear interaction fusion mod-
ule (HONIF) grounded in the Kolmogorov-Arnold representation theorem. HONIF constructs a high-dimensional mapping
space via spline-based function networks, overcoming the representational bottleneck of conventional linear attention and
facilitating deep semantic alignment between degradation priors and image features. Experiments on three benchmark datas-
ets—MD-RSID, MD-RRSHID, and MDRS-Landsat—demonstrate that Aether achieves state-of-the-art performance across
haze removal, denoising, deblurring, and low-light enhancement tasks. Notably, on the MDRS-Landsat dataset, Aether sur-
passes the second-best method by 3.63 dB in peak signal-to-noise ratio (PSNR) for dehazing and by 1.60 dB for low-light en-
hancement, while improving learned perceptual image patch similarity (LPIPS) by 75.2%, effectively addressing the long-

standing challenge of unified and generalizable restoration in complex remote sensing scenarios.
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Figure 1 Key challenges faced by existing all-in-one remote sensing image restoration frameworks in real-world complex scenarios
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Figure 2 Overall architecture of the Aether all-in-one remote sensing image restoration framework

Aether B AR 1 G it 25 - AL 25 4244 , 370 i AH 2] 4
A 1 A D SR, FE AN R) 2 ] 3 HE R 43 il A 4 )
SRR RSSO B BOR T 55 . S
it s ok 5 PR R A 2 i A A 90 JRR T, DS 5
WILRFIEZS 0] Fy e R* 7" B 2835 DUAS 29 RHAE
PRI, B Z G 24 Transformer HUAA B DL 9k 2 RUE
B RAE . 4 E (i e1,2,3,4]) O FRAE 4 1 B8 N
C,=48- 2" ZE M S B (H, W)= (Ho /27 W21,
S )3 1 T R AR SR 2 x 25 (8] T SR A A1 B %K
Pk G i A B TR JE G s FG) e RISV g
A VETE R AR b B B i 08 B AL 5 27 T Transformer
He DL B J2 08 SURAE F, o, X — W ERAE AR T
PG 42 Jmy 45 4 TN SIS B, o 5 22 1Y e Bt o e 42

HEIE U

fiff % 5 1 112 Aether ZR A BB A% 0 T E o
AL S WU RIZ L e(4,3,2, 1}, BEANZ S Sl
i FORAERIHOR AR A BER R E R R BT & e R, b
SRAEALHCR 1 x 1 B BUG 8 R EHE S 2 x 25 [1H]
ORBERN 2 B RUESE . LR FEIS BIRRAE 5 R 2%
Xof N7 J2 2% 1) Ok BB 32 42 R AE B, 8 000 3 TR 4 4 BRI
J5i 2% A Transformer ¥ 7 51 JE 77 FRAE 404k o ff 0 2% 1Y
BAZY ] e{4,3,20 HB4E B T HADA Fl HONTF 555 44
BB AR50 3, T8 B2 AL I P IR &2 AL .
R 5, HADA B H DL X B Sc e i A b )2
UAL 3B Ak R AE DO e R4 Hoh | L =50 & CLIP 4%
fiE 1) token B3 , d, €{320, 128, 64} 43 7| Xf b fif 1 25 )2



804 H, T

EE 2026 4F

G le(d,3,2) IR fL RALYE S . Bl J5 , HONIF #55 e 32
WA B 5 R AR F O AR AL R AE DO, T8 2w B Al 2
3 A R AR I B SR ARAE F o IZIGIRARIE S
JEL U fire A 5 R AIF AE O T 4E B PR RE J , & BAN Y
Transformer B F110 18 He 47 4 FLAL B, A= pl il A 1B 1k 5
W R IE I B T — 2%,

15 i i 8% R 2 (1=4), F5 1E K 25 8] 5r B %
S (HI8) x (W/8), W 2% Jik <7 BY 7 s 3 [ Xk, o isf
HADA-HONIF P [F) A5 B 3= 2L 67 52 HLRL BE 10 18 & i
A R iR A R . AR g P R (1=3), FF1IE &
23 [6] 43 PEAR B TL 25 (H/4) x (WI4), Py ) 52 B s 1) v
JEE ) R 8 45 A R K, O T IX I A5 Ak G TE N 45
AT R TEMRIS AR IR R (1=2), FRAE K 25 (8] 73 3 5
ik B (H/2) x (W12), D[R] 458 B & 1 T 40000 B Y 20 3
T Gk R 0, T 2% EL g SR A 11 S RS B A RO A
) PG A0 5 R A S o B, iR 2 R 4 i
F((ile)C € RO W 22 55f 25 K 41 4k Transformer 3k 9 47 i
LA LI R A 15 B A AL AL F e o D2
K HI 3 % 3 4 BUK Hom B [m] RGB 45 a] , 5 4y A &5 it

7 5% 22 1 LR IR 28 02 I 45
1 Iq + Conv3><3 (Freﬁne) ( 1)

25 [Tk, Aether iX Fl A 22 L2 00 B9 2 IR L &
JE U AR L 3 5 HADA il HONIF #5 He 7E 2 A i 15 )2 9
BB RV, B O T AS TRk B 1R 1k JE 6 15 B s e
AL RFAEFH 52 2 IR 8 AR R, Rt fg e T
IR AL U REAE 7 R R A0 N Rl = RO M AT ik
B AL G AT RS B AR TR AL G R
P PR 28 3T s ik () A

HADA J2 Aether HE 42 rfv iR 1k RRAE 42 BUAY 4% 00 41
1, an 3 BT, e b B AR IR T AN [R) R fh 2 AL 78 4
2 (] 2 00 I 3 25 Ak YRR A Ao A AR X — g B
NI A% 258 T 3 R FH A 8 00 36 03 it S i, A 5
PR 5% 78 o /N U AR 4 A 5 o i SRy T SR A
Ao BRI, XA [ o i A E TR AR A M R PR, 42508
A 5L R 8 ) BEATL ) -5 TS R AIE < 25 3 3 B HI 55 41K
A AT A Jey XoF B B 5 AR B A5 e LU R A1 25 5 ik
PRSI ATAN T 5 W  AE A B S AR Bl 5 MR ) A R
D5 A s A e A [ AR A3 T IS AN
[FR AL SRR , 2GR LR AR A B A R

[ TEIAmEAE LD

Y

R BAER /1(FAA) \

= [z p gl i
— _n_[ /\/ i Fl=MHA(-F'), ic{l23)
®
EERE. 254 IRSTHFEF,
%% . a)
CLIP ik F
e Y i —- /\/\/\/\ EREERT
ol w
IR B, IHEF! ,
a}
= RRMBAHIE
L
Bt g 1l
LT L) \ws&zwglf FHUHEF! / \ pre— /
K3 HADA Rtk H[El
Figure 3 Architecture of the HADA module
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Figure 4  Architecture of the HONIF module
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Table 1  Quantitative comparison results for various degradation types on the MD-RSID dataset
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Figure 5 Visual comparison of different unified image restoration methods on the MD-RSID dataset
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Table 2 Quantitative comparison results for various degradation types on the MD-RRSHID dataset
. o X% Ex L JeMg ot os
Ttk R
PSNRT |SSIMT |LPIPS| |PSNRT [SSIMT |LPIPS| |PSNRT |SSIM T |LPIPS| |PSNRT [SSIM T | LPIPS |
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Figure 6 Visual comparison of different unified image restoration methods on the MD-RRSHID dataset
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Table 3 Quantitative comparison results for various degradation types on the MDRS-Landsat dataset
5% ZASEHY EL fooehs s
ik R
PSNRT |SSIMT [LPIPS| [PSNRT |SSIM T |LPIPS| |PSNRT |SSIM T |LPIPS| |PSNR T |SSIM T |LPIPS |
NAFNet 22°’ECCV 31.56 | 0.9642| 0.0417 33.10 |0.8120| 0.3194 | 33.08 |0.8263| 0.1872 | 30.40 | 0.9516 | 0.0542
Restormer 22°CVPR 36.18 | 0.9867 | 0.0124 35.23 |0.8559| 0.2099 3453 10.8589| 0.1356 | 37.86 |0.9872| 0.0110
DGUNet 22°CVPR 27.45 10.9338| 0.0713 29.64 |0.7822 | 03405 30.31 | 0.7314] 0.249 1 27.15 |0.9010| 0.1339
TransWeather | 22°’CVPR 35.02 | 0.9689 | 0.024 1 33.45 |0.8159| 0.286 8 33.69 |0.8428| 0.1530 | 36.33 | 0.9705| 0.0193
AirNet 22°CVPR 2439 0.9331| 0.064 1 28.27 |0.7887 | 0.3244 | 3030 |0.7446| 0.1918 28.38 | 0.9472| 0.056 9
PromptIR 23’NeurIPS | 37.61 |0.9897| 0.008 4 36.41 |0.8861 | 0.1557 34.99 |0.8729| 0.1029 39.09 |0.9900 | 0.008 4

IDR 23’CVPR 36.99 | 09892 0.0087 | 36.57

0.8902 | 0.1498 | 34.88

0.868 1| 0.1091 | 35.19 |0.9865 | 0.009 6

SrResNet-AP | 24’CVPR 3478 | 09825 | 0.0186 | 34.63

0.8479 | 0.2273 | 34.70

0.8620 | 0.1375 | 33.87 | 09823 | 0.0165

Restormer-AP | 24°CVPR 37.36 | 09888 | 0.0098 | 35.75

0.8732 ] 0.1800 | 34.96

0.8697 | 0.1239 | 37.27 | 09885 | 0.0102

Uformer-AP | 24°CVPR 36.06 | 09877 0.0107 | 34.64 |0.8488 | 0.2342 | 3439 |0.8533| 0.1334 | 36.58 |0.9899 | 0.0069
Ada4DIR 25°IF 38.79 109911 0.0065 | 3640 |0.8874 | 0.1567 | 3497 |0.8688| 0.1241 | 40.69 |0.9923 | 0.0050
PhyDAE 25’arXiv 39.12 [ 0.9928 | 0.0227 | 36.88 |0.8824 | 0.1487 | 34.53 |0.8651| 0.0991 | 42.24 |0.9949 | 0.0121

Aether — 4275 09942 | 0.0071 | 37.55 |0.9078| 0.1871 | 35.15 |0.8745| 0.1720 | 43.84 |0.9963 | 0.0030
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Figure 7 Visual comparison of different unified image restoration methods on the MDRS-Landsat dataset
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Table 4 Comparison of computational efficiency of different methods on

512 x 512 resolution remote sensing images

Jrik FLOPs/G MEHER /ms | A7 5 T/GB
AirNet 518.24 576.31 3.62
Ada4DIR 366.67 380.79 5.02
DGUNet 1 050.57 652.84 3.85
PromptIR 632.56 1010.96 2.38
Transweather 782.45 718.63 451
IDR 887.12 805.28 4.76
Aether 441.98 421.46 2.74
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Table 5 Ablation study results of the core components of Aether

R PEREZR L (4D-AVG, PSNR 1)
Jrid MDRS-
HADA | HONIF | MD-RSID | MD-RRSHID

Landsat
Baseline x x 28.65 32.71 36.17
+ HADA J x 30.15 34.42 38.41
+HONIF | x N 29.43 33.89 37.76
Aether N J 31.07 35.38 39.82
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Table 6  Ablation study results of different frequency decomposition

strategies in the HADA module on the MD-RRSHID dataset
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Figure 8 t-SNE visualization of degradation features at different processing stages
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Table 7 Ablation study results of different interaction fusion strategies

in the HONIF module on the MDRS-Landsat dataset
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Figure 9 Visual comparison of feature activation maps before and after processing by the HONIF module
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Table 8  Ablation study results of different loss functions

TR PRI TEREE R (4D-AVG)
Loxa | Loercepat | Loqueney | PSNRT SSIM T | LPIPS/
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