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Abstract: Detection of material mixing uniformity is critical for enabling online quality monitoring and pro-
cess optimization. This study addresses the degradation of uniformity evaluation caused by defocus blur in
hyperspectral imaging (HSI). A physics-constrained self-supervised learning framework for unpaired hy-
perspectral image deblurring (PC-SSL-HSI) is proposed. A Uformer-based architecture incorporating the
SimAM attention mechanism is employed as the deblurring network, while adversarial training is intro-
duced to align deblurred outputs with clear images in the feature space. In addition, a blur kernel predic-

tion module is designed based on a classical degradation model to construct pseudo-sample pairs, enabling
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self-supervised learning that guides the network to emphasize local detail restoration in hyperspectral imag-

es. Experimental results demonstrate that the proposed method effectively enhances image detail, suppress-

es artifacts, and improves the accuracy of material mixing uniformity evaluation. On a simulated dataset,

the peak signal-to-noise ratio (PSNR) reaches 34. 970 and the structural similarity index (SSIM) reaches

0.900, with concentration prediction errors ranging from 0. 022 8 to 0. 031 2. Furthermore, hyperspectral

imaging experiments for material mixing uniformity indicate that the proposed method outperforms compar-

ative approaches in metrics such as Kullback - Leibler divergence and coefficient of variation, highlighting

its strong potential for engineering applications.

Key words: hyperspectral image; defocus deblur; mixing uniformity; self-supervised learning; physics-

constrained

1 7]

nu\a

ProRHiR & i i 25 VR dh AL TS ST — A
FET WA REHIMEEERE T R%™
ain R 00 28 R S A R R R AT DU A
MEATAL , JE S B ™ i B e R 1 5 T 2
YOG HE o L GE IR S 1 AT MM £ R ke
Mo a3 Bk A A 26 G I JR] S G K B2 A
ToRFE PRI L 5 I R R R —
Fift < P 3% 5 — "R, AT LA R] IR ARAT AR a4 /Y
25 [ 5 A5 8, T 1 5 24 20 Pk 9 R
HORT 0 P A 4R 0 A iR A2 0 . e il LR AL
i F Ak A 4 BT R B 1 T AR O L R
TR BR G 15 I0 k3% T A A R AR 55 A
BLAE P AN - A7 I 2 5 20 1145 B0 AR AT
AR B 2 AR = e R = [ o B R, &
B MR ZO06IE 7 AR AT, R A P4
F1% E A 1

T ISR AR L v AR AR T A A8 S T A
P15 5 B A% (ol 97 HICeR 10 22 18] 1 46 B AT
FUR , M 25 2 50 05 0 A0 PR {5 it 47 52 it (5 e
WD BB iz Ml . AR LERE P T ) 52 PR
FH PSR AZ R T B R BRI SE 2 B Iz B G
Ee WIniksamEs , A LM 7k it — 2
37 e T IR A AL G207 ik 5 2R T IR
> B RO WK B 7 1k o AR GE 5 W R R T RO R
B MEARHELR 254 RS Bt H AR eR B0 2E 47
ISR o Fang 8 7R T 5 O 3% 181 150RH 408 9 Bt
(] F) E T AR S P 4R T — b Rl A e -2 A 4
Ap 22 e i 5 i AR T Y U B 7 1k BB AE
PR B 25 1) 30 2% 00 [ i 24 35O 35 A 1 22 . Guo

ST R B S BB RO Y
I3 BB A AR 25 W R AR 5 v O R N 288 1) e
FIE R RORME o X 27 vk B RUF Y AT i R
5 RGNV R O R Bk, SR R 22 L HL
RS2 BT e R s i & B, 5 B AR
AR H, BB TR 7 2 (R e, K iy 2
T B2 ) I BB R BRI A Wik . 7E RGB
% 45 388, NAF Net " 38 i i £k 35 28 M 30 ok 4
Pt B M 45 454, Uformer' 5 Restormer ™
) 43 585 8 5 Transformer 5 U-Net 22 44 f@l &
WERA T E MR, 7RSO BRI, Geng
SIS YR S TR B N 4% A ROR ]
o G A A g S B . Wang S5 3 T 3D
DnCNN M ECHlE v B 3 B 2% 2 6 3% - 28 0] FRAIE
Xie %"l i 511 2D-3D IR A E M S 2k ER T
ML, SR 2 E S AR R RS ME PR I S A B . X
205 1 BB DORS B v L™ RO K Y 3 i -
BRSO A AR AT I S5, T 7E 55 PR Tl 3 5t
RS FE AR i AR BRI HE o o 9% i R 2 ) Rk
XoF JORT R A HSCHIE 1) A, T8 4 W S8 T IR AR R TE
BHRBE 4 ) A% . Cyclegan' ™3l i3 %t o Il 2k 5 116
PR — BPE 27 2] S I 5 AR T 4 1) 1) B S, 1B
HNZrad B 0 Fe e PR 22, 5 oy S B LB s ]
BRI L. Tang & AR E o 56 5 1%
gridm 4 —FhIC MR E R BRIAA, A] 7R
B A% A HE 18 00 T &R R, (B T B AR
B

Ry figt R O 1 T AR A AR XHR A 38 5
PEAS A R B PR A SCH I T —Fh B B ey
HRAE B % 5 06 1 B8 2 BRI 5 7 (Physics-Con-

strained Self-Supervised ILearning for Unpaired



1158 e K TR

34 %

Hyperspectral Image Deblurring, PC-SSL-HSI
Deblurring) o % 53 1% F F 28 i [ 15 GR 16 5 7
VE S Wy BB, B — > BOR) A T ASE B T 44
T DN REAS XS, DT A M B o >0 496 9 A 28 0[]
R B A0 I RE Ty o AT X G AR B
AR FE 0, BT T RS SImAM B Uformer
FRRIAR B, I L T X 4 o o) AR 51 S RO &
A8 15) Y55 I 3o P15 R TR X 5 o i LR L S S IR
W], PC-SSL-HSI Deblurring 54 ¥ i 1 fig @ & 1
TR AR AR T IR EUR IR & 8 A M A
Wb A R 4R PERE -

2 HikRm

TE 52 B Tl 37 5 v AR 3 90X 0L Y T BT - A
R ARE A KT 38 B ME LA K AR . BROR BE T X B A
2] 14 T Wa B O 1% e 8 A 3 R IR TE X SR A R AT
Y2 (0 A AL H br 32 245 88 78 R 0 3 1K oy
AT VEIE 5 28 W N 25 — BOvE 2 T, B2 X6 A
% T B0 BR K SRy VA5 R A DG B A Y Yt 2R
BH551%, 55 3R E 45 R o BT e
fh 52 & [n) J It , PC-SSL.-HSI Deblurring &
P gL B B SG 0 0 B RE AS X R Sy
155, 45 BRI 2k o 7 b R B — A )
DX B A fE AR AR W B Y AR R GO N R 2 H
B, DT 3 5 240 715 VK 52 g ) ol ok ) R 2 R A

T PR R X, 305 1 1] ROBR R b B0 A AR A I
R AREAS O 2RO B B AR 4 T w0 B
Y SR P BEAR X JE R . WA T I AT O R AR
i 2F 20 O BEAS v ASOR -T BT AR A S, 25 A5
B He R SImAM + Uformer, 25 5508 1 B i B
T I 25 A B T AR A% o000 1R £ T 0 R o o
BRI, T 2 DA RE AR X By B it . —
O LB S A 2 ) R A B HE 3
[Fi) & T B 1 A TG T G R AR T 2R 1 R O i TR
LRI PERE .

B B A R AN R 1 TR i HE SR A
T RBOIAZ TN B G, R BRI B G, F1 % )
Do eI 2ot FR b, E E DAB ER Y
Skt A ISR A I PN 2 G TN ASER 1]
XoF 3% 1) St HE AT 4 (8 G2 55 DA77 2R A ) [ 0 BOR
B Ko B K 515 W KR 2o (FIBDRT R v,
A X ) HEAT 4 B B ARAF B R 2pir s 20 A
Zoe K5 AE A O BE A G F I 25 25 B0 I 26 G
B BB yea B 3d G A2 BB BB Yoo IZAR
B PG R M R e 15 R 25 500 % D A, R
ST BLE 2T NGk Gpo 5 LRI, KB R v
FIRR % i UG 15 2 5 AU EZ vy, 0T LAFI
Vvea FA AR 2 VN SASRAZ U ASE B Gy o AR L)
B B, T AR B BRI e G 0 SR RS
HEAT S BOM R A

Yreal

ResBlock x6
Avgpooling

Conv 3x3

® Convolution
G, Kernel predict module
G, Deblur module

Ytake

N

D Discriminator

Yrebiur

BT F W 2 T T X v Ol 1 TR AR 25 A5 I 2% A 4
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Fig.6 Contour map of concentration distribution after deblurring by different methods
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Tab.3 Ablation experiment results

Kernel size

SimAM PSNR  SSIM  SAM
1115 19
N 33.233  0.872  0.033
N, N 34.369  0.893  0.029
N, Vv 33.057  0.891 0.034
N, N, 34.970  0.900 0.028
FEE .

h T it — A X Sim AM BB 2R AR 4 5
M, % v 2SR [ AR 7 3R 3 R 2R A 1,4 R 43 il
FAE AR B, IO A B ER 2 D 2k (] 7
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Fig. 7 Comparison of spectral curves with and without SimAM module
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Fig.9 Visualization results of different methods on actual collected datasets
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ods for deblurring image principal components
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Fig. 10 Time varying curves of CV after deblurring using different methods
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