1007-4619(XXXX)XX-0001-11

National Remote Sensing Bulletin & & 5 4

= R E T 2 T I

«“ﬂ%

Qﬁ$gﬁﬁ

-« A, HE, 2R W

T R A 2R B VIR R 59210023

B OE: HEREDCIEEG (HSD 75l % i RS R SRR, s 1 o

P AT AR R S A BRAT:

S RICT R AR PRI e P AT IR U T B RO TR G R R BRACR, IZTNEH IR B B R
FAEXSFRYE , XA BEAY AN [F) M P A 7 (A5, (220 T SR JBE JE 23 6] A N TE 3 A RFAIE, SRR ok BR o B
T, i R s (X BRR BT 448 4y (BSALTV) ) HSI A BRASERY . B3 BE43 18] U, 7850 AR BR TJE!I“*}HEI@

MERER,

AEAS S 73t S ke HSTRR BE ARt Je i 0 A AR, OF HAEAS TR B B L S B R A AR X R oA ol it

X BEHE U, RIS B AR XS BRI AT AT IR, KRR 1 MR 00 22 R R AR B AN [R] e BEA WP 0 A RFAE , - AT
TERRAF BRI SRR Y [ iyl DM s i T PR AR ORI B3 o fiem, o ADMM BEESR B, 7Edy
JRA LS R A b i R SR SE R, BB 5 A DL T X L B A Se it A RN ik

3&%3151 FOLTE EIE, j&“"ﬁ@ MR, AEXSFRPLE R A, Sy, BRI, SR m Tk, Wb

¢Iﬁ*=:
%Iﬁ#ﬁ‘t EIIHHESO‘#J NEHNFETSERIEEGRER. BRFE, XX(
G Bin. XXXX. Base space Asymmetric Laplacian Total § Hyperspectral image
@ tlonal Remote Sensing Bulletin,

\S\)\’
=G iE K14 (Hyperspectral Image, HSI) H
AR B ETERS BE L T LUE R P AR O 2 i 4%

TR TAT 55, AHE HAR R (Tao5E, 2016) .

SrHER (Dong %, 2016) AW Ph#E (Willett
A, 2014) Ao SR, i TANA AR ARG L I
PR, b PRI A% i A v R 1 L I FL I
SRR R IR, SEPRARATI HSTA i3k G b 2
S EN KRR A YRR, U E AR T RS R
I, B — ﬁﬁﬂ%@%ﬁ%ﬁﬁﬁ?%ﬁFﬁ
AbBRAT: 55 (ARG 5 280

PR 2 25l /tﬂﬁéi@ﬁjiﬁEﬁiﬁ%]’Eﬁiﬁéﬁ
M5 % Zheng 55 (2020) H2 HXUH F E MK
B9k 43 f# (Double Factor Regularized Low—Rank
Tensor Factorization, LRTFDFR) 75k, %5k
Oy ERZR T 2 6] R 00 B A g 1 DG 3 PR 19 %
ik, $Em 7 HSIHY R BRPERE . Peng %5 (2020)

I HHE . XXXX-XX-XX; FEIZR : XXXX-XX-XX

c-““

DOI:10. 118«

2 B E) HSTAH B B2 (8] 76 BT A I B b A oA iy ik
SR, PRI R A —4E 47553 (Enhanced 3DTV,
E3DTV) MR, M RIS HSTAR BE L2 (]t i
MR P20, RE A% B G 1 W S i 2 PRI 1) 4 Jmy
B A RHIE . Qian 55 (2024) & 478 43 AN 22
1IE ) (Total Weighted Difference
Regularization) 7575, %A EFH LS 1
%‘i‘ﬁ(EI"Jéﬂfﬁﬂﬂﬂ%ﬁ?ﬁﬁfﬁ@%%ﬂ‘ﬂ@%%ﬁﬁﬁﬁﬂﬂ%
PR, A0 T RO A E

AN, Peng 55 (2023) #2H =4EMH A ﬁ\EmU
1t (Correlated Total Variation, &T%’J M,

Variation

ﬁﬁ@ﬁﬁﬂmﬁﬁgg éﬁ& = B
FEf SR (S @@ S B
Aﬁﬁﬁﬁﬁ$@, EIRHI . |-

WIr kB HSI@%@J‘ Hy 0 P T R R 1Y
B0 A , MRFERRIAE RN, HAEAH

e B RO 7 3 o R KR, R B T B P 5 07
e B 3 I 7 Ol A

HETH . F%EHAREIES (61971234) s 17 5T KA N34 (NY220209) .
E—EEE N AR, U5 AR R R E R A BALES 2% > . Email : 17201628783@163.com
WIS EE B M4, HF5T )5 1) oAb HLasa 2 AP S Aab 2 . E-mail : yj8422092@163.com

© GBS



Ak, 4 %TEFQXI_J%%H
HARTE HSI j&”ﬁ%@ﬁiﬂﬁﬂl
(2022) é&ethfﬁ? 7 Eﬂ

Reasonlng Network,

Spatial-Spectra
DSSG ?ﬂ# Iz*i"ﬂ% F& IS RS POk
NI 45 56 A L 3 B e Ty S 3
TR AL BREE T . Ma S (2020) $EHHGSR
Ak Jas 6 9 Bk I 4% 1 HL I (Enhanced Nonlocal
Cascading Network with Attention Mechanism,
ENCAM) 1Y HSIZ:MJ5 ik, %07 A FH 9 0k ik 22
WA AL SR IBUR R AR AE , 5l ATE R AR5 44
K 1 22 IR 45 REORITE T8 G T A58 R s J HUAY 22 I
BERRIE o B IR BEAR PO TN RE ARG, B
e S2Z BRERU AN AR 5, A LS B ST A Ak B
N3 TS 2R LR AR L

WA W 22 07 1 dile /b %k S PR R PR 43 A () 2 57
PEREAEXS FRYEDESE , I Hy R0 307 70 A SO0 I
f 7 e #ﬁ%& Eﬁ%ﬂﬂ@%%%ﬁ%

{F Xu 45 é@ " G B BAT B R
X H #E%‘/J %4

TR I S o 1 TR 2 2]
= E R . Cao %
A IEFE 2% (Deep

S S 3 A AE S D AR X R
TLE&Q{ I@B\I‘IC Laplace, AL) 4375 KA 41
@gg@%%ﬁﬁﬁﬁ@ it A BB
& (Modeling Based on Asymmetric Laplacian
BALMF) 1 HST £ WMeT7 ik o 127k B
AN BB R ER RN AL 23 A1, 45 G AR AR [ fit
(Low-Rank Matrix Factorization, LRMF), #F|JH#
FALSRAR T T B ST B AR . Wang % (2023)
B H X B M P A A TR JEE KR S5 55 (AL Noise
Modeling Deep Image Prior—Spatial Spectral Total
ALDIP-SSTV) KWeJrik, %0yt
R A X B A7 7 S0y I P A R R R SR R AR A
() B )i FH 2 ] =)' 15 42 48 43 (Spatial-Spectral Total
Variation, SSTV) Q"]FE ﬁ,&ﬁaTHSI s ) 4
ﬁﬁ%%mﬁ A et 1 18

fﬂﬁ%ﬁ” @ TR RRPERE, (HATH RS B
, ANREAR4F IR WH%E’J SUE FIE N

B F%Eﬁ?mﬂ’)ﬁ%imfio

5 Ah ., TE X HSE B 45 /Y Bb OB KR A5 [
UeR" " (i=1,2, 3)MHERT, RUUKETT
K 2 AR oA, HEAEREME. WK 1R,
P& 12 EL S AR AE urban T A BR B I 2 8] U, HER
WAL, DU R A, hk
L T AR 38 285 B2 DL P N AR X R r 7 A 3R o i

Noise,

Variation,

WEE TLOREE ], U AR AR, ﬁJﬁH TE

B, U, 78X 1] 0.02 ~ oﬁnﬁo , B
fU,) Ff(= U)me %Wﬁifm
U TR, PFRD (1) 437
ﬁﬁ?ﬁfﬁAﬁﬁ& amﬁﬁ H

11, mTE*%@@ﬁ%h%%ﬁm%K i
w Uag@%ﬁﬂ¢2ﬂﬁ§%@ MM AL 53

U H RSB BRI T, L,
U3 /E\ﬁﬁiﬁm

S (U,)

p
08 08 04 02 D0 02 04 D08 08 ‘
U,3 b

B U,k A
Fig.1 Probability density di$§ikeion diagram and fitting
«\ﬂdl Srant of U,

P, AR SCHRE 3 A ] R X B 4 AR
> (Basis Space Asymmetric Laplacian Total
Variable, BSALTV) [ HSI 2 MAR A | 245 7 A
FH AL 43 A5 R 35 52 g HST M 7 RS J3E 2k 25 1] U,
FEOTRE T U WAL A5 B AR B 1 A
[ R, EARTTERANT -

1. o R BRI NTE S AR, 3R T 6
JEREZS 0] U, NTEAEXTFRE5HE , DR T HSIAS B2 1A
s E B, B bR 5 i R T .

2, %'JFH”%”@F%M%F% Iﬂzﬂﬁ% PEFIEXT
PR A, R M PSR B ik 2 H5E A = X
(AL) Z3Aii, ?EHJ.%/I\IEHEI Af 30 428 gy
(BSALTV) ¥ HSI N;%ﬁ; @Zﬂ@%
i e HST HH G i 45
ﬁﬁﬁﬂﬂﬁmééﬁﬁ L%ﬂ%w ??T
25 0] Qf\,@ﬂ(ﬁ% R R R, 42 7 HSI £ M
iﬁmg%

3. R T7 10 e+ HoR A SCRIRL, S
AR EACELIN , SR SR Tk B AR
T RE

© CGEBFEFEIRY



GRS S RO P 7S VALE 8 T e Pl n  SEE NS 3

2 MXTAE

o
2.1 HSI%H,RH'J{&%QCJ

—&@ %ﬂfﬁ 2 1 LA e A
) HSIFE A 2/ D& SE, XEWE

JF«%E’JHSch£751EWEEﬁ (Wang %, 2023). H

i LRMF, XFF455E (I HSIY e R™™**, A .
Y=X+N=UV'+N (1)
ST
yy =%, tn; = ui,:vj +n,; 2)

HpUe R""HMVeR"IEINR, YERW
A HSI, N e R"™ /KM, X e R P FRT

AU HSL, M. H M B4y 53R HSII & . 9 )%
MGG BB, w, , RORUME AT, v, RRV
M5 AT o
2.2 EIES(ﬁn?_L?E‘T-hHﬁﬁﬂm gl

zﬂ%ﬁ% J LB 1R — P2 e %
aw 7 AR N = WA A
diﬁ;a i /ﬁﬁﬁfiﬁﬂ%ﬂrHsuﬂz%ﬂPé’J
E*”E’EF‘% UIH%T HST M5 e Fcdk . R,

022) % [EF|SL PR AR TS A, K Mg gl
VBt AL 401, A A B B R W
(BALMF) 1M 5 ok JRA5 S8 4r A MERE
R M= N IR AL A, A -
rLU~ALj(niJ~|0,/\j,Kj) Vi=12..B 3)
oA, kAR RERIE R SR, RS
DA A 22O, TR BRSO B 0~ 1,
L4310 B35 RN -
pa (s ) exp (=[x = w|An) (4)
H A, "r]—KH(x>O)+(1—K)(&r<O) I(x =0)
RACREE, W > 0, BRE> 4 0.
*Eﬂﬁ (2 ‘g@% (4) AT EIEHEIAPECL A

RN
«E ﬁilogAL (2, .K;)
MI; 37 (5)

= 221(%[ (1 -x)]-

SRk HRES RS, BRI ACRLI T
DLSCHR Xu % (2022),
MH

A:— (6)

J 1411
il Yi = Xy

_ &+ 2MH /§2+4MH -
K
Hrpg =2 f (v, (@@ X\%%—HSI 14 55

JERMTERE
SEESNITS @@eﬁﬁ:
Qﬁs\%}v‘l [woy - ovh|, (8)
HorpwohAEXI PR A B 280, WG, ) TR w, =
Ay, O FRICER, SN T

min ||Z||
X.Z,UV (9)
st.Z=WO(Y-X)X=0V"

Hrpz e R, X e R"™ " NHAH IS H
2.3 E3DTV

Peng 55 (2020) 2% [& 51| HST (4B B & 76 AN [H]
W B Z MAEAE AR TR A AR B 45 4, 2 H 3 e 7Y
=Y 4754y (E3DTV) iF WL R A ﬁ*ﬁﬁ&ﬁ
X A J3E RIS it o s i 12 249 R Iy
LA 1) BE 2 8] 1 e hn g m% i&mT)%iB
M?{%@a%ﬁ{%ﬁET TVT%%T%J

F?DTV (10)
DX=UY" ,V, V, =1j=123
,HQEF‘UI-ERMHXR, V.e R"", DX(j=1, 2, 3) 41

RS AOT | TR DGR 6 2B
3 ARICTAE

31 ETFEIFENFRUENHTETSNERTIE

7% J& 3 HSI YW S Kb B BE 23 [A] U, e R 4R
HAERBMMAEXS AR, P [R] s X M 75 A i
FEAS A U MEAEXSFR (AL) 2288, R U FE R GG ER
FEE EReREE,

ﬁﬁﬁégﬁgﬁ% 7 85
4754 (BSALTV) B H, R R
TWFK %@- gig% % B 18 B
ShHy L BEG @% @ﬁ%%%mm
St ﬁTz%@ﬁ%m1 B R ) . R
W, ﬁg\ﬁ

mlnrz”W@U || +/\||W©N||

st.Y=X+NDX=UV, V'V, = an
VERB RU RMH R _123

Hrby, X, N5 HSI%%NF, T ) HSI

Mg WHIW.(i=1, 2, 3) FIEXFRE IS5,

© GBS



4

Az R ENLSHL
3.2 fREZE c
ﬁﬁmm%ﬁgﬁ&%Ymoﬂm%rﬁ%
1 NI st (10). 7951,
Q‘L‘(IJQK,N,U”V,.,Z,.,AL.) = 2” Z, ||1 +A|WON |,

3 A
£S5z -wou, + "

i=1

3

My _x-n+ A
2 M

Hrpu BETSE, A =1, 2, 3)EHHEYHTE
Fo fEADMMAEZE b, Tl oAb o, AR5
LR (10) HEs K iR

o X, X (10) Y B HT R SCHR (Peng

45.2020) 4 @\
L\
JVNFM&

X \&%S@muw—mu>
ﬁ > 2 2

T = |‘B§{§J\aﬁ\ﬁfftn(02)| +[fin(D,)| (13)
vk@ﬁ’{\s. 10y [ Fn(Fold(J))

g - ul +uT

F

2 (12)

DX-UV'+ Ais
m

2

F

F

o
Horp DI R7R D IFE BT, i Al iffin 53901 R R
A LA R S A e, | P RR TR
B

ol (10) P Z,Gi=1,
(Cai%, 2022), A:
A

2= S (WO, - ) (14)

fF] SC ik

2, 3), [FA3CHk

sl (10) FRUG=1, 2, 3),
(FanZ$, 2019) wnJDIfE-#|.

UL_I.-+1 — f ,Q}‘W, _Ai+ (15)

Eﬁﬁﬂg§me=Lz3ﬁﬁiﬁ
(R, 2020), ATLAEL V69 Y

\
(DiX + A"”) U,
2

[B,D,C]=svd

(16)
Vi.l;+l =BCT
FOH N, [FSCER (Wang%§, 2018), A
k+1_:U’(Y_X)+A7
NT= W+ 1
FOHPAEHIRTA (=1, 2, 3):

(17)

Afr” =A +u(Z - WwOU,)

A=A +M(Dixz,U@1\ (18)

A=A+ /
3.3 %ﬁ;‘%ﬁ‘]ﬁrﬁé;r}()@%% % %&-
? EOAERRE R |

ELﬁ%%%ﬁ%ﬂMFLZ,QMﬁ%

E%E%ﬂ@ R) (Zheng %5, 2020), XMyit
%E%&%’ﬁo(MHBlog(Mﬂ)) (Peng %5, 2020),
NI E 2 K o(MHB) (ZhengZ%, 2020), i
oF SVDHEH V., BHEE B o(BR®) (Zhang 5,
2022) , KWk, rEFEEMITELE RE R
o(6MHR + MHB + BR* + MHBlog(MH)). It 4 ,
BRI (9) TEMRA, 9, «, HENMYIFEE
JEH H o(B) (XuZE, 2022), Hit, MEiHEE
% & o(6MHR + MHB + BR*> + MHBlog (MH) +
3B). ‘A4 TS TR ILER 1.

2E FRAR T LIS R A T 1
aUC’“
&
D
‘N«

© CGEBFEFEIRY



GEGELE 3 SR DOp /A=

R AR S e G PR 20

®1 AHENBEE LRARERAENES

T

&R

Table 1 Quantitative evaluation results of different denoising methods on two simulation gat

-

s W & WS
Dataset Case I&Q.‘ /‘ Noisy BALMF CTV E3DTV DSSGRI& \ F@M i, BSALTV
’wmﬂ\m 19.128 30.665 34.103 34754 (K‘Q@)§7 (‘Q)\ % N 35 825
« %% MSSIM 0.4113 0.8783 0.9444 0.9510 $ (i\ﬁ 5045 0.9599
«« ERGAS 407.31 111.39 74.699 71.123 \2 ?) 418.95 60.162
MPSNR 18.393 30.353 33.285 34. uéﬁ(} v26 703 27.159 35.019
Pavia Case2 MSSIM 0.3782 0.8719 0.9383 S@@ 6 0.7730 0.8302 0.9548
ERGAS 440.67 118.89 80.221 75.353 202.55 162.27 65.716
MPSNR 14.166 29.150 34.440 34.578 24.299 19.376 35.162
Case3 MSSIM 0.2224 0.8850 0.9508 0.9517 0.7272 0.4817 0.9566
ERGAS 766.21 204.81 71.145 73.849 246.20 437.17 65.385
Meantime (s) 222.31 72.213 55.691 98.163 252.08 77.961
MPSNR 19.194 32.168 35.226 34.701 23.870 28.753 37.367
Casel MSSIM 0.4042 0.9032 0.9530 0.9462 0.6827 0.8459 0.9699
ERGAS 421.88 94.045 66.337 76.133 280.28 158.75 51.737
MPSNR 18.960 31.980 35.009 34.338 24.184 28.310 37.116
DC Case2 MSSIM 0.3949 0.8981 0.9510 0.9427 0.6677 0.8359 0.9686
ERGAS 438.84 98.359 68.227 78.374 289.84 167.44 53,255
MPS 14.386 29.048 35.165 35.283 21.934 19. 60éc ; 156
Cas '&éﬂ\ﬁk 0.2394 0.8474 0.9528 0.9550 0.6103 & 0.9706
P;(;\O O‘,‘«% \ IQ 835.82 222.44 68.054 74.153 434q0ﬂ% 510.37 53.729
N d\@;&&me (N 651.58 327.23 194.17 . ﬂ« 70° 743.73 229.77
s buﬁ%é@)é.w‘% FRIL AR
‘AG . .
A
RY BSALTY R (Peng 25, 2020) LA DSSGEN (Cao %5, 2022)
WA ARG IR Y, NS E, o, Ber, RS s = FIENCAM (Ma%$, 2020) J5#k. Hi, BALMF

10°°, u = 0.05, p,, = 10°
WAL :
X, U, V,N, A, (i=1,2,3,4,5,6,7)
(1) F5), HH X, N
s (12) (3 Mm04) , EHZ, U, V,
it (16), B A, (i =1,2,3,4,5,6,7)
THAETTH T = min (ou, )
AL

|W—x—wﬁ4yW<a

"Q“

B T B HST X 4“

Qﬂ S%f-
2 Wi i

41 ITEeE*

DL B SR S B AR UE B T 4R 5 R AE HST
MR A NE S S TR R TR PERE, B
LRI A 1Y HSL 25 B 7 i i 47 L8, Bl BALMF
(Xu%§, 2022). CTV (Peng%, 2023). E3DTV

7R R AL 43

Mii, 45 LRMFHESR K BR
W7 cwﬂuﬂaﬁﬁﬁ%ﬁﬁﬁn%%ﬁ%ﬁ@, 5

BRXH IR 8K A Je 0 O 28 798 0 MR i 798 0 Y 3 S

DSSGRN il i1 X} 4 Jay 2%
e B R4 T
[E] 401

b
ik o FJT%%%%BET Wmdowséo

(R2021a)

1.60GHz 1.80 GH

S 0

Rk

4.2 1:F1/HE1"F ‘23)
ﬁT%@&%%%Méw,%%¥ﬂWﬁ%

G“S

() AT AH A7 B
2 ENCAM BB A3 A0 # Uk & 25
FAE E3DTV%UFH$%FEI?%E%%¥E*I‘HU

— KM BRSNS %
Jil MATLAB
e 15-8265U

Mg L, g@ﬁ NR)  (Zhang %, 2022). “F#y45H

AL FE £ (MSSIM)

(Wang %5,

2004) FIiRZEA
2018) %

X R LR G YEE (ERGAS) (Wang 4%,

SPE K 52 i

© «iE

B

tﬂ

7

di

A

Fraps



PSNR; = 10%lg w H (19)
- Y, (x,
zPSNR (20)
i=1
[ )
« + C,)(2 +C
«ﬁ[M,- _ gzl-‘vxljy ) ZU'X,Y, i 2) 21)
(/'Lx, Tyt C, )(O'X, + oy + C,)
1 B
MSSIM = EZSSIM, (22)
1 <& mse(ref,res,)
ERGAS = | = > —————>—= 23
,/B Z Mean, (ref,) 23)

Horx,, Y 0 53R E R AR ER B i NI
oy 3 ISR B B IR RO ME, 0%, o

ﬁﬂé,ﬁjﬂ"ﬁﬁ, oy BRHMIT 2, €, CEH

B vef, ves, 73RS BRI Z KR 055 @

B

4.3 1RINEIEXIE
F H PaVla ci

(DC) éé& K
200 %208 %@‘@ %

'@‘\\Pama) 1 DC mall

'}fi %E’ij\éz\jauﬁ
X 191, HSZH) HSI#

(f) DSSGRN

2 Casel Pavia city center SR 255 ]2{}}2&%
Fig.2 Restored results of band 12th in Pavia dataset of@\)

X FELR AR U S Case2 MITA] . R 145 H
T = Fh Mg A RS % F BALMF, CTV . E3DTV,
DSSGRN., ENCAM M 48 Jr iy s 45 4 . ml LA
B, B MR LA RN, R R AR X FR M
SR, AR SO HE T VR I R MRS T

&l 2 FE 3 43 00l S UL 75 Pavia Casel Fil DC

ﬁ@ﬁ*%ﬁﬂ%?g‘ IR AT K R | A2k
U5 R T B ELSE HSIL ;;_ 4 HST H i
/\ PSR [y MR s Sfik g %ﬁéﬁiwu
BT Q\O F %
Casel: 7F aviﬁ&ﬂ% m&kmﬂ/ﬁ(ﬂi&ﬁﬂ/\

%% 0.1 mﬁ%@%& 7% | {E Pavia B DC 40

FE RN NS BE R 0.01 [ Pk s
CaRDs 15 Casel —BE, JITA 25 7 75 1 ik ol

WEyE AN, XFT DCEEAE, M IX[R] 91 F X [iH]
130 A INAELE, Boi A3 %) 10 FEHLZESE, TR M 1
F3FEHLAE R, M IX[E] 161 2 X [8] 190 ¥ 0440,
ZRBU B L 20 B 40 BEALEERE . XF T Pavia £
£, X [A] 51 %X [8] 80 IR MFELL , w33 10
BEALIERE, FEREM 13 3FEMLA K, X TE 21 £ X
0] 70 N4 S0, SR8k A 20 2] 40 FEALIESE
Case3: {F Pavia fl DCEi#EEE hA/}fiEﬁL
BEMLINA TS 228 0~0.2 F= 24 o e 7+
BRI B BE LI A 25 1 4 $j33©@95ﬁﬂﬂ<ﬁh

W « S%‘ﬂ

(d) CTV

(g) ENCAM

Case3@@§&ﬂ%ﬁij€xﬁlﬁ'ﬁ TE Casel /15y g s
BMEARE ) E LA . MBI 2 A] LA S BALMF Fi
ENCAM H A5 47 76 55 8 1) B e s CTv;@mz‘Efﬁfﬁ
TIRAM R, HAFR R /DRSS, RER I
E’MLIEIEM%?BM DSSGRN A L £ B — ﬁb{tm

, T S AR B v RO Ok BRI

© CGEFFARY



GRS S RO P 7S VALE 8 T e Pl n  SEE NS 7

AT Rk BIDTV RSB LRI, T IR, I 3 TR 8.
LAY (AR 3 0 Tgﬁﬁﬂmwiﬁf‘ k. %E@ﬁ%ﬁm,%%ﬁ@@%Tﬁm

m&%;&&&ﬁ%& WG, BEM  NETKLRE mmw, %‘ Y TN TSR
E@@%nﬁ nMM£% MIZTF, BESWEER SHET
B i WERIRG WA, TEIRE2)R% Case ﬁﬁ—FWﬁm%Wﬁ%TmPSNRW

%ﬂ%a%wﬁE%%?A wﬁﬁ%oﬁTE SSI L. 7t 7ol A B A L L
WL HE 4 Bl BT o IR (Rl 1 R4 T THE AN LA SSIM fiT, LI T
SRR T T ML, FHR R A R “Hﬂﬁn 705 T IR P

. " B . .

(a) Original BALMF CTV

$c,?> (e) E3DTV (f) DSSGRN (g) ENCAM (h) OURS

o\
S 13 Cased DC mall BCHEE RS 53 LB 105 R
Fig.3 Restored results of band 53th in DC dataset of Case3

DC Case3 e DC Case3 . DC Case3

1‘5}: EAEE

/"’Wh«

A "\!F . M
i v v v/
0 20 40 f\? L. 00 120 140 |é0 180 &0
R ;xlx )ma
~\
DC Case3 e DC Case3

0s
st 05
«‘ ™ 0
03

G FA
—
=
1‘5}:%’-{\\

i x)ma

K4 DCHHESE Case3 FPRIZAE R AT BF- 2k

Fig.4 Vertical mean curves of the recovery results in DC dataset of Case3

© GBS



Pavia Case2 . Pavia Case? DC Case2 . DC Case2

—— | ravrvay= R PN S
Ny F BT ' I j{ .\"”»U«'rfxlﬂ-/\”if”/ .»]‘ . Al ﬁ
¥ °: = Y 2 P
St 7§ S (SRS e T ) S T
o = -] = ) S N g

. : B Dj a

Q‘ T w:‘lk’l'ivii"? crr T e 7 & Y) 0\, Bt
K5 PIREOIRSE T ASTF] J5 7 59 PSNR FT SSINES &

Fig.5 Comparison of PSNR and SSIM of differezﬁ‘jge hods in two datasets

4.4 EBEILHEIFEIZW

EBE S Urban 65 210 MR B, BN ER
RO/ A 200 % 200, 1816 7R T 207 I B iy g 5]

K AR Fe Mz B 0 e 1] P ok B ) TR B M e 2
WL BT LA 1, BALMF BV 1T 4875,

By TS EAR A0S LEREAS /2, S ERMGGE T I
R ENCAM W5 145 RATS IR AT AR KA ey g
FIKSF SR B0 o CTV AT DL BR R4 s, 3

m%%&@%mz%&; . DSSGRN 7R K&
EL%%T@%%) ] m%%%d?%ﬁ
NS AN

\

(a) Urban (b) BALMF

)c SGRN

Qe
4.5 SRS ST

ARG L SR IS E T AR s . & 8
5T AT 2 AR R BCT BT 4 7 1 9 MPSNR FI
MSSIM fH . A LAE H, #4830 22 J5 MPSNR #1
MSSIMA{E ¥ TR, RIS T RUE# .

AW RENSEOT RN, «, 1, SEE
PRULE T HSI MR 25 R, T PR IS X 2e S 5011

..ﬁ

‘0 . 6 HLITHARAE Urban 85 207 B MR AT I
Fig.6  Comparison of denoising effect of Urban 103th bar&?{fﬁ %

WROERE R, RRTHE 204075 . i E3DTV Al
T4 7 AR L PR A B R AR RS TR E 45 H, &
P T SEINE T A 2k, SRR TR A R R RE
R T k25 E B T T 2 R R G M S 1 g
K745 TIRE (99, 99) 1 EMERTJE B GG HHAE
Mgk, "TLUIFER, E3DTV Sonad T et ig
SAE, N BEAR G MO B R A5 R, T ik
CINPR:3 S R A L RN A I F ) SO QTE%E
J e i Ze ot 2, FRWIILEERERE ) oA,
3% p 8 \,a£°

(¢) CTV (d) E3DTV

(f) ENCAM

(g) OURS
P& ;& &
g A

U GY,\SW

Ué , T T EIOGI T S5 M
%Mé@{M%MZﬂ%%% CIRVE =R i
XX AN SRR MR B S RS E T, A
Mz o HIAE[107, 107 1FI[ 107, 10° [ Iy, AT
DLP= e A ZE . 7E Pavia Bl EE T, A Fl o B
AR 3 5B 1 F10.001#sqrt(200%200); 7E DC 4 4

© CGEFFARY



FIFRY 45 o FEZS (AR PRI P 420 73 e 1 PR 25 0 9

b, A Mz B PEE 53 B11HL 0.8 F110.001 #sqrt (256 256).

0.8

= os

% 0.5

!

04

0.3

0.2

01

1-C.DCI s > 0 S0 100 150 200 100
it B RS RS
" e ===l
o8 0.8 0.8
i 06 i os i os
g 05 g 05 ﬁ 05
04 0.4 0.4
03 0.3 03
0z 02 02
01 01 o1
o 50 100 150 200 o 50 100 150 200 o 50 100 150 200
IRER S RS WBRT
K7 SRR Urban 55(99,99) i Be i1 Hh 2k
%.7\ Spectral curve of band (99,99) of Urban in the real dataset CJ“

(2) 2% Aii%iﬁ*&% BRI, case2 ﬁ_ﬂ%ﬁm{ﬁ ﬁv%/{ﬁﬁﬁﬁirﬂﬁ
Iy A g ‘e‘ #, lz] 10 H T Pavia LA AR SR R 1-
FIDC %K ﬁz&ez (¥4 b5 MPSNR I MSSIM 15 30 24 2, M Pavia é&iﬂ%%ﬂﬁmﬁnﬁeruﬁﬁ 3,
2@@*@‘5 AT LR B, SRR TRAL DCBARE A R ILBk r B 6.
A

Pavia Case2 ) Pavia Case2 DC Case2 DC Case2

.

B w8 8 &

U5 R E

BT S T T Rk )
Fl8  MPSNR il MSSIM iz A Qv s 254k
Fig.8 Changes of MPSNR and MSSIM with the number of iterations
Pavia Case2 Pavia Case2 DC Case2 DC Case2

19  MPSNR Fl MSSIM B4 A, 7
Fig.9 Changes of MPSNR and MSSIM ‘%&’parameters AT

© «E

R

=

i



10

Pavia Case2 Pavia Case2

DC Case2 : DC Case

satesstsssnssassnssnnsnnarns

110 MPSNR I MSSIM Bk r 2% § \ﬁg

Figure 10 Changes of MPSNR and MS@VJ’@‘

5 Qn o
ASCHEW T T HSIIR A MR 2B 1Y BSALTV
PR 2 e R R U AR AT F R AR X R

H U AREE TGRS LR G R, TR g
FERINU, G — S AL 20 o 3l 83 HSIAR I
25 (] B T2 5 K A5 8, S A Tl itz B3 A A Tl e e A X
TG S W T HSTR B2 A B S 50 03 A R AIE kA

TR, R T RIS MA R, S
T HSIHY R~k Bk, 5. @it

ADMM 3 %ﬁ o s U 53
@m%&% oy M B 5
ﬁﬁﬁﬁ%ﬁﬁﬁﬁﬁﬁ% ek, AR

T S T 7 B A

ﬁ%@ﬁ
eI

2 2% 31k (References)

Tao D P, Lin X, Jin L W and Li X L. 2016. Principal Component 2-D
Long Short-Term Memory for Font Recognition on Single Chi-
nese Characters. IEEE Transactions on Cybernetics, 46(3):
756-765

Dong W S, Fu F Z, Shi GM, Cao X, WulJ J, Li GY and Li X. 2016.
Hyperspectral Image Super-Resolution via Non-Negative Struc-
tured Sparse Representation. IEEE Tragsactions on Image Pro-
cessing, 25(5): 2337-2352 c«ﬁ

Willett R M, Duarte M E W M A and Baraniuk R G. 2014.
Sparsny ¢ in Hyperspectral Imaging. IEEE Signal

a azine, 31(1): 116-126

g‘: B, Huang T Z, Zhao X L, Chen Y and He W. 2020. Double-

Factor-Regularized Low-Rank Tensor Factorization for Mixed

Noise Removal in Hyperspectral Image. IEEE Transactions on
Geoscience and Remote Sensing, 58(12): 8450-8464

Peng J J, Xie Q, Zhao Q, Wang Y, Yee L and Meng D Y. 2020. En-
hanced 3DTV Regularization and Its Applications on HSI Denois-
ing and Compressed Sensing. IEEE Transactions on Image Pro-
cessing, 29: 7889-7903

Qian Y and Zhang L. 2024. Hyperspectral Image Denoising Algorithm

ith rank r

Based on Total Variation Weighted Difference Regularization.
Journal of Hefei University of Technology (Natural Science), 47
(01): 47-53 (ERWF IKFT . 2024, 3T 278 43 AL 22 1E ) 1 5 )6 1%
P8 22 MR E A B Tk R 22 i (A SR B2 D, 47(01):
47-53)

Peng J J, Wang Y, Zhang H Y, Wang J J and Meng D Y. 2023. Exact
Decomposition of Joint Low Rankness and Local Smoothness
Plus Sparse Matrices. IEEE Transactions on Pattern Analysis and
Machine Intelligence, 45(5): 5766-5781

Cao X Y, Fu X Y, Xu C and Meng D Y. 2022. Deep Spatial-Spectral
Global Reasoning Network for Hyperspectral Ima%“msmg
IEEE Transactions on Geoscience and Mg, 60

Ma H W, Liu G C and Yuan Y. 2020. % ’\Ion Local Cascading

Network With Attentlo M For Hyperspectral Image

Denoising. IE atlonal Conference on Acoustics, Speech,
and Signal Processing (ICASSP): 2448-2452

Xu S, Cao X Y, Peng J J, Ke Q, Ma C and Meng D Y. 2022. Hyper-
spectral Image Denoising by Asymmetric Noise Modeling. IEEE
Transactions on Geoscience and Remote Sensing, 60

Wang Y F, Xu S, Cao X Y, Ke Q, Ji TY and Zhu X X. 2023. Hyper-
spectral Denoising Using Asymmetric Noise Modeling Deep Im-
age Prior. Remote Sensing, 15(8)

Cai J Y, He W and Zhang H Y. 2022. Anisotropic Spatial-Spectral To-
tal Variation Regularized Double Low-Rank Approximation for
HSI Denoising and Destriping. IEEE Transactions on Geoscience
and Remote Sensing, 60

Fan H X, LiJ, Yuan Q Q, Liu X X and Ng M. 2019. Hyperspectral im-

age Denoising with Bilinear Low Rank Matrix Factorization. Sig-

nal Processing, 163: 132-152 3

Wang Y, Peng J J, Zhao Q, Leung Y, h@%eng D Y. 2018.
Hyperspectral Image R @Bﬁ) E%J aﬁ on Regularized
Low-Rank Te rnal’ of Selected Top-
ics in Apphe Ea 6& \ﬁnd Remote Sensing, 11(4):
1227-1243

Zhang H, Cai ] @&n H and Zhang L. 2022. Double Low-Rank
Mag@ composmon for Hyperspectral Image Denoising and
Destriping. IEEE Transactions on Geoscience and Remote Sens-
ing, 60

Zhang L, Qian Y, Han J M, Duan P and Ghamisi P. 2022. Mixed Noise
Removal for Hyperspectral Image With {l {0}} - {l {1 - 2}}

SSTV Regularization. IEEE Journal of Selected Topics in Applied
Earth Observations and Remote Sensing, 15: 5371-5387

© CGEJEFAR



GRS S RO P 7S VALE 8 T e Pl n  SEE NS 11

Wang Z, Bovik A C, Sheikh H R and Simoncelli E P. 2004. Image ty. IEEE Transactions on Image Processing, 13(4): 600-612
Quality Assessment: From Error Visibility to Structural Similari- ,(1 @

ﬁac» ﬁ[*\)
Base s&atj&%symmetrlc Laplacian Total Varlatlonhbl’&{}@£ %'al image
denoising \3\)\)
GY
™

SI Weina, YE Jun,JIAN Bln

School of science, Nanjing University of Posts and Telecommunications, Nanjing 210023, China

Abstract: Real hyperspectral images (HSI) are vulnerable to high intensity mixed noise, and how to accurately model the noise is very
important in the subsequent processing tasks. The method of asymmetric Laplacian noise modeling has achieved a good effect in removing
mixed noise, and has been widely studied and applied in the field of HSI denoising. This method takes into account the heavy tail and
asymmetry of noise, and models different noises in different bands. However, these methods ignore the inherent distribution characteristics
of HSI gradient base spacelU,, and can not retain the edge information and details of the image well, resulting in poor restoration effect.
Considering that both noise and gradient basis spaceU have heavy tail and asymmetry, an asymmetric (AL) model of noise and gradient
basis space is established, and basis space asymmetric Laplacian total variational (BSALTV) hyperspectral image denoising model is
proposed. Among them, the gradient base spaceU fully retains the prior information of the original HSI gradient map, which can better
reflect the sparse prior distribution%aracterlstlcs of the gradient, showing a unique asymmetric distribution in different ban dﬂlwdmon

by exploring the asymmetric ddgtri of gradient basisU; and noise, the global low-rank information and noise distrib ‘acteristics

of different bands of; tib \ rately mined to avoid excessive smoothing, and the correlation bet d1mens10n and
spectral d1m zed he information retention ability in the process of denoisi ate direction multiplier
algorlt @(gog) %del and experiments were carried out on the simulated da «eﬂg and DC) and the real data set
(urban) to V %& Veness of the proposed method in hyperspectral image denom order to verify the performance of the
proposed m hg}v e exlstlng HSI denoising methods are selected for comparison, respectively quantitative comparison and visual
com @; n the quantitative comparison, the PSNR and SSIM values obtained by the proposed method on the simulated data set are
in most cases, which fully proves the robustness of the proposed method in the HSI denoising task. In the visual comparison, by
S comparing the recovery effect diagrams and spectral characteristic curves of various comparison methods, the proposed method not only
retains a clearer structure and sharp edge, but also realizes a more coherent spectral information reconstruction, and shows better
performance in preserving local details. A BSALTV model for HSI mixed noise removal is proposed. By mining the deep structure
information of HSI gradient base space and different noise patterns in different bands, the sparse prior distribution characteristics of
gradients are better reflected, excessive smoothing is avoided, image edges and details are preserved, and the local smoothness of HSI is
improved to ensure sparsity. Compared with other methods, the proposed method is superior to other methods both in terms of synthetic data
and actual data.
Key words: Hyperspectral image, Denoising, Noise modeling, Asymmetric Laplacian distribution, Total variation, Gradient basis space,
Sparse prior, Alternate direction multiplier method
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