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Hyperspectral Denoising via Global Variation and
Local Structure Low-Rank Model
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Abstract— Hyperspectral images (HSIs) are often disturbed by
various kinds of noises. This article proposes a global variation
and local structure low-rank model (GLLR) for HSI denoising
by integrating spatial segmentation smoothing and spectral
low-rank (LR) properties. Compared with existing denoising
methods, the proposed method considers not only the global
LR property but also the local structure LR property of HSIs.
Specifically, the GLLR describes the global correlation and
segmental smoothing structure of the HSI by the correlated total
variation (CTV). In addition, we construct a new structural LR
prior, called the local minimum difference (LMD) LR. With LMD
LR property of HSI, GLLR can remove noise while retaining
useful structural information in the HSI. Then, an augmented
lagrange multiplier (ALM)-based optimization algorithm is
devised to solve the objective functions for the presented model.
Finally, comparison experiments with existing methods are
conducted on synthetic and real datasets to demonstrate the
effectiveness and superiority of the proposed method.

Index Terms— Alternating iterative optimization, denoise,
hyperspectral image (HSI), local structure, low-rank (LR).

I. INTRODUCTION

HERE are hundreds of spectral bands and rich texture
information in the hyperspectral image (HSI) with wide
applications, such as classification [1], [2], [3], [4], [5], [6]
and the anomaly or target detection [7], [8], [9], to name
a few. Due to sensor tremor, atmospheric interference, and
signal response, HSI inevitably suffers from various types
of noise in the collection process, including Gaussian noise,
salt and pepper noise, stripe noise, and mixed noise [10].
These noises degrade the quality of HSI and bring challenges
to the subsequent analysis and application. For tasks like
land cover change detection, accurate image information is
crucial as it reveals changes in land use and cover [11],
[12], [13]. The denoising operation of remote sensing images
can improve image quality and enhance the visibility of land
transformation features. Thus, it improves the effectiveness
and reliability of land cover change detection. It is seen that
the denoising operation is necessary and beneficial for remote
sensing images.
Numerous denoising methods [14], [15], [16], [17], [18]
have been presented to handle the noise in HSI. Due to the
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unique 1-D spectral domain of HSI, the denoising technique
for HSI has a different requirement from natural image con-
taining only 2-D spatial domain. It is crucial to simultaneously
preserve spectral features and eliminate mixed noise from
various bands. Thus, it leads to distorted or unsatisfactory
denoising results by using 1-D or 2-D denoising methods.
It is noted that the denoising performance can be enhanced
by utilizing the distinctive spatial and spectral correlation
of HSI [19]. Up to now, there are some denoising methods
for HSI with its redundant and complementary information
to eliminate noise [20], [21], [22]. Such as nonlocal spa-
tial self-similarity [23], [24], which considers the similarity
between different pixels and nonlocal patches. Total varia-
tion (TV) [25], [26], effectively preserves the edge features
of HSI. Sparse representation-based methods [27] utilize spec-
tral redundancy, but such methods often fail to fully exploit
the spatial correlations of 3-D data [10]. And low-rank (LR)
model [28], [29], effectively capture the spectral redundancy
of HSI, preserving both the spatial and spectral information
within the data. For HSI, the spectral LR is regarded as
the inherent prior knowledge and is widely used in image
restoration [30]. The LR model proposes in [28] and [29]
can capture the spectral redundancy of HSI to preserve the
spatial and spectral information of data. With GoDec theory,
Zhang et al. [31] proposes an LR matrix recovery (LRMR)-
based denoising method to remove mixed noise in HSI.
Peng et al. [32] propose a reweighted LR matrix restoration
method to improve the quality of image or video. Considering
the local structure and high spectral correlation of the original
HSI, Lu et al. [33] develop a graph-regularized LR model
regarded as an extension of the original LR model. Principal
component analysis proposes in [34], one of the most famous
LR-based method aims to convert the HSI into a set of lin-
early uncorrelated variables via an orthogonal transformation.
This classical method ignores the local smoothness (LS) of
neighborhood pixels in the spatial dimension. Moreover, it is
sensitive to outliers [35].

Since piecewise smooth property of HSI in the spatial
dimension, the TV regularization technique is widely used for
HSI restoration [36] and anomaly detection [37], [38], [39].
In [25], the spectral-spatial adaptive TV (SSTV) is devel-
oped for the HSI denoising by differences between the noise
intensity and spatial information. Chen et al. [40] propose an
HSI denoising model based on the TV regularized bilinear
factorization. The methods presented in [25] and [40] achieved
remarkable results in the field of HSI denoising. However,
they exhibit a negative impact on the pixel values that remain
unaffected by the impulse [35].
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To improve the performance of the HSI denoising,
He et al. [35], [42], Wang et al. [41], and Peng et al. [43]
present the denoising methods combining the LR prior with
the TV regularization. Specifically, He et al. [35] investigate
the LRTV method, which employs the LR model to depict
spectral correlation and the TV model to capture the spatial
local smooth structure. Wang et al. [41] utilize the weighted
nuclear norm and SSTV model to recover the clean HSI.
He et al. [42] propose the rank-constrained LRMR to sep-
arate the LR components from sparse noise, and capture
the global spatial-spectral LS property with SSTV. Recently,
Peng et al. [43] establish a correlated TV (CTV) regular-
ization term to develop a CTV-robust principal component
analysis (RPCA) model, which can separate the joint LR and
LS parts as well as the sparse part.

In recent years, the deep learning (DL)-based technique
has been gradually applied to HSI [44], [45], [46], such
as HSI recovery [47], [48], [49], [50], [51], [52], [53] and
super-resolution [54], [55], [56]. Based on the spatial-spectral
gradient learning strategy, a spatial-spectral gradient network
is presented for mixed noise removal in [51]. Considering the
local and global information of HSI, a deep spatial-spectral
global reasoning network is established for the HSI denoising
in [49]. Maffei et al. [45] proposes a single denoising con-
volutional neural network (CNN) model for HSI denoising.
A model-guided interpretable network for the HSI denoising
is presented by utilizing spatial and spectral information [50].
Utilizing the spatial-spectral deep CNN, Yuan et al. [52]
devise a DL-based HSI denoising method to learn the mapping
between noise and original HSI.

Existing global LR and TV models focus mostly on the
overall properties of HSI and ignore the local structural
features disrupted by noise. The local features are critical
to preserving spatial details and handling mixed noise since
they can reveal texture characteristics in different regions.
In order to achieve both global and local structure recovery,
this article develops an HSI restoration method based on
global variation and local structural LR properties. The pro-
posed method incorporates the prior knowledge of noise HSI
and introduces the local structural information into a unified
HSI denoising framework, which can capture local details to
improve the restoration performance for noise-disrupted HSI.
To fully demonstrate the effectiveness and superiority of the
proposed method in handling mixed noise, this article conducts
and analyzes comparative experiments on multiple sets of
simulated and real data containing mixed noise scenarios.
The main contributions of this article are summarized as
follows.

1) This article establishes a unified HSI denoising frame-

work based on a comprehensive modeling strategy. The
established framework takes into account the global vari-
ation and local structural LR properties, which enables
better restoration of clean signals under mixed noise
scenarios.
A local structural feature of an HSI is defined and
constructed as a Casorati matrix. With the aid of its LR
property, the Casorati matrix is capable of representing
the local structural features of HSI.

2)
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3) Extensive comparative and ablation experiments under
multiple degradation scenarios are implemented to
validate the effectiveness and robustness of the proposed
method for denoising tasks of HSI subject to different
types of mixed noise.

The rest parts are arranged as follows. Section II intro-
duces the problem formulation and related method. Section III
derives the proposed global variation and local structure LR
model (GLLR). Section IV conducts and analyzes compar-
ative experiments on synthetic and real datasets. Section V
concludes this article.

II. PROBLEM FORMULATION AND RELATED METHOD
A. Problem Formulation

Since the acquired HSI is disturbed by mixed noise, its
degradation formula can be described as

Y=X+N+S (D

where Y is the noisy HSI. X represents the desired clean HSI.
N and S denote the random additive noise and the sparse error,
respectively. The size of Y, X, N, and S is hAw x b with i, w,
and b being the spatial and spectral dimensions of the HSI,
respectively. Obviously, it is an ill-posed problem to solve X
using Y from (1).

B. Low Rank Model

Consider integrating the LR and LS priors of HSI into
one regularization term, CTV-RPCA [43] advocates using a
nuclear norm to describe the correlation between gradient
images, and defined CTV regularization. Then the CTV-RPCA
to separate the joint LR and LS part X from the sparse
part S. Similar to the traditional RPCA problem, they describe
the given observation data Y and the unknown LR matrix
(X or VX) and sparse error matrix S, with the goal of
recovering X. The optimization problem is stated as follows:

3
min ;n il 4+ 341081

st. Y=X+8
ViX) = H;. 2
Zhou et al. [57] recovered LR matrices from

high-dimensional data disrupted by small entrywise noise
and gross sparse errors. That is, assuming Y = X + N + S,
where Y, X, S and N are consistent with the previous
description. Similarly, the model for solving this problem can
be written as

min [ VX|l, + A[S]
XS
st [lY-X~—-S|F=<56

where § is a constant associated with the random noise N.

3)

III. PROPOSED HSI RESTORATION METHOD
The minimum and |-| operations are regard as mapping
matrices [58], and define as M and as A, respectively.
A. M and A Operator

Note that there are three dimensions involved in the dif-
ference operator, i.e., V = (Vi, Vo, V3)T, where, V;, V,
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Fig. 1. Local structural features of the image with noise interfere. (a) Original.
(b) Vertical. (c) Horizontal. (d) Spectral. (e) Noisy. (f) Vertical. (g) Horizontal.
(h) Spectral.

and Vj represent the difference in the horizontal, vertical,
and spectral directions, respectively. Therefore, the absolute
operator is also involved 3-D, i.e., A = (A, Az, A3), which
is given by

1, if ViX(x, >0
A1<x,y>={ ViXix. ) 4

~

-1, if ViX(x,y) <0.
Similar for A, and Aj. Then,

IVX|=AO VX &)

where © denotes a hadamard product, operators A and V
should be sparse in vector form of X. In this case, we rewrite A
in diagonal form. Then, |[VX| = A © VX.

The min operator can be substituted with a sparse matrix M
applied to the vectorized form of |V X| [59] satisfying

M(x,z) = {1’

0, otherwise.

z = argmin = |VX](y) ©)

Letting D = M *x A % V, it yields the local minimum
difference (LMD) operation as

LMD(X) = DX. 7)

B. LMD

This section will define a novel regularization term in detail
and explain its effectiveness. First, Fig. 1 is depicted to show
that the local structural features of the image are destroyed
due to the noise. It means that the LMD values of HSIs are
disturbed by noise. To further clarify the phenomenon, the
LMD is defined as follows:

LMD(X)(p) = min VX’(q) (8)

qeN (p)
where p and g are pixel positions; LMD(x) denotes an image
patch centered at p; b represents the bth spectral band with
befl,...,B}.

Next, the structural feature property of HSI is modeled.
As shown in Fig. 2, it is observed that only a few singular
values hold significance when the SVD operator is used to
LMD. It indicates that LMD is an LR structure. It gets that
the rank of the LMD of the original HSI X is smaller than the
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Fig. 2. LR prior of the LMD.

rank of the noisy HSI Y. In the presence of noise in the image,
it causes fluctuations or variations in the LMD matrix of the
noisy image. In contrast, the clean image is not affected by
noise. Consequently, it is concluded that the rank of the LMD
matrix of the original HSI X is inevitably lower than that of
the noisy HSI Y. This finding emphasizes the inherent LR
property of LMD and reflects its potential for capturing and
preserving the characteristics of the structure in the denoising
process. Therefore, we can use the nuclear norm to describe
the correlation among these LMD matrices.
Then, it gets

ILMDX)|l. = IMAVX]|, &)

where MA VX builds upon VX by the structural characteristics
prior of HSIL.

Fig. 3 shows how GLLR integrates both two priors to restore
images. Next, we integrate [LMD(X)||, into (3) and propose
the following HSI denoising model (10):

min [LMDX) ]I« + VX[l + A IS

sit. [Y—=X—=S|F <. (10)
C. LMD for HSI

To solve optimization model (10) using the augmented
lagrange multiplier (ALM) method, the first step is to trans-
form model (10) into the following equivalent model:

Z I 11 + 3A1IS I + ZMIIJ,II*

i=1
S.t. ||Y—X—S||F <34
Vi(X) = H;
Ji = MAV;(X),
rank(H) < rq,

i=1,2,3
rank(J) < rp

(an

where M and A are the minimum and absolute value operators,
respectively.
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Fig. 3. Flowchart of the presented GLLR. ® is the matrix product.

D. Derivation of Model Solving
The expression for the ALM of (11) is given as

min£(X, S, H, J, I',)

= min
X,S,H.J.T;

Z ;1 + 32401 + Z?Lzu.l,n*

i=1
+(,,V,X H)+(T,LY-X-8)

+ (DX - J) + %MY —X -S|

3

M 2 2
72 IV, X = H; % + DX — J;[13)
s.t. rank(H) < r;, rank(J) <nr (12)
where A is the regularization parameter, I' is the lagrange
multiplier, u is penalty parameter, and (, ) is the
inner product of two matrices. The optimization prob-

lem in (12) can be solved by the following three
subproblems:

3 2
T;
HY —agmin > [Hill + 22 | VX -H +—| (13)
H i=1 M2 F
T 2
St — Ly—-X-s+— (14)
M1l F
3 m I 2
I =argmin > bl + =2 [DiX - J; + —2| .
(15)

Next, the solving steps of each subproblem involving vari-
ables are presented as follows.

R«

Local gradient feature map J

—>
Unfold

orizontal direction

—>
Unfold

Vertical direction
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Unfold

Spectral direction

1) Calculate H: By fixing other variables in (12), we can

obtain for subproblem H

[H’“ =US),,(Z)VT

16
UZV? = svd(V;X' + T} /s, ‘econ’). (16)

2) Calculate S: The subproblem S related to (14) can

be obtained by utilizing the soft threshold shrinkage
operator [60]

x—34, ifx>9§
NRN=qx+45, ifx<-46 a7
0, otherwise.

Then the solution of subproblem S can be formulated as
follows:

r
St = S, (Y - X 4 —7). (18)
M1

3) Calculate J: The optimization equation for solving the

subproblem J can be solved similar to that of (16)

lJf‘“ = US3, 0 (E)V7

19
Uxzvr = svd(DiX’ + F§+3/,u2, ‘econ’). (19)

4) Calculate X: We can solve X given H and J in the

following manner:

T,
arg min Z( IViX — H*! 4 ||§,)
M2

T 2
p Ay o x—gty T
2 K1l f
3
n2 w1 Ligs :
+>° SPX I =) Qo
i=1 F
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To deal with the large size of H, we introduce another

auxiliary variable, where ¢ — X, and (20) can be

represented as
2

3
. M2 1, i
arg min —|V.X-H" + —
1 w1 I > s )
+7 Y-X-S"+—| +—=lq-X]
K1l 2

3
+ Z(%
i=1

2

Diq—Jit' + rl—Jr

1

)

2n

The subproblems related to X and q can be updated

using an alternative approach as follows:

3 2
. M2 t+1 ri
— V. X - H —
argmin ;( > ; -I—le F)
1z | O
+ Y —x -5t T B g - X
2 M1l F 2
(22)
3 9 r 2
. 2 1 i+1
arg min —|ID;q — JIH + —
3
+ 5 la = X% (23)

The problem (22) can be optimized by solving it in the

following manner:
3
2% Z VIV 4+ (1 + p3)l

i=1

X

3
— ViT(MZZH?H _ r§+1)+u1(Y _ Sr+1)

i=I

+T5 + uaq’

(24)

where V7 denotes the transpose operator of V. By exe-
cuting Fourier transform on both sides of (24), using the
convolution theorem [61], the solution of X, is given

by the following formula:

T, = |FD)* + FD)I* + [F(D3)]?
3

n=I1

XH—l

F=> FD,)" © F(fold(uF*' — I}))

The solution of g-related problem is obtained by
D! (MszH —Tip3) + X!
q= .

waDID; + sl
5) Computing Multipliers T':
r{-H =TI +M(Vixz+l —HH—I),
r;ié — r§+3 + ,LL(D,'XHFI _ Jerl)’
l"t7+l — l-'t7 4 /'L(Y _ XZ+1 _ SIJrl)’

where p denotes a constant.

i=1,273
i=1,273
n= up

[ F(fold (i (Y=S")+T)+pusq™))+H
(1 + u3)I+ T, .

(25)

(26)

27)

E. Algorithm Description

Algorithm 1 summarizes the main steps of optimizing and
solving the HSI denoising method based on GLLR.

Algorithm 1 GLLR-Based HSI Denoising

Input: Obseverd image Y, €, = € = € = 10~¢ and
}1,1 = 5/\/hw.

Initialization: S = 0, X = randn(hw, b)
while not converge do
Upadate H!™! by (16)
Upadate J'™' by (19)
Upadate q'*! by (23)
Upadate X'*! by (25)
Upadate S'*! by (18)
Upadate T/ by (27)
w=pp,t:=t+1
judge the convergence conditions
IY =X = S /IYIE < @
IViXH —H /Y < e, i=1,2,3
DX = JFR/IYIG < e, i=1,2,3
end while
Output: The restoration result X.

IV. EXPERIMENT ANALYSIS

This section introduces the evaluation metrics, experimental
setups, and test data used in the experiment. The comparative
experiments on multiple data are implemented to evaluate
the effectiveness and superiority of the proposed denoising
method.

To thoroughly illustrate the superiority of the presented
GLLR method, the model-based and DL-based denoising
methods are selected as competitors. In detail, the model-based
methods includes LRTV [35], LRMR [35], CTV-RPCA [43],
principal component pursuit (PCP) [62], tensor dictionary
learning (TDL) [63], and non-local meets global (NGMeet)
[64]. The DL-based methods have single denoising CNN
(SdeCNN) [45], global reasoning network (GRN-Net) [49],
and subspace-based multidimensional sparse network (SMDS-
Net) [50]. In order to ensure the fairness of the experiments,
the parameters of all comparison methods are finetuned to
achieve optimal performance based on the default settings of
the code from the author’s website or the range of parameter
settings in the article.

Benchmark Dataset: Herein, two simulation data of HSIs
are employed to demonstrate the effectiveness of the developed
GLLR framework for HSI denoising. The first data are the
Washington D.C. Mall data consisting of 191 bands with the
wavelength from 401 to 2473 nm obtained from the HYDICE
sensor after discarding vapor absorption bands. According
to literature [43], the simulation experiments are performed
using data of size 200 x 200 x 160 [regions in spatially:
(567:766, 40:239)]. The second dataset is the Pavia city
center data acquired by the reflective optics system imaging
spectrometer. Note that the front few bands of the Pavia city
center data contaminants heavy noise and cannot be selected
for comparison references of noise removal experiments.
From [19], we removed the corresponding noise-disturbed
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TABLE I
PERFORMANCE COMPARISON ON W.DC MALL

Case Index Noisy SdeCNN SMDS-Net GRN-Net TDL LRMR PCP LRTV NGMeet CTV-RPCA Proposed
PSNR 1948 33.23 32.56 22.98 23.28 3393 31.68 33.89 34.23 34.23 34.97
SSIM  0.500 0.949 0.940 0.789 0.680 0.959 0.958 0.966 0.964 0.961 0.967
Case 1 SAM  31.69 6.07 7.16 18.15 19.70 620 647 5.64 5.70 5.57 5.34
ERGAS 458.55 77.65 85.81 307.20 27230 71.73 99.42 7431 73.78 69.50 63.83
Time/s - 7.53 24.70 9.44 26.62 26.62 26.62 26.62 80.36 80.36 1254.87
PSNR 1453 26.78 27.31 2321 24.00 44.17 45.12 36.82 28.16 49.69 48.82
SSIM  0.354 0.867 0.887 0.776 0.880 0.995 0.998 0.985 00914 0.998 0.998
Case 2 SAM  36.80 8.50 8.49 18.71 8.69 2.33 1.28 292 730 0.91 1.16
ERGAS 693.14 172.62  144.33 306.86 24098 23.76 26.67 62.59 145.62 15.25 14.58
Time/s - 7.45 18.51 9.27 16.92 139.01 17.48 139.05 77.36 89.47 1504.79
PSNR 13.45 26.51 26.83 23.17 2379 33.63 31.32 3335 27.99 33.45 34.73
SSIM  0.272 0.856 0.868 0.774 0.862 0955 0.951 0.960 0911 0.954 0.963
Case 3 SAM  40.10 8.95 9.02 18.83 9.63 6.18 6.63 5.68 7.47 5.77 5.36
ERGAS 780.58 176.79  151.78 307.75 24495 7337 96.73 7859 147.12 75.68 65.34
Time/s - 7.57 27.15 9.39 16.10 146.01 15.51 148.53 79.18 162.06 1658.96
PSNR  21.77 34.98 35.95 24.01 29.07 3590 33.68 36.01 37.26 35.43 36.87
SSIM  0.606 0.967 0.972 0.780 0911 0974 0.972 0972 0.982 0.971 0.977
Case 4 SAM 2347 5.11 5.09 17.41 7.70 511 547 522 379 4.94 4.50
ERGAS 299.77 64.59 58.93 258.52 134.74 57.78 75.83 57.55 49.37 60.88 51.58
Time/s - 7.40 24.88 10.20 15.10 150.77 14.48 137.17 76.94 154.78 1183.13
PSNR 13.83 2549 26.04 23.23 23.56 3531 33.02 3432 26.63 34.97 36.23
SSIM  0.292 0.835 0.876 0.713 0.847 0.969 0.967 0.970 0.882 0.967 0.973
Case 5 SAM  38.69 9.90 8.55 19.43 1090 5.16 556 533 892 5.02 4.58
ERGAS 758.23 205.09 165.17 277.73  264.03 60.93 81.35 72.00 181.89 64.21 55.44
Time/s - 7.38 24.88 9.89 2330 145.38 14.90 139.13 81.19 165.88 1401.62
PSNR 1345 26.67 27.08 23.12 24.13 3326 31.0 3340 28.23 33.32 34.68
SSIM  0.270 0.855 0.870 0.771 0.867 0.953 0.950 0.962 0.912 0.953 0.962
Case 6 SAM  40.21 8.78 8.88 18.92 9.16 6.31 6.60 579 720 5.79 5.37
ERGAS 779.16 171.65 147.71 308.40  232.09 77.13 9942 78.54 14131 76.69 65.51
Time/s - 7.48 27.15 9.14 14.62 14486 6.60 6.60  80.62 6.60 1158.89

bands and selected a subimage with a size of 200 x 200 x 85
[regions in spatially: (1:200, 25:224)]. In this section, we set
the following six noise degradation cases.

Evaluation Metrics and Experiment Setup:

1) In Case 1, each band of the HSI is corrupted by
Gaussian noise at different levels, where the vari-
ance of the Gaussian noise is randomly generated
from [0.05-0.1].

In Case 2, all bands of two HSIs are corrupted by salt-
and-pepper noise with a proportion of 0.1.

In Case 3, Gaussian noise with standard variance 0.1 and
salt-and-pepper noise with proportion 0.1 are simulated
to generate degraded images.

In Case 4, the same level of Gaussian noise as in
Case 1 is added, additionally, 40% of the bands are
contaminated by stripe noise.

In Case 5, the same level of Gaussian noise as in
Case 1 is applied to simulate a Gaussian noise scenario.
Moreover, salt-and-pepper noise with proportions rang-
ing from [0.05-0.15] is added to both HSIs.

In Case 6, the same levels of Gaussian and salt-and-
pepper noise as in Case 3 are simulated and the stripe
noise same as Case 4 are added simultaneously.

2)

3)

4)

5)

0)

The quality of HSI reflects in two aspects, i.e., spatial
quality and spectral quality. Peak signal-to-noise ratio (PSNR)
and structural similarity (SSIM) are usually used to evaluate
the spatial quality of HSI. The larger the values of PSNR
and SSIM, the better the restoration quality of HSI. Erreur
relative global adimensionnelle de synthese (ERGAS) and
spectral angle mapper (SAM) are utilized to evaluate the
spectral quality of HSI. The smaller the ERGAS and SAM
value, the better the quality of the recovered HSI. Therefore,
PSNR, SSIM, SAM, and ERGAS are employed to evaluate
the experiment results using the proposed GLLR method and
above competitors.

A. Simulation Experiments

Tables I and II list the quantitative evaluation results of
six degradation cases using our method and other compar-
ison methods for Washington D.C. Mall and Pavia City
datasets, respectively. For the convenience of finding, the
best result and the second-best result of each evaluation
metric in Tables I and II are highlighted in bold and under-
lined, respectively. Figs. 4 and 5, respectively, display the
comparative experiment results of synthetic false-color images
of the Washington D.C. Mall under Case 1 and the Pavia
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TABLE I
PERFORMANCE COMPARISON ON PAVIA CITY

Case Index Noisy SdeCNN SMDS-Net GRN-Net TDL LRMR PCP LRTV NGMeet CTV-RPCA Proposed
PSNR 19.67 35.13 31.89 28.56 2338 3397 3146 3482 3503 34.76 35.15
SSIM  0.380 0.948 0.880 0.879  0.620 0.932 0.925 0.934 0.950 0.947 0.950
Case 1 SAM 39.14 555 10.09 5.55 21.61 6.83 730 730 9.40 5.51 5.07
ERGAS 493.24 69.36 102.92 181.98 285.66 81.17 108.52 74.92 74.48 73.43 70.29
Time/s - 3.72 9.44 9.44 13.66 11896 6.23 2990 73.41 29.90 1314.2
PSNR 1432  26.81 26.41 2746 2095 4486 45.04 3841 2792 44.97 50.25
SSIM  0.242  0.841 0.801 0.859  0.805 0.993 0.998 0.966 0.884 0.998 0.999
Case 2 SAM 4275 7.42 12.47 9.23 811 243 1.06 5.79 6.32 1.06 1.37
ERGAS 784.13 187.01 175.26 199.26 366.32 23.96 2643 85.60 165.08 25.68 12.47
Time/s - 3.71 8.58 7.24 8.67 101.46 6.83 4045 69.23 65.74 917.09
PSNR 1328  26.69 25.93 2742 1891 3328 30.52 33.10 27.85 33.87 34.72
SSIM  0.165 0.830 0.769 0.855 0.748 0916 0.907 0929 0.880 0.934 0.937
Case 3 SAM 46.66  7.57 9.87 12.7 824 730 772 737 6413 5.83 5.81
ERGAS 881.47 188.76 184.19 200.34 458.21 87.08 118.85 98.81 166.04 82.91 74.21
Time/s - 3.60 8.74 7.26 795 11941 6.22 38.11 7220 52.30 803.00
PSNR 21.82 36.78 36.10 2847 2846 3570 3299 36.79 37.49 35.35 36.82
SSIM 0476  0.961 0.953 0.896  0.866 0.951 0.9420 0.957 0.962 0.952 0.962
Case 4 SAM 30.23 5.13 6.09 8.08 9.69 6.01 6.01 542 6.13 5.53 4.87
ERGAS 331.62 60.22 65.50 212.25 157.04 6690 9221 58.86 63.59 70.48 58.90
Time/s - 3.60 10.75 10.20 12.83 102.56 647 30.61 67.98 63.30 723.01
PSNR 13.73  25.62 26.19 2454 2117 34.80 31.85 3396 26.22 34.84 36.13
SSIM  0.185  0.804 0.845 0.816 0.769 0942 0932 0941 0.809 0.945 0.953
Case 5 SAM 4457 8.47 8.83 8.08 946 575 6.61 6.99 9.74 5.65 4.96
ERGAS 847.55 218.43 180.86 266.41 362.00 73.64 10493 9420 219.61 74.71 63.65
Time/s - 3.73 8.85 9.89 10.35 119.86 6.24 39.03 7841 65.28 742.00
PSNR 1328 26.84 26.00 2742 20.87 33.01 30.16 3330 28.03 33.78 34.63
SSIM  0.164  0.828 0.769 0.854 0.788 0.921 0.906 0.929 0.880 0.934 0.936
Case 6 SAM 4694  7.56 10.10 12.77 745 682 791 752 6.56 6.02 5.88
ERGAS 880.10 185.02 183.47 200.89 363.93 87.77 126.90 100.08 162.37 83.83 75.12
Time/s - 3.67 8.67 7.30 7.67 9185 636 39.62 71.38 64.59 890.53

City under Case 6. For the Washington D.C. Mall under
Case 1, the corresponding bands of red, green, and blue
are 58, 27, and 17. For the Pavia City under Case 6, the
corresponding bands of red, green, and blue are 75, 50, and 10.
To clearly display the recovery performance, we magnify the
local details of each subfigure in Fig. 4. From Fig. 4, TDL
and SMDS-Net in contrast to other methods are less effective
in removing the complex noise under Case 1. SdeCNN and
GRN-Net display better denoising performance but smooth
out image details. The denoising results using LRMR and
PCP are visually good, but there is still a slight noise
residue. In general, CTV-RPCA, LRTV, NGMeet, and the
proposed method achieve a good balance between denoising
and structure retention. From Table I, it follows that GRN-Net
has weak mining capability for the feature of HSI with
more spectral information. For Cases 1, 3, 5, and 6, the
developed GLLR shows the best performance. In Case 2,
the developed GLLR gets the best value of ERGAS and
the second-best values of PSNR, SSIM, and SAM behind
CTV-RPCA. For Case 4, NGMeet and the proposed method
obtain the best value and the second-best value, respectively.

According to Fig. 5, the proposed GLLR method also shows
excellent performance visually. In Table II, the proposed
method obtains the best metrics under Cases 1, 2, 3, 5, and 6.
NGMeet achieves the highest PSNR under Case 4. It yields
that the presented GLLR is superior in terms of remov-
ing mixed noises. Based on quantitative evaluation results
in Tables I and II, it is concluded that the proposed method
is capable of removing multiple mixed noises and restoring
the structure of HSI. In addition, the proposed LMD term
is an effective compensation strategy because the proposed
GLLR is superior over LRTV and CTV-RPCA according
to Table II.

In addition, the recovery of spectral information is quite
important for HSI denoising. With the Pavia data under
Case 6, Fig. 6 plots the recovery spectral curves using different
methods at the spatial location (178, 174). The clean spectral
curve is also depicted in Fig. 6 to facilitate comparison.
From Fig. 6(a)-(k), it follows that the proposed method has
a superior ability to preserve spectral information in contrast
to other competitors. It again verifies the effectiveness of the
proposed GLLR method.
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Fig. 4. Visual examples of restoration results in Case 1 (false-color: R for band 58, G for band 27, and B for band 17). (a) Original. (b) Noisy. (c) SdeCNN.
(d) SMDS-Net. (e) GRN-Net. (f) TDL. (g) LRMR. (h) LRTV. (i) PCP. (j) NGMeet. (k) CTV-RPCA. (1) Proposed.

Fig. 5. Visual examples of restoration results in Case 6 (false-color: R for band 75, G for band 50, and B for band 10). (a) Original. (b) Noisy. (c) SdeCNN.
(d) SMDS-Net. (e) GRN-Net. (f) TDL. (g) LRMR. (h) LRTV. (i) PCP. (j) NGMeet. (k) CTV-RPCA. (1) Proposed.

1 1 1 1 1 1

Original Ongmal Original Original Original
——TDL

Noisy —— GRN-Net

Original
——LRMR

08

0.6

04

0.2

0

/j

)

0

20

(b)

1

(C)

1

(6)

Original
—LRTV

0.8

Original
——FPcpP

1 1
Original
—c1v

Original
—— NGMeet

Original
Proposed

0.8

0.6

04

0.2

0 o

20

40

()

60

80

20

40

(h)

60

80

Fig. 6.
(i) NGMeet. (j) CTV-RPCA. (k) Proposed.

B. Real Data Experiments

To further verify the reliability and compatibility of the
proposed method, our experiments are conducted on two
real-world noisy HSIs, i.e., the Urban data and the Indian

Spectral curves in (178,174) of Pavia in Case 6. (a) Noisy. (b) SdeCNN. (c) SMDS-Net. (d) GRN-Net. (e) TDL. (f) LRMR. (g) LRTV. (h) PCP.

Pines data. The Urban data is an image of size (307 x
307 x 210) obtained by the Hydice sensor. To subsequently
process and analyze, we selected 188 bands by removing the
water absorption bands from the original data of 210 bands.
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) (k)

Fig. 7. Visual examples of restoration results on Indian Pines (band 2). (a) Noisy. (b) SdeCNN. (c) SMDS-Net. (d) GRN-Net. (e) TDL. (f) LRMR. (g) PCP.

(h) LRTV. (i) NGMeet. (j) CTV-RPCA. (k) Proposed.

(b)

(h)

Fig. 8.
(h) LRTV. (i) NGMeet. (j) CTV-RPCA. (k) Proposed.

From [10], we use the size (145 x 145 x 206) in the
Indian Pines data captured by the AVIRIS sensor in Indian.
It is noticed that there are significant differences in spa-
tial, and spectral resolutions, practical scenarios, and noise
intensity and types between the Urban data and the Indian
Pine data. In the Urban data, band 104 is disturbed by
mixed noise including random noise and stripe noise. In the
Indian Pines data, band 2 is primarily affected by impulse
noise. Therefore, these bands are chosen for qualitative eval-
uation experiments, and the corresponding results are shown
in Figs. 7 and 8.

1) Indian Pines Dataset: Fig. 7 shows the denoising
results for Indian pines, where impulse noise is predomi-
nantly present in this HSI. It can be seen that all methods
have a denoising effect on noisy bands in different degrees.
However, TDL has observable noise residues, GRN-Net,
LRTV, SMDS-Net, and NGMeet have removed the noise
from the HSI, but smooth the structure to varying degrees.
In addition, SdeCNN has obvious artifacts that lead to data
distortion. Slight residual noise exists in LRMR and PCP.

Visual examples of restoration results on Urban (band 104). (a) Noisy. (b) SdeCNN. (c) SMDS-Net. (d) GRN-Net. (e¢) TDL. (f) LRMR. (g) PCP.

CTV-RPCA and the proposed method achieve reliable
results.

2) Urban Dataset: Unlike Indian pines, Urban data is cor-
rupted by Gaussian noise and stripe noise. Fig. 8(e) shows that
TDL still has obvious noise. SMDS removes the noise point in
the HSI, but there are residue stripes. The intrinsic structural
features of the HSI have been erased in Fig. 8(b)—(d). As can
be seen from Fig. 8(f)~(k), LRMR, PCP, LRTV, NGmeet,
CTV-RPCA, and GLLR can remove the mixed noise formed
by the real stripe noise and Gaussian noise. Furthermore,
to intuitively analyze the details of the recovery results by
different methods, we have enlarged the local. The restoration
results of LRMR, NGMeet, and CTV-RPCA have a loss of
details. In contrast, PCP, LRTV, and GLLR effectively remove
impulse noise and are equally outstanding in spatial texture
preservation.

The recovery results of two real-scene HSIs with different
resolutions, spatial distribution structures, and noises illustrate
the reliability of the proposed GLLR in mixed noise removal,
to some extent.
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Fig. 9. HSI classification results for Indian Pines data before and after HSI denoising. The first eight bands with the lowest information entropy of Indian Pines.
(a) Ground truth. (b) Noisy. (c) SdeCNN. (d) SMDS-Net. (e) GRN-Net. (f) TDL. (g) LRMR. (h) PCP. (i) LRTV. (j) NGMeet. (k) CTV-RPCA. (1) proposed.

TABLE III
CLASSIFICATION ACCURACY FOR THE FIRST EIGHT BANDS WITH LOWEST INFORMATION ENTROPY OF INDIAN PINES

Index

Noisy SdeCNN SMDS-Net GRN-Net TDL LRMR PCP LRTV NGMeet CTV-RPCA Proposed

OA 39.02% 80.84% 68.88%  62.65% 12.37% 41.83% 66.62% 61.73% 75.99%  74.47%  81.59%
Kappa 0.2377 0.7757 0.6378 0.5647 0.0414 0.3004 0.6083 0.5485 0.7197 0.7016 0.7845
C. Classification Results :: 095
To further analyze the performance of the proposed ! e
denoising method, the classification results with and without Zn 2
denoising are provided in this part. The support vector %30 % ss
machine (SVM) is utilized to classify all recovery results 2
of Indian Pines in the same environments, and overall accu- 2, : - - A . - ” -
racy (OA) and Kappa coefficient are used as evaluation metrics ¢ values  values
to quantitatively evaluate the classification. We selected the @ ®)
front eight bands with the lowest information entropy and Fig. 10.  Sensitivity analysis of parameter A; (c from 1 to 20 with

randomly sampled 30% of the training samples. In Fig. 9,
16 land-cover classes are used to validate the classification
accuracy. Fig. 9(b) and (c)—(l) give the classification results
with and without denoising, respectively. Furthermore, the
quantitative evaluation results of the classification are pre-
sented in Table III. It can be observed that almost all OA
and Kappa coefficients of HSIs by denoising have been
improved in contrast to the original noisy HSI. It indicates
that the denoising process of HSIs is effective and significant.
From Table III, the proposed GLLR method obtains the highest
OA and Kappa coefficient, which reflects the superiority of the
proposed HSI denoising method.

D. Discussion

Section IV-A and IV-B have provided the results of simu-
lation and real data experiments. In this section, we further
analyzed the impact of the variations of parameters A; and
A, on HSI denoising results. The parameter r; can be estimated
in two ways [19]: the Hysime [65] method and the observation
method. The optimal value of desired rank becomes small
as the noise level increases. The parameter r, is usually
adjusted in a manual way. Various values of parameters

A = c(MN)'/?). (a) Change in the MPSNR value. (b) Change in the MSSIM
value.

A and A, are employed to test the proposed denoising
method.

1) Sensitivity Analysis of Parameter A;: A, is the regular-
ization parameter affecting the denoising performance of HSI.
The value of A; can be changed by A; = ¢/(MN)'/? where
¢ comes from the set {1,2,3,4,5,6,8, 10, 13, 20}. Fig. 10
depicts the curves of MPSNR and MSSIM using the GLLR
solver. It gets that MPSNR and MSSIM values are relatively
stable as ¢ changes from 3 to 20. Therefore, c is set as a fixed
value ¢ = 5 to ensure acceptable denoising results.

2) Sensitivity Analysis of Parameter A: The value of A, is
selected from the set {0.0001, 0.0004, 0.001, 0.004, 0.007,
0.01, 0.02, 0.03}. In Fig. 11, the variations in MPSNR and
MSSIM values are given with respect to different values of the
parameter A, using the GLLR solver. From Fig. 11, it yields
that the proposed method achieves the optimal MPSNR value
when A, ~ 0.02.

In this article, the parameter selection of experiments
on unknown real data employs the principle based on the
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Fig. 11.  Sensitivity analysis of parameter A,. (a) Change in the MPSNR
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TABLE IV
ABLATION EXPERIMENT

Index CTV Without LMD With LMD
PSNR 34.84 35.11 36.13
SSIM  0.946 0.949 0.953
SAM  5.65 5.52 4.96
ERGAS 74.71 72.53 63.65

above-mentioned analysis results. Herein, it takes the param-
eter ¢ as an example for illustration. According to Fig. 10,
the values of MPSNR and MSSIM remain relatively stable
for ¢ € [3, 20]. Therefore, ¢ is selected to 5 for real data to
ensure an acceptable result. Then, the parameter A; can be set
by Ay = ¢/(MN)'/?. Similar to A,, the selections of A, and
rank can also be determined from Fig. 11 under the same
principle.

3) Ablation Experiment: In this article, the proposed GLLR
method integrates the local structural LR prior with the global
TV LR prior. To demonstrate the significance of the proposed
LMD, this part conducts an ablation experiment with and
without the LMD term in the simulation experiment (Pavia
data, Case 5). Thus, the following objective function (28)
is formulated and solved using an iterative optimization
algorithm based on the ALM technique:

3
min > [Hill. + 34 ]

X,S.H
st [Y-X—8|7 <38
Vi(X) = H;
rank(H) < ry.

i=I

(28)

The results of designed ablation experiment are listed
in Table IV, where “Without LMD” represents the method
with only the CTV regularization term and the same solution
method as the proposed method is used. “CTV” refers to the
correlation TV model based on the RPCA model proposed
in [43]. From Table IV, the resulting results affirm the effec-
tiveness of the proposed LMD regularization term.

E. Convergence Analysis

In this section, two cases, Case 5 and Case 6 of Pavia
City, are provided to demonstrate the numerical convergence
of the proposed algorithm. Fig. 12 plots the curves of the
average PSNR and SSIM for Case 5 and Case 6 with respect
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Fig. 12.  Average PSNR and SSIM value curves in terms of the iteration
number of GLLR solver.

to the iteration count of the developed GLLR solver. The
average PSNR and SSIM values converge to steady values as
the number of iterations increases. It verifies the convergence
of the designed iterative optimization strategy to solve the
GLLR model.

V. CONCLUSION

In this article, a novel structural LR prior is presented for
HSI by the structural characteristics. Then we proposed a
double LR HSI denoising method by integrating the spatial
local smoothing prior. The proposed framework considers
both the global LR prior and the local structural LR prior
of HSIs. Moreover, via integrating spatial local smoothing,
it can retain useful structural information while removing noise
in HSIs. The experimental results indicate that the developed
GLLR has reliable denoising effectiveness. Nevertheless, there
is still limitation of our method, which needs additional
considerations for reducing computational costs for possible
real-time processing. To address this issue, we have considered
several potential strategies to reduce the time cost, such as
reducing the number of iterations, the GPU acceleration, and
the algorithm simplification. These strategies will be validated
in our subsequent work. Furthermore, we believe that the
proposed prior has the potential to be extended to joint
denoising and subsequent tasks, such as classification and
object detection, to ensure that denoising operations optimally
serve classification/detection tasks.
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