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Abstract— As a preprocessing step, hyperspectral image (HSI)
restoration plays a critical role in many subsequent applications.
Recently, based on the framework of subspace representation
and low-rank matrix/tensor factorization (LRMF/LRTF), many
single-factor-regularized methods add various regularizations on
the spatial factor to characterize its spatial prior knowledge.
However, these methods neglect the common characteristics
among different bands and the spectral continuity of HSIs.
To tackle this issue, this article establishes a bridge between
the factor-based regularization and the HSI priors and proposes
a double-factor-regularized LRTF model for HSI mixed noise
removal. The proposed model employs LRTF to characterize
the spectral global low rankness, introduces a weighted group
sparsity constraint on the spatial difference images (SpatDIs) of
the spatial factor to promote the group sparsity in the SpatDIs of
HSIs, and suggests a continuity constraint on the spectral factor
to promote the spectral continuity of HSIs. Moreover, we develop
a proximal alternating minimization-based algorithm to solve
the proposed model. Extensive experiments conducted on the
simulated and real HSIs demonstrate that the proposed method
has superior performance on mixed noise removal compared with
the state-of-the-art methods based on subspace representation,
noise modeling, and LRMF/LRTF.

Index Terms— Factor-based regularization (FR), hyperspectral
image (HSI), low-rank tensor factorization (LRTF), mixed noise
removal, proximal alternating minimization (PAM).

I. INTRODUCTION

YPERSPECTRAL images (HSIs) reflect different imag-
ing effects of one real scene under hundreds of con-
tiguous spectral bands. Compared with gray-scale images,
HSIs contain a wealth of spatial and spectral information,
making them widely applied in various applications [1], such
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as natural disaster monitoring, terrain detection, and land use
analysis. Unfortunately, real-world HSIs always suffered from
all sorts of noise, including the Gaussian noise, salt and
pepper noise, deadlines, and stripes. The existence of the
abovementioned noise greatly reduces the quality of HSIs,
resulting in the infeasibility of subsequent applications, such
as classification [2]-[4], unmixing [5]-[7], fusion [8], and
target detection [9]. Hence, restoring the clean HSI from
a noisy observation, i.e., HSI restoration, plays a critical
role in HSI applications. Deeply exploring and accurately
describing the spatial and spectral knowledge in HSIs are
the core issues of HSI restoration. Among the currently
HSI restoration methods, low rankness, local continuity, and
nonlocal self-similarity are the most frequently researched HSI
priors [10]-[23].

Since each band of HSIs can be regarded as a gray-scale
image, the simplest and most direct way for HSI restora-
tion is to employ the traditional gray-scale image restoration
methods, such as NLM [24], K-SVD [25], BM3D [26],
and WNNM [27], to restore the target HSI band-by-band.
However, the most shortcoming of this kind of method is
the neglect of the spectral correlations, which is crucial prior
knowledge for improving the performance of HSI restora-
tion. Consequently, a variety of efficient methods have been
introduced to simultaneously consider spatial and spectral
prior, leading to a great improvement in restoring results.
For example, to consider spatial information and spectral
noise differences simultaneously, Yuan et al. [28] introduced
a spectral-spatial adaptive total variation (TV) to HSI restora-
tion and obtained a promising result. By supposing that the
first several components output by the principal component
analysis (PCA) contain the major information of images, Chen
and Qian [29] proposed an HSI restoration method, which first
performs PCA on the noisy HSI, then employs the bivariate
wavelet thresholding and a wavelet transform algorithm to
remove the noise in the last several components, and finally
obtains the restored HSI via inverse PCA. Besides, to exploit
nonlocal self-similarity in both spatial and spectral domains,
many restoration methods regarded the group of similar 3-D
cubes as the basic unit for restoring. Examples include non-
local groupwise spectrum-PCA [30], nonlocal tensor dictio-
nary learning [31], and nonlocal tensor ring decomposition
[32]. To utilize the spectral global low rankness and spatial
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Group sparsity along the spectral mode of the spatial difference images and the proposed regularization terms based on the spatial factor B. (a) HSI
A, where B € R?0x250xr - A ¢ R179%" and r « 170. (b) Images obtained by

performing spatial difference operators, where Dy and D, are the first-order difference matrixes. (c) Mode-3 unfolding matrices of the corresponding difference
images. (d) Regularization terms on the original HSI X used to promote the group sparsity. (¢) Regularization terms on the factor 3 used to replace the

regularization terms on the original HSI X'.

nonlocal self-similarity, under the framework of subspace
representation, Zhuang and Bioucas-Dias [33] employed the
BM3D to eigen images denoising, and He ef al. [34] embedded
the WNNM to eigenimages denoising while updating the
subspace iteratively. However, the aforementioned methods
only focus on removing one type of noise, especially the
Gaussian noise. However, in most realistic scenarios, the noise
in HSIs usually manifests as a mixture of several kinds of
noise.

Recently, an increasing number of researchers have been
putting great effort into mixed noise removal to adapt to real
noise situations. Based on the low-rankness prior hypothesis,
Zhang et al. [35] made the first attempt to employ low-
rank matrix recovery (LRMR)-based framework to remove
the mixed noise. Specifically, this method first separates the
noisy HSI as overlapped full-band 3-D cubes, then unfolds 3-D
cubes to matrices along the spectral mode, and finally uses
the LRMR-based framework to restore unfolding matrices.
Consequently, to enhance the performance of LRMR, a series
of low-rank matrix approximation (LRMA)-based methods
introduced nonconvex functions to approximate the rank of
the unfolded HSIs [36], [37]. However, LRMA-based methods
involve the singular value decomposition (SVD), leading to
high computational complexity. To tackle this issue, low-
rank matrix factorization (LRMF) is used to the HSI mixed
noise removal problem with several flexible noise distributions
hypothesis, such as a mixture of independent and identically
distributed (i.i.d.) exponential power distributions [38] and a
mixture of non-i.i.d. Gaussian distributions [39]. By regarding
HSIs as third-order tensors, a large number of methods used
the tensor decompositions/tensor rank minimization, such as
the Tucker decomposition [40], [41], PARAFAC decomposi-
tion [42], and tensor-SVD [43], [44], to exploit the global
low rankness of HSIs. Among them, Fan et al. [43] assumed
that the clean HSI is a low-tubal-rank part and introduced an
HSI mixed noise removal model by minimizing the convex
relaxation of the tubal rank. Zheng et al. [44] subsequently
proposed a new tensor rank, i.e., tensor fibered rank, to more
flexibly and accurately explore the low rankness of HSIs,
achieving a great improvement in mixed noise removal. How-
ever, most of the aforementioned methods only considered the

low rankness and, thus, cannot to exhaust the intrinsic potential
of HSIs, leading to a room for further enhancement.

To further boost the denoising performance, many
researchers proposed a variety of HSI mixed noise removal
models based on the framework of the convolutional neural
network (CNN) [45]-[48], which has the powerful nonlinear
fitting and feature expression ability. For example, Chang
et al. [45] proposed a CNN-based method by modeling the
spatial and the spectral features by the dilated convolution and
multichannel filters, respectively. Zhang et al. [46] introduced
a method based on the spatial-spectral gradient network,
which is capable of extracting the directional feature of
sparse noise and exploring abundant spectral information of
HSIs. Meanwhile, many methods considered not only the
low-rankness prior but also the local continuity and nonlocal
self-similarity priors. For example, He er al. [49] proposed
a method, which employed LRMF to explore the spectral
low rankness while applying the spatial TV to each band of
HSIs to exploit the spatial local continuity. To further take the
spectral local continuity into consideration, the spatial-spectral
TV has been proposed and integrated into various low-rank-
based models, such as weighted nuclear norm [50] and low-
rank Tucker decomposition (LRTD) [51], [52]. Besides, Chen
et al. [53] conducted a group sparsity regularization on spatial
difference images under the framework of LRTD, obtaining
a promising result. However, the regularization terms in the
aforementioned methods were added to HSISs, resulting in high
computational complexity.

To reduce the computational complexity, several single-
factor-regularized methods have been proposed based on the
framework of LRMF/low-rank tensor factorization (LRTF)
[54]-[56]. Specifically, an HSI X € R™*™*" can be fac-
torized as X = B x3 A, where A € R™* and B €
RmM>xmxr (r < n3) denote the spectral factor and the spatial
factor, respectively. The existing methods usually regarded
each frontal slice of the spatial factor 3 as a gray-scale image
and, subsequently, used various regularization to explore its
prior. Examples include the TV/framelet-regularization used
to explore the spatial local continuity [54], [55] and the
nonlocal low-rank regularization used to exploit the spatial
nonlocal self-similarity [56]. However, there are still exist two
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issues. On the one hand, these methods cannot fully explore
the common characteristics, except the global low rankness,
of different bands. For example, most of the smooth areas in
different bands of an HSI usually located at the same location
since different bands present the same scene. This common
characteristic causes the spatial difference images (SpatDlIs)
of the HSIs, as shown in Fig. 1(b) and (c), to be group sparse
along the spectral mode.! On the other hand, these methods
neglect the local continuity along the spectral mode of HSIs.

In this article, we propose a double-factor-regularized LRTF
(LRTF-DFR) method for HSI mixed noise removal, which
not only employs the LRTF framework X = B x3 A to
characterize the spectral global low rankness of HSIs but also
utilizes the regularization terms on the spatial factor B and the
spectral factor A to depict the aforementioned group sparsity
and spectral continuity, respectively. The contributions of this
article are mainly the following three aspects.

First, a direct way to explore aforementioned group sparsity
is to utilize the £, 1-norm on the SpatDIs of HSIs, i.e., || X X
Dy |l2.1 (k =1, 2) shown in Fig. 1(d). Instead of this direct way,
this article unitizes the £, ;-norm on the SpatDIs of the spatial
factor B, i.e., | B xxDx|l2.1 shown in Fig. 1(e), and proves that
X x; Dy must be group sparse along the spectral mode when
B x; Dy is group sparse along the third mode. Meanwhile,
a weighted strategy is employed to better promote the group
sparsity.

Second, we note that each spectral vector (tube) of an HSI
X can be mathematically expressed as the linear combination
of all column of the spectral factor A, i.e., columns of A
can be regarded as a basis of the spectral space of X. Since
continuous bases tend to generate continuous data, this article
promotes the continuity of spectral vectors of X’ by boosting
the continuity of columns of A.

Third, an efficient proximal alternating minimization [57]
(PAM)-based algorithm is developed to solve the proposed
LRTF-DFR method. Extensive experiments conducted on sim-
ulated and real HSIs exhibit the superior performance of the
proposed LRTF-DFR on mixed noise removal, spatial image
recovery, and spectral signatures preserving compared with
several excellent methods.

The rest of this article is organized as follows. Section II
gives some notations and preliminary knowledge. Section III
presents the proposed LRTF-DFR-based HSI restoration
model and develops a PAM-based solving algorithm with a
detailed computational complexity analysis. Section IV carries
out extensive experiments to illustrate the superiority of the
proposed model. Section V summarizes this article.

II. NOTATIONS AND PRELIMINARIES

Following the nomenclatures of [58], we summarize nota-
tions used in this article in Table I. Next, we introduce
the definitions of mode-k unfolding, mode-k tensor-matrix
product, and the Tucker rank.

Definition 1 (Mode-k Unfolding): For an Nth-order tensor
X e Ry its mode-k unfolding Xy is an ng X

The number of spectral vectors whose elements are approximately all zero
is much more than that of the nonzero ones.

TABLE I
NOTATION DECLARATIONS

Notations l Interpretations
z, x, X, X scalar, vector, matrix, tensor
Xx(lill,,lz,‘: ’_Z.N’ Zi) the (i1,42,- -+ ,in)th element of X
X:,ig,i5 OF X (:,42,13) |the (i2,i3)th column of a third-order tensor X
Xip i3 OF X(é1,:,43)| the (i1,43)th row of a third-order tensor X’
Xiy ig,: OF X(i1,%2,:)| the (i1,42)th tubal of a third-order tensor X
Frobenius norm
X # 1X|F = \/Zn,ig,»-~,¢N iy, in |
£1-norm
Il Il = iy sp g Finsize i |
£2.1-norm of third-order tensors
Il 1%€ll2 = 5, boir i
s i1,ig 1Ti1,i2,:(2
X (k) the mode-k unfolding of &’
() inner product
® Kronecker product
O] component-wise multiplication
@ component-wise division
Xk mode-k tensor-matrix product

Hi#k n; matrix, which satisfies that X)(ix, j) is mapped
by X(ir.i2, ..., i), where j =143, (s — 1)J; with
Jy = an_:l 1,mzk 1tm- The corresponding operator and inverse
operator are denoted as Xy = Unfoldi(X) and X =
Foldi (X)), respectively.

Definition 2 (Mode-k Tensor-Matrix Product): The mode-
k tensor-matrix product of an n; xnp X - - - x ny tensor X and
aJ xn matrix Aisanny X -+ Xnag_] X J XN X -+ - X0y
tensor denoted by X x; A and satisfied

ng
(X X A)iy, iy ikstsmin = E Xisinyein A~

ir=1
According to abovementioned two definitions, we have
V=&t A& Yy =AX
and
Y=XX1A xX2A--- Xy AN &

Yo =AXpAv® - QA1 A1 Q-+ ® ADT

Definition 3 (Tucker Rank): For an Nth-order tensor X €
Rrmxnaxxny - its Tucker rank is defined as

Rankt(X) = (Rank(X(1)), Rank(X(2)), . . ., Rank(X(x))).

Interested readers can obtain a more detailed introduction
for tensors in [58].

III. PROPOSED HSI RESTORATION MODEL AND SOLVING
ALGORITHM

A. Problem Formulation and Motivation

By simply assuming that the noisy HSI J e R™*"2*7 g
corrupted by the additive Gaussian noise A and the additive
sparse noise S (salt and pepper noise, deadlines, and stripes),
the HSI degradation formulation can be expressed as

V=X+N+8.
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(From Left to Right) Restoration results at band 72, restoration results of the spectral vector at spatial location (150, 150), one frontal slice of the spatial

factor B, and two columns of the spectral factor A.

The key issue of recovering the clean HSI X from ) is to
exactly characterize the HSI prior by establishing appropri-
ate regularization terms. Mathematically, a generalized HSI
restoration model can be formulated as

1 2
min Elly—X—SIIF+TR(X)+#|ISII1 1)

where 7 and g are regularization parameters; R(X) is the
regularization term designed to exploit the HSI prior. For
example, R(X) was designed as the tensor nuclear norm [43],
[44] and the Schatten p-norm [36] to explore low-rankness
prior, spatial-spectral TV [52] and enhanced 3-D TV [59]
to characterize spatial-spectral continuity prior, and nonlocal
low-rank regularization [51] to exploit nonlocal self-similarity
prior. However, adding regularization on HSIs will inevitably
lead to high computational complexity since HSIs usually have
a large scale.

Fortunately, the spectral low rankness of HSIs can be
represented as the mode-3 tensor-matrix product of a low-
dimensional tensor and a low-dimensional matrix, i.e., the
clean HST X can be approximately factorized as

X =Bx3A )

where B € R"*"*" (r « n3) denotes the spatial factor and
A € R™*" represents the spectral factor. Since the spatial
factor 3 usually reflects the spatial characteristics of HSIs [33],
[34], many subspace-based and LRMF/LRTF-based methods

employed various regularization on B, and their models can
be generally formulated as

. 1
Jmin Eny—BmA—SuZF+rR(B>+u||S||1 A3)

where A satisfies ATA = 1 in subspace-based methods
and R(B) is the regularization term designed to exploit its
prior. For example, R(B) was designed as the framelet-
regularization [55] and nonlocal low-rank regularization [56]
to explore the spatial local continuity and the spatial nonlocal
self-similarity, respectively. However, the existing regulariza-
tion on B cannot fully explore the common characteristics
among different bands of HSIs, such as the spectral group
sparsity in SpatDIs of HSIs. Meanwhile, the spectral continuity
of HSIs was also neglected.

B. LRTF-DFR-Based HSI Restoration Model

To consider the aforementioned spectral group sparsity and
spectral continuity in the HSI X, we introduce regularization
on factors in (2) and propose an LRTF-DFR-based HSI
restoration method as follows:

2
. 1
min 1Y~ B x3 A= S|} + r; Wi © (B xi Dy)ll2.1
+AD3A[l7 4+ uIW, © Sl (4)
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where 7, 1, and p are regularization parameters; D; (k =
1,2, 3) are first-order difference matrices; and Wy (k = 1,2)
and W; are weight tensors used to better promote the group
sparsity [53] and the sparsity [60], respectively. Especially, all
frontal slices of W, are the same matrices, denoted as Wy.
Most importantly, Remarks 1 and 2 give a detail illustration
of why the group sparsity constraint on B x; Dy (k = 1,2)
can promote the group sparsity in X' x; Dy and the continuity
constraint on A can promote the spectral continuity of X
Remark 1 (Factor B-Based Regularization): With Defini-
tion 2, we have
X Xka = (B X3A) Xka = (B Xka) X3A
& [X i DG, j, ) = Y B xx D, j, DA, ).

t=1

It can be easy to obtain that [X x; D¢](, j,:) = 0 when
[B x; D1, j,:) = 0. Therefore, when B x; Dy is group
sparse along the third mode, X x; D; must be group sparse
along the third (spectral) mode. Moreover, the abovementioned
conclusion is also true in reverse. This is because [B xj
D;1(, j,:) = 0 when [X x; D¢](, j,:) = O since A(:, 1),
A(;,2), ..., and A(:, r) are linearly independent.

Remark 2 (Factor A-Based Regularization): By rewriting
X = B x3 A as X3y = AB3), it is not hard to find that each
spectral vector of X (column of X(3)) can be mathematically
expressed as a linear combination of all column of the spectral
factor A. This implies that columns of A can be regarded
as a basis of the spectral space of X. Since continuous
bases usually tend to generate continuous data, boosting the
continuity of the columns of A can promote the continuity of
the spectral vector of X compared with the case without the
continuity constraint.

We take an example shown in Fig. 2 to illustrate the impact
of the factor-based regularization terms in the proposed LRTF-
DFR on the performance of mixed noise removal. By compar-
ing the second and third rows, we find that due to the group
sparsity constraint on B x; Dy (k = 1,2), the frontal slice of
BB obtained by LRTF-FR-B contains more geometrical features
than that obtained by LRTF, leading to a significant improve-
ment in HSI restoration. By comparing the third and fourth
rows, we find that due to the column continuity constraint on
A, the spectral vector obtained by the proposed LRTF-DFR
is much smoother and closer to the original ones than that
by LRTF-FR-B. The abovementioned observations empirically
illustrate the significance of the factor-based regularization
terms and consistent with the previous theoretical discussions.

In summary, the proposed LRTF-DFR has the following two
advantages.

1) Double-Factor-Based Regularization for HSI Prior:
Compared with the single-factor-regularized methods
[54]-[56], the proposed LRTF-DFR explores more HSI
prior knowledge in both spatial and spectral domains
since both spatial and spectral factors are fully utilized.

2) Lower Computational Complexity: Compared with the
method using regularization on the original HSI [52],
[53], the proposed LRTF-DFR has lower computational

complexity since the scales of factors are much smaller
than that of the original HSI.

C. PAM-Based Solving Algorithm

Within the framework of PAM-based algorithm, the problem
(4) can be solved by alternately updating

Step 1: A*! =argmin, f(A, B, sl)+§ IA—A|2
Step 2: B+ =argmin3f(Al+‘,B,31)+§||B—BI||% (5)
p

Step 3: S =argming (A", B+, )+ 2SS}

where f(A, B, S) is the objective function of (4) and p > 0
is the proximal parameter.

1) Update A: In Step 1 of (5), the A-subproblem is as
follows:

1
argmin = |V — B' x5 A — &'|%
A 2
+ ADAR + gnA — AL (©

whose solver can be directly obtained by solving the following
Sylvester matrix equation:

ABl3 (Bl;))" +2/DID;A + pA
= (Yo =Sl (Bfy) +pA". (D

To efficiently solve (7), we introduce the following theorem.
Theorem 1 (Fast Solution of Sylvester Matrix Equation):
Suppose that A € R B € R"™", and X,Y € R™*". The

classical Sylvester matrix equation

AX+XB=Y

has a unique solution if only if I, QA+BT®I, is a invertible
matrix. Especially, if

A =U AU and B = U,A,U;
this unique solution can be expressed as
X=U (12T o (UiYU,))U;

where A and A, are diagonal matrices, U; and U, are unitary
matrices, and

T = (diag?(A;), diag(A)), . .., diag(A1))
+ (diag(A»), diag(A»), .. ., diag(A,))T.

In (7), it is not hard to find that the matrix D}Dg is a circu-
lant matrix and the matrix Bl(3) (B’G))T is a symmetric matrix.
Therefore, we utilize 1-D fast Fourier transformation (FFT)
:}r;ld SVD to diagonalize DDs and Bis) (B{3))", respectively.

at 1s

T
DID; = F{¥F, and B(; (B{;)) =U,Z,U]

where F is 1-D discrete Fourier transformation (DFT) matrix.
By using Theorem 1, we can efficiently solve (7) as

A =FT((12T)) O (F,GU,))UT ®)

2diag(A) is a column vector whose elements are diagonal elements of A.
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where G = (Y(3) — S{3))(B{3))" + pA’ and
T, = 2A(diag(‘¥)), diag(¥y), ..., diag(¥;)) + pones’ (n3, r)
+(diag(Zy), diag(L1), ..., diag(Z;)".

2) Update B: In Step 2 of (5), the B-subproblem is as
follows:

1
argmin §||y —Bx; A" - S
B

2
p
+ 1Y W © BxkDYlas + 51B - B3 (9)
k=1 2
We use the alternating direction method of multipliers
(ADMM) [61] to solve (9). By introducing two auxiliary
valuables Z; and Z,, we rewrite (9) as

1
argmin §||y —Bx; A" - S

B,Z\,2Z,
2
+3 Wk @ Zilla + 218 - B2
k=1 2
st. Bxy D=2, k=1,2. (10)
The augmented Lagrangian function of (10) is
Lg(B, Zi, Pr)
1
= 1Y =B x; A™! -8z
2
+> {rnwk © Zilloa + (B xi Dy — Zi, Pi)
k=1
+ gnB i Dy — zkn%} + §||B— Bz D

where Py (k = 1, 2) are the Lagrange multipliers and § > 0 is
the penalty parameter. To solve (10), we can alternately update
B, Z;, and P, as

Brt = argming Lg (B, 27, P{)

2P = argming Ly (B0 2, PF)

PIT =P+ p(BH T 5 Dy — 20T,

(12)

Next, we solve B'*1-r+1 and Z/™' in (12), respectively. For
BI*1:p+1 ] we solve the following problem:

1
argmin = — B xy A — &I} + £18- B
B

2 ﬁ 7)p 2
+ZEHBkak—Z[’+7" (13)

k=1

F

which can be directly solved by the following equation:

2
B x5 (A"HTA") + 3 " BB x, (D{Dy) + pB=K (14)
k=1
where

K= -8)x; @A™

oz P T, g
—i—Z[)’ Zk_? xi Dy + pB.
k=1

3ones(m, n) is an m x n matrix whose elements are all 1.
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Equation (14) can be equivalently rewritten as
Bl (A)TA™!) + pBl) + CB =K(;, (19

where C = B[(I,, ® DTD;) + (DID, ® L,))]. It is easy to
find that the matrix C has a structure of block circulant with
circulant blocks, and the matrix (A*")TA™! is a symmetric
matrix. Thus, we employ 2-D FFT and SVD to diagonalize C
and (A#1)TA™! | respectively. That is

C =F;¥,F; and (A"™)TA™ = U, 3,U]

where F, is 2-D DFT matrix. By using Theorem 1, we can
efficiently solve (14) as

BHr —p0l1d; ([F (1 @ T2) © (F2KG U2))UTTT)  (16)
where

T, = (diag(¥,), diag(¥>), ..., diag(¥,)) + p ones(nny, r)
+(diag(%2), diag(%s), . . . diag(E,))"

For Z[ H (k =1, 2), we solve the following problem:

argmin 7|[|[W; © Zill2.1
Z

PP
+§ B Dy = Ze+ —-| A7)
Bl

which can be directly solved by

A T
Z]f+1(ia j’ :) = Shrink2,1 (Zk(la j’ :)9 IWk(l’ .])I : E) (18)

where
P
2k _ BI-H,P-H x; Dy + P_k
B
W (- .) 1
)=z
12, j, )2+ &
Ixlo—¢& .
| TR i & < il
shrink,;(x,¢) = [IxIl2
0, otherwise

and ¢ is a small constant for avoiding the appearance of
singularities.

3) Update S: In Step 3 of (5), the S-subproblem is as
follows:

1
argmin Elly — BTy A ST
S

+ uIWs 0 Sl + gns ~ 83 (19

which has the following solution:

S"*! = shrink, (3 W, © L) (20)
I+p
where
s V- B x3 A 4 pS!
1+p
1
WeGi, jom) = 1SG, j,m)| + ¢
and

[shrink, (X; 5)]i,j,m = Sign(xi,j,m) max(|xi,j,m| -¢, 0)
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Algorithm 1 PAM-Based Solver for the LRTF-DFR-Based

HSI Restoration Model

Input: The degraded observation HSI )V € R™>*"*"5 rank r,
parameters 7, 4, u, f, and p = 0.1.

Initialization: I = 0, lpy = 50, pmax = 10, A? =
rand(ns, r), B® = rand(n, ny, r), and S° = 0.

1: while not converged and / < [j,x do

2. Update A™*! via (8).

3. Initialization: p =0, Z) =0 (k = 1,2), and P = 0.

4:  while p < pp.x do

5: Update B+1r+! via (16).

6

7

8

9

Update 2" via (18), k = 1,2.
Update P+ via (12), k = 1,2.
Let p=p+ 1.

Check the convergence condition:

HBH—I,p _ Bl+l,p—1 HF/”BI-H,p—l ”F < 10—4.

10:  end while

11:  Let B! = BiHlr,

12:  Update S"*! via (20).

13 Letl=1[+1.

14:  Check the convergence condition:

IB'x3 A" — B %3 A7 /1B x5 AP <1074

15: end while
Output: The restored HSI X' = B x5 A.

By summarizing the aforementioned solving process,
we describe the pseudocode of the developed PAM-based
algorithm for solving the LRTF-DFR-based HSI restoration
model in Algorithm 1.

D. Computational Complexity Analysis

We analyze the computational complexity of the devel-
oped PAM-based solving algorithm on a degraded HSI ) €
R™M>mxns - Ag shown in Algorithm 1, the computational cost
at each outer iteration mainly lies in the updating of A,
B, Zi, Pr, S, and the number of inner iterations p, where
k =1, 2. First, updating A via (8) involves SVD, 1-D FFT, and
several matrix multiplications, which leads to O(rnlngm +
r’ns + rn3log(n3)) cost. Second, updating B via (16) needs
(’)((r + 1y 4+ no)nynony + r’ny + rnlnzlog(nlnz)) cost
since it involves SVD, 2-D FFT, and several tensor-matrix
product operations. Third, the computational cost of updating
Zi (k = 1,2) via (18) is O(nynyn3). Fourth, the compu-
tational cost of updating Py via (12) is O(n?nyr). Finally,
the computational cost of updating S via (20) is O(nynyn3).
In summary, the computational cost at each outer iteration
of the developed PAM-based algorithm is O(rn3log(n3) +
p((r + ny 4+ na)ninanz + rninalog(niny))).

IV. NUMERICAL EXPERIMENTS
We test the performance of the proposed LRTF-DFR-based
HSI restoration method* by conducting extensive experiments

4The code of the proposed LRTF-DFR-based HSI restoration method is
available at https://github.com/YuBangZheng/code_LRTFDFR.

on both simulated and real HSIs. To comprehensively eval-
uate the proposed method, we compare five excellent HSI
restoration methods, i.e., LRMR [35], NMoG [39], SNLRSF
[56], LRTDTV [52], and LRTDGS [53]. We select LRMR
and NMoG since they represent the classic methods based on
matrix rank minimization and noise modeling, respectively.
We select SNLRSF, LRTDTYV, and LRTDGS since they are
the most relevant to the proposed method among the newer
methods for mixed noise removal. The detailed relations and
distinctions between the proposed method and the compared
methods are summarized in Table II.

All parameters involved in the compared methods are
carefully adjusted based on the authors’ suggestions in their
articles to obtain the optimal performance. The gray values of
HSIs are normalized into the interval [0, 1] band-by-band. All
experiments are implemented by using MATLAB (R2019a) on
Windows 10 with an Intel Core i9-9900K 3.60-GHz processor
and 32-GB RAM.

A. Simulated Data Experiments

We employ two public HSIs in this section: one is the
simulated Indian Pines data set® with the size of (145, 145,
224), which is also used in the compared methods LRTDTV
and LRTDGS; the other is the Washington DC Mall data
set® with the size of (256,256,191), which is also used in the
compared methods LRMR, NMoG, SNLRSF, and LRTDGS.
Three quantitative evaluation indexes, including the mean of
peak signal-to-noise rate (MPSNR) over all bands, the mean of
structural similarity (MSSIM) over all bands, and the mean of
spectral angle mapping (MSAM) over all spectral vectors, are
selected to evaluate the overall quality of the restored results
quantitatively. Since the noise in HSIs usually manifests as
a mixture of several kinds of noise in real noise scenarios,
we consider the following five cases.

Case 1 (Gaussian Noise): The Gaussian noise with zero
mean is added to all bands, and the noise standard deviation
in each band is randomly sampled from the interval [0.1, 0.2].

Case 2 (Gaussian Noise + Salt and Pepper Noise): The
Gaussian noise is added in the same way as Case 1. Further-
more, the salt and pepper noise is added to all bands, and the
noise proportion in each band is randomly sampled from the
interval [0.1, 0.2].

Case 3 (Gaussian Noise + Salt and Pepper Noise + Stripe):
The Gaussian noise and the salt and pepper noise are added
in the same way as Case 2. Furthermore, 40% of all bands are
randomly selected to add stripes, and the number of stripes
in each selected band is randomly sampled from the set [6,
7, ..., 15]. Especially, all elements of the whole column will
become a certain value randomly sampled from the interval
[0.6,0.8] if this column is selected to add the stripe.

Case 4 (Gaussian Noise + Salt and Pepper Noise +
Deadline): The Gaussian noise and the salt and pepper noise
are added in the same way as Case 2. Furthermore, 20% of all
bands are randomly selected to add deadlines with the width
of randomly sampled from the set [1, 2, 3], and the number

SThis data set is generated in the same way as [49].
Shttp://lesun.weebly.com/hyperspectral-data-set.html
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TABLE II

DETAILED RELATIONS AND DISTINCTIONS BETWEEN THE PROPOSED METHOD AND THE COMPARED METHODS

Low-rankness Local continuity Nonlocal self-similarity . . .
Method spatial | spectral [ both [ spatial [ spectral [ both [ spatial [ spectral | both Group sparsity of SpatDIs | - Noise assumption
v Gaussian and
LRMR minimiz[ing the m[atrix rank - - - Laplace distributions
Vi non-i.i.d. mixture of
NMoG [ LRMF [ - - - Gaussian distributions
SNLRSF [ v [ . — nonl([)cal low-rank — Gauss1.an'and'
subspace representation L Laplace distributions
regularization on factor
Va Gaussian and
LRIDTV LRTD spati'jl-spectral l1“V o o Laplace distributions
[ [ A v [ [ weighted £2 1-norm on Gaussian and
LRTDGS LRTD ‘O’V:lggzd])é QSf-I:SHIl: - SpatDIs of HSIs Laplace distributions
| V] l | v wei :
ghted /2 1-norm on Gaussian and
LRTF-DER LRTF dOL;ZIge;lf;citZ(;rt-it;ised - SpatDIs of spatial factor | Laplace distributions
TABLE III
QUANTITATIVE COMPARISON OF ALL COMPARED METHODS FOR DIFFERENT DATA SETS AND CASES
Dataset Case Indexes Noise LRMR NMoG SNLRSF LRTDTV LRTDGS LRTF-DFR
MPSNR 16.642 32.718 31.992 40.709 37.988 40.477 43.935
Case 1 MSSIM 0.2697 0.8682 0.8289 0.9875 0.9822 0.9918 0.9971
MSAM 16.984 2.3167 2.6231 0.7881 1.1982 0.8877 0.6132
MPSNR 11.752 31.103 30.290 31.026 35.112 38.569 41.403
Case 2 MSSIM 0.1442 0.8292 0.7987 0.8644 0.9674 0.9865 0.9965
MSAM 27.294 2.7518 3.1394 3.0024 1.6669 1.1046 0.8490
MPSNR 11.711 30.006 29.674 29.813 33.440 35.534 39.165
Indian Pines Case 3 MSSIM 0.1411 0.8225 0.7972 0.8577 0.9608 0.9758 0.9951
MSAM 27.204 3.4053 3.4743 3.5800 2.1837 2.0246 1.3131
MPSNR 11.518 29.401 29.566 29.188 33.102 33.487 38.739
Case 4 MSSIM 0.1404 0.8808 0.7955 0.8416 0.9583 0.9490 0.9938
MSAM 28.402 4.2670 3.7107 4.1584 24177 3.4266 1.7831
MPSNR 11.409 28.216 29.019 27.827 32.307 32.263 37.948
Case 5 MSSIM 0.1362 0.7913 0.7916 0.8286 0.9548 0.9343 0.9942
MSAM 28.566 5.0425 4.1730 5.1917 2.8256 4.0121 1.7715
Mean time (s) — 25.971 99.320 20.014 102.18 73.057 41.512
MPSNR 16.658 31.771 33.744 36.885 32.574 34.167 35.686
Case 1 MSSIM 0.2915 0.9056 0.9376 0.9698 0.9135 0.9398 0.9585
MSAM 42.481 10.340 9.4375 5.1332 6.2833 7.0713 5.0720
MPSNR 11.055 30.113 32.125 28.448 30.225 32.804 34.626
Case 2 MSSIM 0.1257 0.8760 09174 0.8788 0.8669 0.9220 0.9493
MSAM 51.274 10.481 13.636 8.2613 7.4229 7.8837 5.4400
MPSNR 10.874 29.245 31.893 27.225 29.579 31.981 34.464
Washington DC Mall Case 3 MSSIM 0.1216 0.8642 0.9150 0.8549 0.8548 0.9158 0.9477
MSAM 50.975 11.073 11.082 9.0752 7.7969 10.105 5.7019
MPSNR 11.071 29.772 32.083 28.654 30.019 32.565 34.061
Case 4 MSSIM 0.1245 0.8723 0.9210 0.8786 0.8654 0.9200 0.9462
MSAM 51.653 11.004 11.632 8.6462 7.7726 8.4999 5.9657
MPSNR 10.863 28.858 31.918 27.515 29.545 31.859 33.933
Case 5 MSSIM 0.1201 0.8593 0.9221 0.8600 0.8508 0.9164 0.9450
MSAM 51.462 11.752 8.6390 9.3490 8.0001 10.036 6.3431
Mean time (s) — 64.054 208.11 58.121 290.47 240.88 119.08

are added in the same way as Case 2. Furthermore, stripes
and deadlines are added in the same way as Cases 3 and 4,
respectively.

1) Quantitative Comparison: We report the MPSNR,
MSSIM, MSAM, and the mean time values obtained by
all compared methods in Table III. Especially, we highlight

of deadlines in each selected band is randomly sampled from
the set [6, 7, ..., 10]. Especially, all elements of the whole
column will become zero if this column is selected to add the
deadline.

Case 5 (Gaussian Noise + Salt and Pepper Noise + Stripe
+ Deadline): The Gaussian noise and the salt and pepper noise
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‘ —— LRMR —— NMoG SNLRSF —e— LRTDTV —— LRTDGS —+— LRTF-DFR
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Fig. 3. PSNR values of all bands obtained by different compared methods under different cases. (From Left to Right) Results of cases 1-5, respectively.
The first and the second rows are the results on HSIs Indian Pines and Washington DC Mall, respectively.
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Original image Noisy image LRMR NMoG SNLRSF LRTDTV LRTDGS LRTF-DFR

Fig. 4. Restoration results at band 48 of the Indian Pines data set. (From Top to Bottom) Results under cases 1-5, respectively. (From Left to Right) Original
image, the noisy image, the results of LRMR, NMoG, SNLRSF, LRTDTV, LRTDGS, and LRTF-DFR, respectively.

the best results by bold. As observed, the proposed LRTF- a shorter time than LRTDTV and LRTDGS. The main reason
DFR achieves overall superior results over the compared ones is that the proposed LRTF-DFR characterizes the HSI priors
under nearly all cases. Although under case 1, SNLRSF by introducing constraints on factors, while LRTDTV and
outputs slightly higher MPSNR and MSSIM values than LRTDGS by directly adding constraints on the original HSI.
the proposed method on the Washington DC Mall data set, Meanwhile, the proposed method also costs a shorter time than
it obviously underperforms than the proposed method under NMoG with the reason that NMoG spends much time in noise
other cases. For the running time, the proposed method costs learning. To compare the performance of each band, Fig. 3
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SNLRSF LRTDTV LRTDGS

LRTF-DFR

Fig. 5. Restoration results at band 86 of the Washington DC Mall data set. (From Top to Bottom) Results under cases 1-5, respectively. (From Left to Right)
Original image, the noisy image, the results of LRMR, NMoG, SNLRSF, LRTDTYV, LRTDGS, and LRTF-DFR, respectively.

shows the PSNR values of each band obtained by six compared
methods. As observed, the proposed LRTF-DFR achieves the
highest PSNR values among all the compared methods in most
bands and cases.

2) Qualitative Comparison: To visually compare the restora-
tion results, Fig. 4 shows band 48 of the Indian Pines
data set restored by six compared methods under all cases.
We observe from Fig. 4 that the proposed LRTF-DFR obtains
the best visual results among all compared methods both in
noise removal and the recovery of global structure and local
details. Here LRMR, NMoG, and SNLRSF are not able to
fully remove the noises, and LRTDTV and LRTDGS are not
capable of well recovering the local details, especially the
edges. Especially for case 5, the results of LRMR, SNLRSF,
LRTDTYV, and LRTDGS contain larger amounts of the trace
of the thick deadlines. Comparatively, the proposed LRTF-
DFR completely removes all noises while finely preserving
the global structure and local details of the target HSI. Fig. 5
shows band 86 of the Washington DC Mall data set restored by
six compared methods under all cases. It can be seen that the
results of the proposed LRTF-DFR have an obvious improve-
ment in noise removal and details preserving compared with
the other methods.

To further compare the performance of the spectral curve
recovery, cases 2 and 5 are selected as two representative
cases. Fig. 6 shows the spectral curves at one spatial location
of the restoration results by different compared methods under

cases 2 and 5. It is observed that the spectral curves obtained
by the proposed LRTF-DFR can better approximate the orig-
inal ones than those produced by the compared methods.
In summary, the abovementioned observations illustrate that
the proposed LRTF-DFR has the best performance on mixed
noise removal, spatial image recovery, and spectral signatures
preserving, among all compared methods.

The reason why the proposed LRTF-DFR is superior to the
compared ones is that it can fully utilize the relevant informa-
tion among different bands. More specifically, the proposed
LRTF-DFR not only utilizes the global low rankness and the
local continuity but also assumes that most of the smooth
areas in different bands located at the same location, i.e., the
SpatDIs of HSIs are group sparse along the spectral mode.
This assumption makes the proposed LRTF-DFR to fully
exploit the common characteristics among different bands.
By contrast, LRMR, NMoG, and SNLRSF fail to consider
the local continuity, LRTDTV does not consider the spectral
group sparsity in the SpatDIs, and LRTDGS does not consider
the local continuity in the spectral domain.

B. Real Data Experiments

This section employs two real-world HSIs: one is the Urban
data set® with a size of (307, 307, 210), which is also used in
all compared methods; the other is the real Indian Pines data
set® with a size of (145, 145, 220), which is also used in the
compared methods SNLRSF, LRTDTYV, and LRTDGS.
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Spectral curves of the restoration results by different compared methods. (From Left to Right) Results of LRMR, NMoG, SNLRSF, LRTDTYV,

LRTDGS, and LRTF-DFR, respectively. The first two rows are the results at spatial location (30, 30) of the Indian Pines data set under cases 2 and 5,
respectively. The last two rows are the results at spatial location (151, 151) of the Washington DC Mall data set under cases 2 and 5, respectively.
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Fig. 7. Restoration results at band 109 of the real HSI Urban. (From Left to Right) Noisy/original result, the results of LRMR, NMoG, SNLRSF, LRTDTYV,
LRTDGS, and LRTF-DFR, respectively. The first and the second rows are the visual results and the vertical mean profiles, respectively.

1) Urban Data Set: Fig. 7 shows the restoration results
at band 109 of the real HSI Urban, including the visual
effects and the vertical mean profiles. Here, the vertical mean
profile is a curve obtained by calculating the mean value of
pixels in each column. As observed, all compared methods
can effectively remove the mixed noise except LRMR, which
cannot completely remove the stripes. However, by observing
the enlarged box in Fig. 7, we can see that the results of
LRTDTV and LRTDGS lose some local details. NMoG and
SNLRSF have excellent ability to preserve the image details,
whereas their vertical mean profiles deviate from the basic
trend of the observed ones, implying the change of image
contrast. Comparatively, the proposed LRTF-DFR completely

removes all noises, precisely preserves the global structure and
local details, and finely retains the image contrast.

2) Indian Pines Data Set: Fig. 8 shows the restoration
results at band 220 of the real HSI Indian Pines, includ-
ing the visual effects and the vertical mean profiles. It is
obvious that the result of LRMR contains a little noise;
the reason is that LRMR only considers the low-rankness
prior. NMoG, SNLRSF, LRTDTYV, LRTDGS, and the proposed
LRTF-DFR all have excellent ability to eliminate the noise
and can produce relatively smooth vertical mean profiles.
However, the proposed LRTF-DFR offers major advantages
over the other ones for recovering local details, especially
the edges.
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Fig. 8. Restoration results at band 220 of the real HSI Indian Pines. (From Left to Right) Noisy/original result, the results of LRMR, NMoG, SNLRSF,
LRTDTYV, LRTDGS, and LRTF-DFR, respectively. The first and the second rows are the visual results and the vertical mean profiles, respectively.

TABLE IV
INFLUENCE OF THE NUMBER OF INNER ITERATION UNDER CASE 5 IN SIMULATED DATA EXPERIMENTS

Dataset | p [ 2 | 4 ] 6 | 8 [ 10 | 12 | 14 | 16 | 18 | 20
Indian Pines MPSNR 33.284 | 36.354 | 37.146 | 37.541 | 37.986 | 38.112 | 38.148 | 38.152 | 38.178 | 38.184
CPU time (s) | 14.941 | 20.745 | 27.441 | 35.012 | 41.424 | 49.014 | 57.454 | 65.143 | 73.451 | 81.354
Washineton DC Mall MPSNR 33210 | 33.547 | 33.697 | 33.821 | 33.921 | 33.924 | 33.931 | 33.942 | 33.956 | 33.961
& CPU time (s) | 43.853 | 62.963 | 82.847 | 100.01 | 120.83 | 139.98 | 157.92 | 178.78 | 198.14 | 217.22
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Fig. 9. Sensitivity analysis of the rank r under cases 1 and 5. Fig. 11. Sensitivity analysis of the parameter x under cases 1 and 5.
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Fig. 12.  Sensitivity analysis of the parameter f under cases 1 and 5.

with respect to different p’s. It is seen that the proposed LRTF-
DFR obtains a stable and superior performance when p > 10.
Considering that the CPU time is increased with increasing of
p, we set p to be 10 in all experiments.

2) Parameter Analysis: We test the sensitivity of the para-
meters on the simulated data sets under cases 1 and 5 since
they represent the Gaussian noise case and mixed noise case,
respectively. As shown in Algorithm 1, the proposed LRTF-

Fig. 10. Sensitivity analysis of the parameters 7 and A under cases 1 and 5.

C. Discussion

1) Inner Iteration Analysis: We test the influence of the
number of inner iteration p on the simulated data sets under
case 5. Table IV reports the MPSNR and CPU time values

DFR method involves five important parameters: the rank
r, regularization parameters 7, A, and u, and the penalty
parameter f3.

Authorized licensed use limited to: University of Electronic Science and Tech of China. Downloaded on August 16,2020 at 10:48:17 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

ZHENG et al.: DOUBLE-FACTOR-REGULARIZED LOW-RANK TENSOR FACTORIZATION 13

TABLE V

PARAMETERS SETTING OF THE PROPOSED LRTF-DFR IN
SIMULATED DATA EXPERIMENTS

Dataset [r[T[ A [ m [ B
Indian Pines 12
Washington DC Mall 8

0.2 0.01 0.04 15000

TABLE VI

PARAMETERS SETTING OF THE PROPOSED LRTF-DFR IN
REAL DATA EXPERIMENTS

Dataset r

Urban
Indian Pines

| 7 [A]l u [ B
02| s

Estimated by the

HySime algorithm [62] 0.04

15000

The rank » mainly characterizes the spectral global correla-
tion of HSIs. The sensitivity analysis of the rank r is presented
in Fig. 9. It is seen that the proposed LRTF-DFR exhibits
stable and superior performance within a certain range of the
rank r. Considering that larger r leads to higher computational
complexity, we set r to be 12 and 8 for the simulated Indian
Pines data set and Washington DC Mall data set, respectively.
Especially, the rank r is estimated by the well-known HySime
algorithm [62] in real data experiments.

The parameters v and 4 determine the weights of the factor
B-based and the factor A-based regularization terms, respec-
tively. Fig. 10 shows their sensitivity analysis. As observed,
the performance of the proposed LRTF-DFR is robust to
the parameter A, while it is sensitive to the parameter z,
especially in the Washington DC Mall data set. Moreover,
as the parameters 7 and 1 change, the MPSNR values have
the same changing tendency for different noisy cases. This
implies that these two parameters are robust to different noisy
cases.

The parameter u determines the weight of the sparse noise
term. Fig. 11 shows the sensitivity analysis of x. It is seen that
the proposed LRTF-DFR has stable and superior performance
under case 1 when y is larger than 0.04. This is because case 1
only involves the Gaussian noise. For case 5, the performance
of LRTF-DFR is slightly sensitive to ux, and the higher
MPSNR values are achieved at ¢ = 0.03, 0.04, and 0.05.

The sensitivity analysis of the penalty parameter £ is shown
in Fig. 12. It is obvious that the performance of the proposed
LRTF-DFR is robust within a certain range of S.

Under the guidance of the abovementioned analysis,
Tables V and VI list the parameters setting of the proposed
method in simulated data experiments and real data experi-
ments, respectively.

3) Convergence Analysis: Since the ADMM and weighted
strategies are embedded into the PAM framework, it is still
an open problem for theoretically proving the convergence
of the developed algorithm [57], [63]. Instead, we numeri-
cally demonstrate the convergence. Fig. 13 shows the relative
change in the restored HSIs in each iteration and its previous
iteration under cases 1 and 5. It is observed that for all testing
data sets, the values of the relative change achieved by the
developed algorithm monotonically decrease and gradually

Case 5

—+—Indian Pines
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Case 1
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Fig. 13. Relative change curves with respect to the iteration number under
cases 1 and 5.

tend to zeros, as the number of iterations increases. This
justifies the strong convergence of the developed PAM-based
solving algorithm numerically.

V. CONCLUSION

In this article, we proposed an LRTF-DFR model for HSI
mixed noise removal, which employed the LRTF framework
to characterize the spectral global low rankness of HSIs, intro-
duced a group sparsity constraint on the SpatDIs of the spatial
factor to promote the group sparsity in the SpatDIs of HSIs,
and suggested a continuity constraint on the spectral factor
to promote the spectral continuity of HSIs. Especially, two
weighted strategies are employed to better promote group spar-
sity and sparsity, respectively. To solve the proposed LRTF-
DFR model, a PAM-based algorithm was developed with
a numerically guaranteed convergence. By comparing with
several excellent methods, including LRMR [35], NMoG [39],
SNLRSF [56], LRTDTV [52], and LRTDGS [53], in extensive
numerical experiments, the proposed method exhibited its
superior performance on mixed noise removal, spatial image
recovery, and spectral signatures preserving.

In the future, we will attempt to combine the proposed
LRTF-DFR with the convolutional neural network [45], [64]—
[66] to learn a more appropriate regularization on factors and
further improve the ability of mixed noise removal.
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