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Hyperspectral and Multispectral Image Fusion
Using Factor Smoothed Tensor Ring Decomposition

Yong Chen™, Jinshan Zeng, Wei He

Abstract— Fusing a pair of low-spatial-resolution hyperspec-
tral image (LR-HSI) and high-spatial-resolution multispectral
image (HR-MSI) has been regarded as an effective and eco-
nomical strategy to achieve HR-HSI, which is essential to
many applications. Among existing fusion models, the tensor
ring (TR) decomposition-based model has attracted rising atten-
tion due to its superiority in approximating high-dimensional
data compared to other traditional matrix/tensor decomposition
models. Unlike directly estimating HR-HSI in traditional models,
the TR fusion model translates the fusion procedure into an
estimate of the TR factor of HR-HSI, which can efficiently
capture the spatial-spectral correlation of HR-HSI. Although
the spatial-spectral correlation has been preserved well by
TR decomposition, the spatial-spectral continuity of HR-HSI is
ignored in existing TR decomposition models, sometimes resulting
in poor quality of reconstructed images. In this article, we intro-
duce a factor smoothed regularization for TR decomposition to
capture the spatial-spectral continuity of HR-HSI. As a result,
our proposed model is called factor smoothed TR decomposition
model, dubbed FSTRD. In order to solve the suggested model,
we develop an efficient proximal alternating minimization algo-
rithm. A series of experiments on four synthetic datasets and one
real-world dataset show that the quality of reconstructed images
can be significantly improved by the introduced factor smoothed
regularization, and thus, the suggested method yields the best
performance by comparing it to state-of-the-art methods.

Index Terms— Hyperspectral image (HSI) and multispectral
image (MSI) fusion, proximal alternating minimization (PAM),
smoothed regularization, tensor ring (TR) decomposition.

I. INTRODUCTION

YPERSPECTRAL imaging has attracted an amount of
attention since it can simultaneously collect images of
the same scene across visible and infrared wavelengths. The

Manuscript received June 2, 2021; revised July 17, 2021 and August 26,
2021; accepted September 13, 2021. This work was supported in part by NSFC
under Grant 12171072, Grant 62101222, Grant 61977038, Grant 61772003,
and Grant 61876203; in part by the Key Projects of Applied Basic Research
in Sichuan Province under Grant 2020YJ0216 and Grant 2021YJ0107; in
part by the National Key Research and Development Program of China
under Grant 2020YFA0714001; in part by the Japan Society for the Pro-
motion of Science (KAKENHI) under Grant 19K20308; and in part by the
Thousand Talents Plan of Jiangxi Province under Grant jxsq2019201124.
(Corresponding author: Jinshan Zeng.)

Yong Chen and Jinshan Zeng are with the School of Computer and Infor-
mation Engineering, Jiangxi Normal University, Nanchang 330022, China
(e-mail: chenyong1872008@163.com; jinshanzeng@jxnu.edu.cn).

Wei He is with the Geoinformatics Unit, RIKEN Center for Advanced Intel-
ligence Project, RIKEN, Tokyo 103-0027, Japan (e-mail: wei.he@riken.jp).

Xi-Le Zhao and Ting-Zhu Huang are with the School of Mathematical
Sciences/Research Center for Image and Vision Computing, University of
Electronic Science and Technology of China, Chengdu, Sichuan 611731,
China (e-mail: x1zhao122003@163.com; tingzhuhuang@126.com).

Digital Object Identifier 10.1109/TGRS.2021.3114197

, Member, |IEEE, Xi-Le Zhao

, and Ting-Zhu Huang

collected hyperspectral image (HSI) with dense bands has
found a wide range of applications on remote sensing and
computer vision, such as classification [1], unmixing [2], [3],
and recognition [4]. However, due to the critical tradeoffs
between the spatial and spectral resolutions of imaging tech-
niques, HSI with a high spectral resolution usually has a
low spatial resolution (LR). Directly improving the spatial
resolution in the hyperspectral imaging system is costly and
difficult due to various hardware limitations. Fortunately, mul-
tispectral sensors can acquire an image with a higher spatial
resolution but with a lower spectral resolution, such as the
RGB image, multispectral image (MSI), and panchromatic
image. Since both LR-HSI and high-spatial-resolution MSI
(HR-MSI) contain valuable information, LR-HSI and HR-MSI
fusion has become an effective technique to enhance the spatial
resolution of LR-HSI. The fused image is called HR-HSI,
which is desired to have both high-spectral and high-spatial
resolutions.

To date, extensive methods have been proposed for fusing
LR-HSI and HR-MSI, and they can be generally divided
into three categories [5]-[7]: pansharpening-based approaches,
deep learning (DL)-based approaches, and factorization-based
approaches. The pansharpening techniques aim to obtain an
HR-MSI by fusing an LR-MSI with a high-resolution panchro-
matic image. The fusion problem of LR-HSI and HR-MSI can
be treated as many pansharpening subproblems, where the role
of each band of HR-MSI is the same as that of panchromatic
image. Pansharpening-based approaches are mainly based on
two categories: component substitution (CS) [8], [9] and
multiresolution analysis (MRA) [10], [11]. The advantages
of these techniques are low computational cost and fast
implementation. However, the spectral information is a lack
in a single panchromatic image compared with the desired
HR-HSI; thus, these methods usually cause spectral distortion.

Due to the high efficiency and potential performance of
deep convolution neural network (CNN) in computer vision
tasks, DL-based fusion methods have attracted rising atten-
tion. DL-based pansharpening methods [12]-[16] yielded the
HR-MSI by learning a nonlinear mapping function under the
input of the original MSI and high-resolution panchromatic
image, and these methods can be extended for LR-HSI and
LR-MSI fusion via modifying the first and last convolution
layers. Recently, the DL methods that directly combine the
characteristics of LR-HSI and HR-HSI as the input and then
map to the HR-HSI were widely extended to the fusion of
LR-HSI and HR-MSI [17]-[24]. For example, Wang et al. [20]
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proposed a deep iterative network for blind LR-HSI and
HR-MSI fusion. One major advantage of DL-based methods is
that they can obtain satisfactory results since CNN possesses a
strong ability to explore the image features. However, the train-
ing of these methods generally requires plenty of paired
LR-HSI and HR-HSI, which is difficult to collect. To tackle
such an issue, unsupervised DL methods are proposed to fuse
LR-HSI and HR-MSI [25]-[27]. For example, Wang et al. [27]
presented a variational probabilistic autoencoder framework
for unsupervised LR-HSI and HR-MSI fusion.
Factorization-based approaches have been widely presented
for LR-HSI and HR-MSI fusion since these methods are
unsupervised and effective. This kind of method regards
the reconstruction of HR-HSI as an ill-posed problem and
recovers the HR-HSI by minimizing an energy function.
By modeling the HR-HSI as 2-D or high-dimensional data,
there are two ways to factorize the HR-HSI, i.e., matrix
factorization-based and tensor factorization-based approaches.
Matrix factorization-based approaches assume that each spec-
tral signature of HR-HSI can be mathematically represented
as a linear combination of several endmembers, and they
factorize the desired HR-HSI as the spectral basis and
coefficient [28]-[37]. Based on the matrix factorization strat-
egy, the reconstruction of HR-HSI is transformed to the esti-
mation of spectral basis and coefficient. However, the strategy
of vectorizing each band will destroy the intrinsic structure
in the process of reconstructing the HR-HSI. Since LR-HSI,
HR-MSI, and HR-HSI are intrinsically 3-D, they can be
expressed by tensor data. Motivated by this observation,
the idea of tensor factorization becomes very popular in the
fusion of LR-HSI and HR-MSI. Benefit from the strong
representation ability of the tensor factorization, this kind
of tensor factorization-based method achieves state-of-the-art
results. So far, there are some well-known tensor factorization
schemes, including Tucker decomposition [38]-[42], Canon-
ical polyadic (CP) decomposition [43], [44], tensor singular
value decomposition (t-SVD) [45]-[48], tensor-train decom-
position [49], and block-term decomposition [50], applied
to LR-HSI and HR-MSI fusion. Besides these, a new ten-
sor factorization called tensor ring (TR) decomposition was
recently suggested in [51]. Specifically, TR decomposition is
defined to decompose a high-order tensor as a sequence of
cyclically contracted third-order tensors. TR decomposition
inherits the representation ability of traditional matrix/CP
decomposition and extends the low-rank exploration of Tucker
decomposition [52]-[54]. Inspired by the effectiveness of TR
decomposition, the tensor methods for the fusion of LR-HSI
and HR-MSI are based on the TR framework [55], [56].
Matrix/tensor decomposition can effectively explore the
global and local redundant information of HR-HSI and trans-
late the high-dimensional data in a relatively low-dimensional
space by decomposing the HR-HSI as a set of factors.
However, when these models are introduced for the fusion
of LR-HSI and HR-MSI, some other factor prior knowl-
edge, such as the smoothed structure, was ignored, result-
ing in the loss of spatial-spectral piecewise smoothness of
reconstructed HR-HSI. There are many methods to improve
the fusion performance by considering the factor property
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under the framework of matrix factorization. For example,
Simdes et al. [29] first introduced factor vector total vari-
ation (TV) to preserve the spatial smoothness of HR-HSI;
Wei et al. [31] incorporated a factor sparse regularization
into matrix factorization framework for LR-HSI and HR-MSI
fusion. From the perspective of tensor factorization framework,
Li et al. [57] presented the coupled Tucker decomposition with
factor core tensor sparse prior for fusing LR-HSI and HR-MSI;
Ding et al. [50] proposed a fusion method by using latent
factor TV and low-rank regularized block-term decomposi-
tion. Hence, incorporating the additional factor regularization
into the factorization-based framework is an effective way
to improve the accuracy of reconstructed results, especially
when the data is seriously polluted by noise [58]. However,
although TR decomposition is an impressive representation
for high-dimensional data and successfully applied to fuse
LR-HSI and HR-MSI [55], the existing TR decomposition-
based methods ignored the TR factor regularization, resulting
in the lack of consideration of spatial-spectral continuity
in HR-HSI. A toy example is presented in Fig. 1 to illus-
trate the necessity of TR factor regularization if the prior
of spatial-spectral continuity exists in HR-HSI. It can be
observed from the first row of Fig. 1 that, when the row
fibers of the TR factor are nonsmooth, then the signatures
of the resulted tensor in different dimensions are nonsmooth.
In contrast, the smoothed TR factor will generate smoothed
tensor shown in the second row of Fig. 1. Thus, the TR
decomposition model still has the potential to improve.

A. Contributions

In this article, we propose a factor-smoothed TR decompo-
sition (FSTRD)-based method for the fusion of LR-HSI and
HR-MSI. To fully explore the high spatial-spectral correlation
of HR-HSI, we introduce the representative and flexible TR
decomposition to represent it. Under the TR representation
of HR-HSI, the degradation process of LR-HSI and HR-MSI
from HR-HSI is formulated as the TR decomposition format.
Moreover, we explore the TR factor to inherit the potential
characteristics of the original HR-HSI. As the HR-HSI has the
piecewise smooth characteristics in the spatial-spectral dimen-
sion, it is necessary to incorporate the smoothed regularization
into the TR factor to preserve the spatial-spectral information
of HR-HSI. Based on these analyses, the reconstruction of
HR-HSI is transformed to estimate the TR factor from the
input LR-HSI and HR-MSI. An efficient proximal alternating
minimization (PAM) algorithm is designed to solve the pro-
posed model. A series of experimental results on simulated and
real datasets illustrate that the proposed FSTRD method out-
performs the state-of-the-art factorization-based approaches.

B. Related Work

In the literature, three representative tensor models have
been proposed for LR-HSI and HR-MSI fusion, including
CP decomposition [43], [44], Tucker decomposition [38],
[40], [41], [57], and t-SVD [45]. The tensor decomposition
is extended from the matrix factorization [28]-[34], [59]
[see Fig. 2(a)] to explore the spatial-spectral correlation of
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Fig. 1. Signatures curve of two tensors generated by different TR factors. First row: the row fibers of TR factors without smooth structure. Second row: the row
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HR-HSI. The CP decomposition-based approaches decom-
pose the HR-HSI into the sum of rank-1 tensors, as pre-
sented in Fig. 2(b), which assumes that the correlations of
spatial-spectral dimensions are the same. However, the corre-
lation of spectral dimension is strong than the spatial dimen-
sion in true HR-HSI. The Tucker decomposition [see Fig. 2(c)]
decomposes the HR-HSI by using one core tensor and a set
of factor matrices. However, the core tensor is independent
of the LR-HSI and HR-MSI degradation processing from the
HR-HSI. Moreover, since the existence of the core tensor,
the number of decomposed parameters increases exponentially
following its dimensions. t-SVD [see Fig. 2(d)] is based on
a new definition of tensor-tensor product, which maintains

some properties that are similar to the matrix case. How-
ever, the degradation process of LR-HSI and HR-MSI cannot
be represented under the t-SVD framework, and it mainly
explores the correlation of one mode of high-dimensional data.
In this work, we propose to employ the TR decomposition
for approximating the HR-HSI. The number of decomposed
variables is much smaller than that of Tucker decomposi-
tion. Moreover, all TR factors participate in the degradation
process of LR-HSI and HR-MSI, as shown in Fig. 3. Further-
more, according to (3), TR factors can be circularly shifted
and treated equivalently; thus, it can effectively balance the
correlations of all dimensions than CP decomposition and
t-SVD.
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Fig. 3. Illustration of the proposed method.

Although the TR decomposition has been widely used in
other fields recently, such as high-dimensional image com-
pletion [52], [53] and HSI restoration [60], these applications
that use TR decomposition try to restore the image from the
missing or noisy data. The proposed FSTRD, however, tries to
reconstruct the HR-HSI from the paired LR-HSI and HR-MSI
and illustrates the degradation model of fusion problem from
the perspective of TR decomposition (see Fig. 3). Moreover,
the proposed method first explores that each TR factor inherits
the potential piecewise smoothness of original HR-HSI in
each dimension and then incorporates the factor smoothed
regularization to the TR framework, which can improve the
application ability of TR decomposition. The framework of
the proposed method is shown in Fig. 3.

The remainder of this article is organized as follows.
Section Il describes the notations and related fusion frame-
work. The proposed fusion model and its optimization are
presented in Section Il1l. Section IV shows the extensive
experimental results and discussions. The conclusion is given
in Section V.

Il. NOTATIONS AND PROBLEM FORMULATION

A. Notations

In this article, we use the same tensor notations mainly
from the literature [51], [61]. Lowercase and uppercase are
employed to denote scalars, i.e., m, M € R. Boldface lower-
case is employed to denote vectors, i.e., x € RM. Matrices
are denoted by boldface capital letter, ie., X e RMxN,
Tensors with n-order (n > 3) are denoted by calligraphic
letter, i.e., X e R''™xl2xxlh where [; is the dimension of
the ith mode. Thus, vectors and matrices are the first- and
second-order tensors, respectively. X(i1,i2,...,1in) OF Xiji,. i,
is the element value of X in location (iy, iz, ..., in). Moreover,
we summarize the operations of tensor in Table I. In the next,
we give the definition of TR decomposition used in this article.

TR decomposition decomposes a tensor into a series of
third-order factor tensors G = {GD,G®, ..., GM}, where
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G e RWxlkxe [51]. For a n-order tensor X' e R'txl2xxIn
its TR decomposition is defined as

Sin) = TrGP([1)GP(iy), ..., GM(in))

=Tr <f[ GH(i k)) 1)
k=1

X1, i, ..

where G® (i) e R'«x"1 denotes the iyth lateral slice matrix
of factor tensor G and Tr(-) is the matrix trace operation.
Since trace operation is defined for square matrix, TR decom-
position setsr; =rpyq, andr = [rq,ro, ..., ry] is the TR-rank
of tensor X. In this article, TR decomposition is briefly
denoted as notation X = ®(G).

The multilinear product of two adjacent factor tensors G®¥
RM«xlkxr1 gngd g(k+l) e R+1xht1 X2 js denoted as g(k,k+1) c
R Ikla1xTie2 - and each lateral slice of G&K+D) is defined as

G ((ju = DIk +i) =GR EG ()

for iy = 1,..., Ik, jk =1,..., |k+1, where G(k’k+l) €
Rz Based on the multilinear product operation, G+-K ¢
RrxlelxTen s the multilinear product of the first k fac-
tor tensors, Gkt e Riwixlahxt js the multilin-
ear product of the last n — k factor tensors, and G*¢ ¢
Rt X et Il e xTi s the multilinear product of all factor
tensors (e_xcept kth factor tensor.

Let Xy € Rl hrxInxlixxlcs he g n-order tensor;
then, X'y can be regarded as the circularly shifts of the
dimensions of X by k. If the TR decomposition of X is
X = OGD, g@ .., GM), then the TR decomposition of
X'k can be expressed as

X=0@GW, gk, gM go, . gk @3)

Under the relation of (3), each G® can be shifted to the
first position. Based on this property, the matrix representation
of TR decomposition can be formulated as

< T
Xa> = Xk2) = GE§§ (G(:;lg) (4)
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TABLE |
TENSOR OPERATIONS

Notations

operations

X(k) ERIkXIIIZ“‘In
X ps € RIkXIky1-Inly-Ip_1

FOldk(~)
<X, Y > inner product of two tensors: Y
(dlba
1211 £1-norm of tensor X: >
V=X X, A mode-k multiplication of &’: Y, ..
Y = AXw)

the first mode-k matricization of tensor X.
the second mode-k matricization of tensor X.
the inverse operator of mode-k matricization.

i1,8,0 0 in Li1502, in Yi1,in, - in -

Frobenius-norm of tensor X: /< X, X >.

i1igsin |Tit g, yin |-

A1yt yin = 2udy Tisig,eer in A

matrix representation of ): ) = X X A.

which is an important conversion for updating each factor
tensor. The other efficient property is that, if the TR decom-
position of X is X = ®(GD, G@, ... GM), then the mode-k
multiplication of X’ can be formulated as

XxkA=0GY, 6P, ..., g0, A ...,6M). (5

B. Problem Formulation

In the real scene, HSI and MSI are third-order tensor data,
where the first two modes are spatial sizes of the image, and
the third mode is the spectral dimension. Thus, the given
LR-HSI and HR-MSI can be denoted as Y € R™"*B and Z ¢
RM*Nxb ‘\where mx n and M x N are spatial sizes of LR-HSI
and HR-MSI, respectively, and B and b are the number of
the spectral band of LR-HSI and HR-MSI, respectively. The
goal of HSI and MSI fusion is to estimate the HR-HSI X €
RM>*N=B from input LR-HSI and HR-MSI, where M > m,
N > n, and B > b. As the imaging object and the spectral
number between LR-HSI and HR-HSI are the same, then the
acquisition process of LR-HSI can be regarded as the spatially
downsampling from the HR-HSI, which can be formulated
as

V=X x1U1 xp Uy + Ny (6)

where U; € R™M and U, € R™N are the degradation
operator of blurring and downsampling in spatial height and
width modes, respectively, and Ny € R™"*B js the Gaussian
noise contained in LR-HSI. Analogously, the imaging object
and spatial sizes of HR-MSI and HR-HSI are the same; then,
HR-MSI can be formulated as the spectrally downsampling
from the HR-HSI, and thus, the following relationship is
satisfied:

Z=X x3Uz3+ N, (7

where Us e RP*B s the spectral downsampling matrix of
the multispectral imaging sensor and N; € RM*Nxb js the
Gaussian noise contained in HR-MSI. Base on two degradation
models of (6) and (7), directly estimating the HR-HSI X" can
be solved the following minimization problem:

o1 )
min 1Y = & x1 Uz % Uzl + SlIZ2 =& xs Usllz2 (8)

where / is the parameter used to balance two terms.

C. Factorization-Based Methods

Directly estimating the HR-HSI X from problem (8) is
an ill-posed inverse problem; the reason is that the number
of total measurements from ) and Z is much smaller than
that of the unknown variable. To solve the ill-posed fusion
problem, regularization is an effective tool by exploring the
prior knowledge about the desired HR-HSI X.

As HR-HSI has a strong correlation in spectral dimension,
i.e., each spectral signature of HR-HSI can be denoted as the
linear relationships of a small number of endmembers, low-
rank matrix factorization regularization on X, (the mode-
3 matricization of tensor X)) has been widely employed to
regularize the ill-posed fusion problem (8). Therefore, classical
matrix factorization [28], [30] was first proposed to estimate
the HR-HSI from a pair of LR-HSI and HR-MSI, which can
be formulated as

1 A
min S Ys — EAUL® Up)TIE + 511 Z) — UsEAIE (9)

where E € RB*" and A € R™*MN (r « B) are the basis matrix
and corresponding coefficient matrix, respectively. In fusion
problem (9), HR-HSI is factorized into two factors E and A,
ie., X(3) = EA.

Notice that existing matrix factorization-based fusion meth-
ods only capture the correlation of HR-HSI in the spectral
dimension but ignore the spatial correlation. Moreover, due to
the third-order tensor nature of HR-HSI and some strong cor-
relations in different dimensions, tensor regularization-based
approaches have been suggested in the literature [34], [43],
[57], [62] and achieved some superior performance via com-
paring to the matrix factorization-based methods. Since classic
Tucker and CP ranks can depict the correlation in different
dimensions for high-order data, Tucker decomposition [34],
[57] and CP decomposition [43] methods are popular for fus-
ing the LR-HSI and HR-MSI. Recently, TR decomposition is a
novel tensor rank characterization, which decomposes a tensor
into a series of third-order factor tensors. The decomposition
form and relationship between tensor element and factor can
be found in (1). Based on the notation of TR decomposition,
the HR-HSI can be represented as TR decomposition as

follows:
X =o0GY 6? g®) (10)

where g(l) c erxMXrg, g(Z) c ]erxers, and g(3) c ]Rfstxrl
are three TR factors.
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Based on the efficient representation of TR decomposi-
tion, previous works widely employed TR decomposition
for characterizing the tensor rank under the context of HSI
processing [53], [60]. The superiority of TR decomposition
to approximate a high-order tensor is analyzed in [60]. Based
on the relationship of mode-k multiplication of X presented
in (5), the degradation process (6) can be rewritten as

V=0GY x, U1, GP x, Uy, GO) + N, (11)

Moreover, under the framework of TR decomposition,
the HR-MSI can be expressed as follows:

Z=0GY,G9,G69 x, Us) + N, (12)

By exploring the TR representation of X', the TR decom-
position was employed to fuse the LR-HSI and HR-MSI [55].
By combing (11) and (12), the model can be formulated as

. 1
min 2|V — ®(GY x, U1, 6P x, Uy, G912
G, g g® 2

A
+512 - DGV, 6P, 69 x, Uy 2. (13)

Matrix/tensor decomposition-based approaches solve the
fusion problem by estimating the decomposition factors of
HR-HSI from the LR-HSI and HR-MSI. These methods
can take full advantage of the low-rank characteristic of
HR-HSI and transform the high-dimensional data into a low-
dimensional subspace [63], which can significantly reduce
redundancy and computational cost.

I11. PROPOSED FACTOR SMOOTHED TENSOR
RING DECOMPOSITION METHOD

Since TR representation gives a compact and efficient
approximation for high-order tensor data HR-HSI, TR decom-
position model (13) can replace other matrix and tensor
representations for LR-HSI and HR-MSI fusion. However,
the original TR decomposition model (13) only considers the
high-correlation of HR-HSI in the spatial-spectral dimension.
Moreover, directly estimating the TR factors from model (13)
is an unstable problem. To obtain a stable solution and better
reconstruct the HR-HSI, additional prior knowledge about the
unknown variables should be taken into consideration.

A. Proposed Model

Besides the high-correlation property of HR-HSI,
the spatial-spectral piecewise smooth structure is also
an important prior for reconstructing the HR-HSI [64].
TR decomposition uses a set of latent tensor factors to
represent the HR-HSI; thus, additional spatial-spectral
piecewise smooth prior knowledge cannot be directly
designed to HR-HSI itself. To keep the original prior of
HR-HSI in the TR decomposition, the factor regularization
should be investigated in the TR decomposition framework
for LR-HSI and HR-MSI fusion

. 1
min_ 2|V — &GP x2 U1, GP x, Uy, G912
GWw.Ggo g»® 2

2 3
+512 = (G, 67, 6% 5 Us)IE +7 3 F(G) (19)
k=1
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where F(G®) is the regularization term for G®, which
is used to capture the spatial-spectral piecewise smooth
structure of HR-HSI. 7 is the regularization parameter
employed to balance the fidelity term and the regularization
term.

To explore the property of tensor factor G and design
effective regularization, we should establish the relationship
between the original HR-HSI and factor G®¥. Based on the
matrix representation of TR decomposition, the TR decompo-
sition can be transformed as

Xae =GH (G, (k=1.2,3).

<2> (15)

From the perspective of matrix factorization, it is easy to
understand that each column vector of X_x. can be regarded
as the representation of a linear combination of all column
of the factor Gy, indicating that all columns of G5 are
a set of basis of the low-dimensional space of X_.. Since
the HR-HSI has the piecewise smooth structure in two spatial
dimensions and one spectral dimension, each column of X _y.
is a continuous data. Based on the fact that continuous
bases can represent continuous data, hence, the constraint of
continuity of all columns of three factors GE'Z‘; (k = 1,2,3)
can preserve the piecewise smooth structure of X in two
spatial dimensions and one spectral dimension. To maintain
the factor continuity and regularize the TR decomposition
model, we introduce TV regularization [29], [65] to constrain
the TR factors. Moreover, the weighted TV and iteratively
updating the weights strategies are employed to promote the
continuity of each column of Ggg In summary, the pro-
posed FSTRD model for LR-HSI and HR-MSI fusion can be
formulated as

. 1
min 2|V — &GP x2 U1, GP x; Uy, G912
e lORANACN

A
+312 - D(GD, 6P, G x, Uy)|2

3

+1y WY @Y x2D)lL  (16)
k=1

where D is the first-order difference square matrix, whose

dimension is associated with the second dimension of

G®, and W® e Rxkxner js the nonnegative weighted

tensor.

The proposed model can thoroughly capture prior knowl-
edge of HR-HSI. The first two terms are the data-fitting terms,
imposing that the HR-HSI X should be able to represent
the input LR-HSI data ) and HR-MSI data Z according to
the spatial and spectral degraded model formulated in (11)
and (12). Moreover, the data-fitting terms also hide that the TR
representation is introduced to explore the strong correlation of
HR-HSI in all dimensions. The third term of factor smoothed
regularization, in particular, can help to preserve the piecewise
smooth structure and suppress the discontinuity caused by the
noise. It is worth noting that although He et al. [53] employed
TR decomposition with TV regularization for remote sensing
inpainting, this is very different from our work. He et al. [53]
introduced TR decomposition to capture the low-rank prior
of remote sensing image and directly applied TV regular-
ization to the image itself. In our work, we explore the
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degraded relationship between the HR-HSI with LR-HSI and
HR-MSI under the TR framework and further excavate the
smoothed prior for the TR factor rather than the image
itself.

B. Optimization

In this section, we design an efficient optimization algorithm
for estimating three TR factors from the proposed FSTRD
model (16). The optimization of the FSTRD model is not
jointly convex for three factors G (k = 1,2,3), but it is
convex for each separable variable. Therefore, we employ the
PAM framework [66], [67] to solve it, which can be guaranteed
that the solution converges to a critical point of the objective
function.

Let f(GD,G@, G®) be the objective function (16); then,
we introduce proximal term for updating each factor under
the solved framework of PAM. Therefore, the optimization of
FSTRD model can be alternately solved by the following three
subproblems:

g(l),i+l =arg m(ilp f (g(l), g(Z),i , g(3),i)
g
+ 216 — g,
g(Z),i+l = arg min f(g(l),iJrl’ g(Z)’ g(3),i)
G@
Pie@ @i 2 17
+§llg -G,
g(3),i+l = arg m(i3|)’] f (g(l),iJrl, g(Z),iJrl’ g(S))
g
+ 219 - gO112

where i, (p/2)|| - |2, and p are iteration number, prox-
imal term, and positive proximal parameter, respectively.
In the next, the detailed solution of each subproblem is
presented.

1) Optimization With Respect to GD: The subproblem of
G® can be formulated as

1 ) )
min 1Y = @G x2 Uz, G2 2 Uz, G

A : :
+ 512 = 0@GW, GB, GO x, Uyl

F WD 0 G x, D)l + gng(“ — g2,

(18)

Because of the nonsmooth term of ¢;-norm, the close-
form solution of G@® cannot be directly obtained. The
alternating direction method of multipliers (ADMM) algo-
rithm [68]-[71] can efficiently solve the nonsmooth problem.
First, we introduce one auxiliary variable Ri; the uncon-
strained problem is equivalent to the following minimization
problem:

min —||y D(GD x5 Uy, GO %y Uy, GON2
g<l>R 2

+§IIZ —0GY, g1 GO x, Ug) |2 + WY 0 Rl

+§ng<” — G2, st Ry =GW x,D. (19)

The augmented Lagrangian function of the problem is
formulated as

Ls(GD, Ry, My)
1 ) )
=51y - D(GD x5 Uy, GO %y Uy, GO1Y2

y ) )
+512 - D(GY, G GO, Ug) |2 + 1 ||W<1> O Rill1

' M
+216% — g2+ Dlimy — g0 ;04 71 (20)

r
where M is the Lagrangian multiplier and g is a positive
penalty parameter. Then, the solution of G can be achieved
by iteratively optimized the following subproblems:

a) Ry-subproblem: The minimization of Ry is

My |)?

mm WY ORI+ = (21)

‘Rl (l) X2 D+ —

F

which is a weighted ¢;-norm minimization, and the closed-
form solution is obtained by soft-threshold shrinkage operator

Ry = sign(J1) max<|jl| - %W“), o> (22)

where 71 = GO x, D — (M1/p), and sign(-) is symbolic
function. According to the reweighted strategy [72], the weight
coefficient is set as

WO =1/(|7 + eps)

where eps is a positive small constant avoiding singularity.
b) G®-subproblem: The minimization of GV is

(23)

1 ) i
min 1Y = @G 2 Un, 6P 2 Uz, GO

! ) )
+311Z - D(GD, GO, GO, Ug) |2

i M
+21% — g ||2F+§ —GW D+ L (24)

F

Based on the matrix representation of TR decomposi-
tion (4), let Py = ((G@ x; Upg®NHT, and P, =
(GG x, Ug))T,_, and the problem of G can be
converted to the following minimization:

1 A
min SIY <> — UViGGP1lIE + 5 1Z<1- — GG)PalE
sl 2 2
2
P~ 1 B . Mie
+51GG) — G I + HR“Z) DG + 52| ()
F

which is a quadratic problem, and the closed-form solution is
obtained by solving the following linear system:

UTUI1G)P1P] + AGGPoP] + pGl3) + SDTDG)
= Ul Y. P] +1Z.P]
M1(2>>
7).

+ pGg;’i +IBDT (Rl(g) +
This liner system is a general Sylvester equation, which can
be efficiently solved by the conjugate gradient (CG) method
Then, the factor G is achieved by folding the solution G(z),

ie, GY = Foldy(G()).

(26)
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The update of Lagrangian multiplier M is formulated as
follows:

My My + B(Ri — GY x, D). (27)

By iteratively updating R1, GV, and M, we can obtain
the first factor GW-1+1,
2) Optimization With Respect to G@: The subproblem of
G®@ can be formulated as
min
G

A ) )
+512 - DGV, GO GO 5, Uy) |12

1 . .
§||y — DGV %, U, G %) Uy, G2

W@ © (G@ X, D)|ly + gng@) — G2, (28)

The optimization of G@ is similar to GV, By using ADMM
algorithm, the update of each subproblem is formulated as
follows:

R, = sign( ) maX<L72| - %W@, 0) (29)
UTU,GEQiQT +1G3)Q.Q] + pG3) + fDTDGY)
= U;Y<2>QI + j~Z<2>Q-2r + PGEQ’I
M
+ DT (Rg(z) T ;”)

My < Mo+ B(R2 — GP x, D)

(30)
(31)

where R, and M are an auxiliary variable and the Lagrangian
multiplier, respectively. Moreover, the variables of above equa-
tions are defined as

Jo=G® XzD—%
W@ =1/(|7| + eps)
Q1 = (G®T(GMH x, U,
Q2 = (¥ x, Ug)gW T,

(32)

3) Optimization Wth Respect to G©: The subproblem of
G® can be formulated as

1 . ;
min S = @Gz Uy, G xz Uz, G
) 4 .
+ 512 = aEDTL GO GO s Uy I
+7IW® 6 (GP x, DIy + gng@ —gON2 (33)

We can also use ADMM to optimize factor G®; the solution
of each subproblem can be iteratively updated as follows:

Ra = sign(s) max 131 — 5 W0 (34)
JUJUsGHIToT] + GHTiT] + pGG) + fDTDG)
= Y<3>TI + /1U;-3I—Z<3>T;— + pGS;,I
M
+ DT <R3(2> + ;@)

Mz < Mz + B(Rs — GP x, D)

(35)
(36)
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Algorithm 1 PAM Algorithm for Solving Model (16)

Input: LR-HSI Y, HR-MSI Z, degraded operators Uy, Uy,
and Us, parameters 4, 7, p, B, TR rank r = [ry,ro,r3],
and imax.

1: Initialize: gM0, G@-0 G®.0 and i = 0.

2: while not coverged do

3. Initialize: g® = gW- and M; = 0.

4:  while not coverged do

5 Update Ry via (22).

6:  Update GO via (26).

7

8

9

Update M1 via (27).
end while
. Output: G-+,

10: Initialize: G® = G@ and M, = 0.
11:  while not coverged do
12: Update R, via (29).
13:  Update G@ via (30).
14: Update M; via (31).
15:  end while
16:  Output: G@-i+1,
17:  Initialize: G® = G® and M3 = 0.
18:  while not coverged do
19: Update R3 via (34).
20  Update G via (35).
21 Update M3 via (36).
22: end while
23 Output: g&-+1
24 Check ”q’(g“)g(lg‘)?’”(f)' le
250 1 =1+1
26: end while
Output: HR-HSI X = ®(GW-i+1 g@i+1 G@).i+1y,

<gandi < imax.

where the variables are computed by

WO =1/(1F| +eps)
T1 = (GWH x5 Up)(GP1HT %, Up)) T,
T2 — (g(l),i+lg(2),i+l)'£2>.

Summarizing the optimization procedure of each factor
G», G@, and G®, we present the whole PAM algorithm
for solving model (16) in Algorithm 1. By introducing the
proximal operator in the alternating minimization framework,
the sequence {(GD-1, G@-1, GO} generated by Algorithm 1
converges to a critical point if it is bounded [67].

(37)

C. Computational Complexity

We analyze the computational complexity of the pro-
posed algorithm as follows. For achieving the HR-HSI X ¢
RMxNxB \we assume that the TR rank is equal and set
asry = r, = rz3 = R In the PAM framework, the TR
factors G, G@, and G® are optimized by ADMM. For
the GO subproblem, the updates of auxiliary variable R,
and Lagrangian multiplier M3 are simple algebraic oper-
ation, and the total computation complexity is O(2M R?).
The main computational cost of solving the G subproblem
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is the multiplication of the system matrix times a vector
on CG algorithm, and it can be implemented efficiently by
the matrix representation with complexity O(M2R? + MR%).
Thus, the computational complexity of each G iteration is
O(Kcs(M?2R? + MR*) +2M R?). Analogously, the computa-
tional costs of the G@ and G iterations are O(Kcg(N?R? +
NR*) +2NR?) and O(Kcg(B2R? + BRY) 4+ 2BR?), respec-
tively. Therefore, the total computation complexity of each
iteration in Algorithm 1 is O(Kapmm Kcs ((M24+N24+B?)R?4
(M+N+B) R4)+2KADMM(M+N+B) RZ), where Kapmm and
Kcg are the iteration numbers of ADMM and CG algorithms,
respectively.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

In this section, extensive datasets are used to illustrate
the performance of the proposed FSTRD method. Both
quantitative and visual results are employed to compare
the superiority of our method. We compare the result
with other DL-based state-of-the-art LR-HSI and HR-MSI
fusion methods, including factor smoothed matrix factoriza-
tion (Hysure) [29], fast fusion method (FUSE) [30], non-
local sparse tensor factorization (NLSTF) [38], coupled CP
factorization (STEREO) [43], coupled sparse tensor factor-
ization (CSTF) [57], low tensor train rank (LTTR)-based
method [49], region-based low-rank matrix decomposition
fusion (RLRMDF) method [35], convolutional neural net-
work (CNN)-based denoiser fusion (CNN-Fus) method [21],
deep spatiospectral attention CNN-based fusion method
(HSRnet) [23], and coupled TR factorization (CTRF) [55].
The model parameters of all compared methods are selected
according to the author’s suggestions in their paper and
released code to achieve the best results. The parameter
selection of the proposed method will give in the discussion.
Before the simulated process, the pixel value of HR-HSI is
scaled in [0, 1].

A. Smulated Data Experiment

1) Dataset: To thoroughly demonstrate the effectiveness of
the proposed method, we select four different datasets to test.
Two datasets are from computer version society, while another
two datasets are real remote sensing HSI. These four datasets
are often used as benchmark datasets. The detailed description
of experimental datasets is presented as follows.

1) The first is CAVE dataset,! which contains 32 indoor
HSIs imaged by generalized assorted pixel camera in
real-world scenes. The size of each HSI is 512 x 512 x
31, where 512 x 512 is the number of spatial pixels,
and 31 is the number of spectral bands. The wavelength
of 31 spectral bands is from 400 to 700 nm with an
interval of 10 nm. Five different HSI scenes (Balloons,
Toy, Peppers, Flowers, and Painting) are selected as the
ground-truth datasets to test.

2) The second dataset is Harvard,? which has 50 HSIs of
indoor and outdoor scenes under daylight illumination.

http://www1.cs.columbia.edu/CAVE/databases/multispectral
Zhttp://vision.seas.harvard.edu/hyperspec/download.html

TABLE I

QUANTITATIVE INDICES COMPARISON OF DIFFERENT METHODS UNDER
DIFFERENT NOISE CASES ON THE CAVE DATASET

Method PSNR SSIM  ERGAS SAM CcC
SNR = 10 dB
HySure 2548  0.499 3.374 26.811  0.925
FUSE 2142 0.195 4.934 47.418  0.866
NLSTF 2893  0.569 2.301 35564  0.970
STEREO  30.63  0.726 1.856 27.534 0977
CSTF 3134 0.720 1.750 29.393  0.982
LTTR 2397 0292 4.197 45.634 0913
RLRMDF 2243  0.230 4.893 48.926  0.885
CNN-Fus  27.04  0.440 2.855 32,676  0.949
HSRnet 33.82  0.866 1.264 15425  0.990
CTRF 3097  0.720 1.808 28.714  0.980
FSTRD 32.80  0.768 1.487 27.015  0.987
SNR = 15 dB
HySure 2749  0.693 3.153 25350 0.941
FUSE 2636  0.388 2.904 38.184  0.950
NLSTF 32.80 0.767 1.482 27.625  0.987
STEREO  32.83  0.816 1.473 22.885  0.985
CSTF 3373 0.833 1.415 24.899  0.989
LTTR 29.78  0.577 2.097 35378  0.975
RLRMDF 2731  0.439 2.767 40.076  0.957
CNN-Fus  31.76  0.689 1.631 27.256  0.983
HSRnet 3557 0912 1.045 11.967  0.993
CTRF 33.17  0.799 1.449 24916 0.986
FSTRD 3533 0.862 1.130 21.464  0.991
SNR = 20 dB
HySure 3268  0.779 1.562 24.604  0.989
FUSE 30.87  0.611 1.782 29.768  0.981
NLSTF 34.10  0.805 1.306 25996  0.989
STEREO 3471  0.867 1.250 20.137  0.989
CSTF 3569  0.885 1.160 21.295  0.991
LTTR 3498  0.825 1.165 25.197  0.992
RLRMDF  32.09  0.681 1.629 31.894  0.985
CNN-Fus 3459  0.832 1.235 23.869  0.990
HSRnet 36.14  0.904 0.966 16.688  0.993
CTRF 35.07 0.841 1.244 22924  0.988
FSTRD 37.80  0.921 0.870 16.000  0.994
SNR =25 dB
HySure 3541  0.881 1.167 17.741  0.994
FUSE 3430  0.779 1.235 22959 0.991
NLSTF 3753 00911 0.928 19.186  0.993
STEREO  36.19  0.899 1.119 17.931  0.990
CSTF 37.53 0917 0.968 17.824  0.993
LTTR 38.36  0.922 0.805 17.782  0.994
RLRMDF 3639  0.857 1.091 24709  0.993
CNN-Fus  37.14  0.882 0.923 16.561  0.993
HSRnet 3791  0.940 0.801 13.368  0.994
CTRF 37.06  0.891 1.028 19.436  0.991
FSTRD 39.00  0.948 0.782 12972 0.995
SNR = 30 dB
HySure 3697  0.920 1.031 13.979  0.995
FUSE 37.02  0.881 0.944 17.006  0.995
NLSTF 39.14 0933 0.813 17.582  0.995
STEREO  37.33 00916 1.004 15.630  0.991
CSTF 38.74  0.937 0914 15.879  0.994
LTTR 40.17  0.961 0.670 12.353  0.995
RLRMDF 3955 0.934 0.830 18.923  0.995
CNN-Fus  40.23  0.942 0.704 12.273  0.996
HSRnet 40.08  0.958 0.687 11.404  0.996
CTRF 38.71  0.928 0.927 16.173  0.993
FSTRD 40.78  0.963 0.668 10.969  0.996

The spatial and spectral sizes of each HSI in Harvard
datasets are 1040 x 1392 and 31, respectively, where
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First row: reconstructed results of Toy under SNR = 15 dB on the CAVE dataset. The false color image is composed by bands (R: 27, G: 17, and

B: 11). Second row: corresponding error maps between the original and reconstructed images in averaging three bands. (a) LR-HSI. (b) HySure. (c) FUSE.
(d) NLSTF. (e) STEREO. (f) CSTF. (g) LTTR. (h) RLRMDF. (i) CNN-Fus. (j) HSRnet. (k) CTRF. (I) FSTRD. (m) Original.

31 spectral bands are ranged from 420 to 720 nm with an
incremental of 10 nm. We choose five HSIs (numbers are
imgl, imgh8, imgc4, imgd3, and imgh0) with different
textures and details as the HR-HSI, and the spatial size
of 1024 x 1024 is cropped.

3) The third dataset is the University of Pavia,® which was
collected by using Reflective Optics System Imaging
Spectrometer (ROSIS). The original Pavia dataset has
115 spectral bands with a spatial size of 610 x 340.
After removing the low SNR bands and cropping the
subregion, we choose the up-left 256 x 256 spatial pixels
with 93 spectral bands as the HR-HSI.

4) The fourth dataset is Indian Pines,* which was captured
by the NASA AVIRIS instrument over the Indian Pines
test site. The original image consists of 145 x 145 pixels
with the number of 220 spectral bands, and some bands
are seriously degraded by noise. In our experiment,
we extract these data to 128 x 128 x 184 in the whole
dimension as the ground truth.

2) Generation of LR-HS and HR-MS: To generate
LR-HSI, we first filter the HR-HSI by averaged blurring kernel
with a size of 9 x 9. Then, the LR-HSI is obtained by
downsampling the blurred image, and each pixel of LR-HSI is
selected from sx s pixels, where s is the downsampling factor.
In our experiments, the downsampling factors s of CAVE,
Harvard, Pavia, and Indian Pines datasets are set as 16, 32, 8,
and 4, respectively. The generation of HR-MSI is simulated
by downsampling the HR-HSI along the spectral mode using
the spectral response matrix. We employ the spectral response
matrix from Nikon D700 camera® to generate HR-MSI (RGB
image) for CAVE and Harvard datasets. The Pavia dataset is
degraded by the IKONOS-like reflectance spectral response
filter [30] to simulate HR-MSI with four bands. The HR-MSI
with six bands of the Indian Pines dataset is generated by
choosing the spectral bands from the original HR-HSI [57].
When we obtain the LR-HSI and HR-MSI, the Gaussian noise
with the same signal-to-noise ratios (SNRs) is simultaneously
added to the LR-HSI and HR-MSI, where SNR is varied from
10 to 30 dB with an interval of 5 dB.

3) Quantitative Indices: To thoroughly evaluate the perfor-
mance of reconstructed HR-HSI from LR-HSI and HR-MSI,
we employ peak signal-to-noise ratio (PSNR), structure

Shttp://www.ehu.eus/ccwintco/index.php?title=Hyperspectral_Remote_
Sensing_Scenes

4https://engineering.purdue.edu/biehl/MultiSpec/hyperspectral.html

Shttps:/iww.maxmax.com/spectral_response.htm

similarity (SSIM) [73], erreur relative global adimensionnelle
de synthese (ERGAS) [64], spectral angle mapper (SAM) [74],
and cross correlation (CC) [44] as quantitative indices. These
indices contain the evaluation of spatial and spectral infor-
mation preservation. In general, the larger PSNR, SSIM, and
CC, and smaller SAM and ERGAS values indicate the better
result.

B. Experimental Results on Smulated Data

1) Results on CAVE Dataset: There are a total of 25 exper-
iments in the CAVE dataset since we choose five differ-
ent scenes with five different noise cases. A representative
case is used to compare the visual reconstructed result of
various methods. Fig. 4 shows the reconstructed result of
the Toy scene under SNR = 15 dB, and the false-color
image is composed of bands 27, 17, and 11. The first row
presents the reconstructed HR-HSI by different methods, and
the second row illustrates corresponding error maps (the
difference between original and reconstructed) obtained by
averaging three bands. To better present the visual comparison,
we enlarge a detailed region of reconstructed results. As we
can see from the result, although HySure can reconstruct
the HR-HSI, the contrast is destroyed compared with the
original image. The result obtained by FUSE exists noise
and is distorted. Tensor decomposition-based and DL-based
fusion methods achieve better results than matrix factorization-
based approaches, but the details cannot be better preserved,
as shown in the enlarged region. By incorporating the fac-
tor smoothed prior to the TR decomposition, the proposed
FSTRD achieves the best-reconstructed result, preserving most
of the details and removing high-intensity noises. From
error map results, the reconstructed HSR-HSI produced by
our FSTRD has fewer errors than that of other compared
methods.

Table Il presents the quantitative indices comparison of
different methods under different noise cases on the CAVE
dataset. The values of all indices are obtained by averaging
the result of five different HSI scenes, and the best results
are highlighted in bold. From the table, matrix factorization-
based methods, HySure and FUSE, obtain poor results com-
pared with tensor-and DL-based approaches. NLSTF, LTTR,
RLRMDF, and CNN-Fus cannot obtain satisfactory results
in low SNR cases, which illustrates the sensitivity to noise.
DL-based method HSRnet obtains better results than other
compared methods in low SNR cases because it employs
extensive training data. It is clear to see that the proposed
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Fig. 5. First row: reconstructed results of imgh8 under SNR = 20 dB on the Harvard dataset. The false color image is composed by bands (R: 28, G: 16,
and B: 1). Second row: corresponding error maps between the original and reconstructed images in averaging three bands. (a) LR-HSI. (b) HySure. (c) FUSE.
(d) NLSTF. (e) STEREO. (f) CSTF. (g) LTTR. (h) RLRMDF. (i) CNN-Fus. (j) HSRnet. (k) CTRF. (I) FSTRD. (m) Original.
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Fig. 6. Quantitative indices comparison of different methods under different noise cases on the Harvard dataset. (2) PSNR. (b) SSIM. (c) ERGAS. (d) SAM.
(e) CC.
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Fig. 7. First row: reconstructed results of SNR = 25 dB on the Pavia dataset. The false color image is composed by bands (R: 82, G: 38, and B: 34). Second
row: corresponding error maps between the original and reconstructed images in averaging three bands. (a) LR-HSI. (b) HySure. (c) FUSE. (d) NLSTF.
(e) STEREO. (f) CSTF. (g) LTTR. (h) RLRMDF. (i) CNN-Fus. (j) CTRF. (k) FSTRD. (l) Original.

FSTRD achieves competitive results in low SNR cases and indices in all SNR cases. Meanwhile, compared with other
outperforms all comparison methods in high SNR cases; the algorithms, HSRnet, CTRF, and the proposed FSTRD achieve
reason is that our method explores the factor smoothness in  obvious improvement in low SNRs. This is mainly because
the framework of tensor decomposition. HSRnet uses many training data, while CTRF and our FSTRD
2) Results on Harvard Dataset: The total number of exper- methods are based on efficient TR decomposition. Moreover,
imental cases in the Harvard dataset is the same as the FSTRD is much better than HSRnet and CTRF in all noise
CAVE dataset; we also present a representative case to com- cases due to the sparse prior of latent TR factor.
pare the reconstructed result. Fig. 5 shows the reconstructed 3) Results on Pavia and Indian Pines Datasets. Due to the
imgh8 image with noise case SNR = 20 dB by the test lack of a large number of training data in remote sensing
approaches. It can be seen that HySure destroys the image con-  datasets, we abandon the comparison of the HSRnet method
trast, and FUSE, NLSTF, STEREO, RLRMDF, and CNN-Fus on the next remote sensing datasets. However, it has been
cannot eliminate the noise in the images. From the results demonstrated that the proposed method is competitive with the
of the enlarged region, we can find that HSRnet blurs the HSRnet method in CAVE and Harvard datasets. Figs. 7 and 8
image details, while the proposed FSTRD achieves the best show the reconstructed results and residual images obtained
results in recovering the image details and restraining noise. by different methods for Pavia and Indian Pines datasets with
The second row of Fig. 5 shows that FSTRD obtains a smaller SNR = 25 dB, respectively. HySure and STEREO are hard to
error compared with other methods, which again demonstrates remove the noise in the Pavia dataset. Although other methods
the superiority of our method. can obtain satisfactory reconstructed results, the error maps are
Fig. 6 illustrates the five average quantitative indices of shown that our FSTRD achieves a smaller error, indicating the
different methods in the conditions of different noise inten-  superiorities of preserving most of the details and removing
sities. Overall, it can be observed that the proposed FSTRD noise of the proposed method. For the results of the Indian
outperforms other fusion approaches, with regard to the five Pines dataset, FUSE cannot completely reconstruct the image
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First row: reconstructed results of SNR = 25 dB on the Indian Pines dataset. The false color image is composed of bands (R: 167, G: 117, and

B: 93). Second row: corresponding error maps between the original and reconstructed images in averaging three bands. (a) LR-HSI. (b) HySure. (c) FUSE.
(d) NLSTF. (e) STEREO. (f) CSTF. (g) LTTR. (h) RLRMDF. (i) CNN-Fus. (j) CTRF. (k) FSTRD. (I) Original.
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Fig. 9. Quantitative indices comparison of different methods under different noise cases on Pavia and Indian Pines datasets. (a) PSNR. (b) SSIM. (c) ERGAS.

(d) SAM. () CC.

detail and obtains artifact. The results of the first row present
that most of the methods can recover the HR-HSI, but the
enlarged region and error map illustrate the improvement of
our method.

Fig. 9 presents the quantitative results of different methods
by averaging the Pavia and Indian Pines datasets. Similar to
CAVE and Harvard datasets, FUSE, LTTR, and RLRMDF
obtain poor results in low SNRs, but satisfactory results are
achieved in high SNRs, illustrating that these methods are
sensitive to noise again. In both low and high SNRs cases,
FSTRD always achieves the best results in terms of five
quantitative indices. In summary, the above results thoroughly
illustrate that the proposed method can achieve the best result
for fusing the LR-HSI and HR-MSI, and our method is robust
to different datasets and noise intensities. Moreover, the com-
parisons of five different quantitative indices demonstrate that
the proposed method is better to reconstruct the image detail
and preserve spectral reflectance.

C. Real Data Experiment

To further demonstrate the effectiveness of the proposed
method, we implement a real LR-HSI and HR-MSI fusion
experiment. The LR-HSI is collected by the Hyperion sensor,
which is of the size 120 x 120 x 89. The HR-MSI with
13 bands is taken by the Sentinel-2A satellite. Four bands
with the 10-m spatial resolution are employed for the test,
and the spatial downsampling factor is 3, i.e., the size of
HR-MSI is 360 x 360 x 4. These four bands are extracted
from bands 2, 3, 4, and 8 with the central wavelengths being
490, 560, 665, and 842 nm, respectively. It is worth noting
that both the ground-truth spatial and spectral degradation
operators are unobtainable for real data. Thus, we estimate

the spatial and spectral degradation operators by using the
method suggested in [29]. For the parameters selection in real
data, we first employ the classical noise estimation algorithm
proposed in [75] to roughly estimate the noise intensity and
then set the parameters according to the empirical determina-
tion presented in the discussion. In our experiment, by using
the algorithm [75], the estimation of the noise intensity of
the LR-HSI is SNR = 32.75 dB. Since the estimated noise
intensity is close to SNR = 30 dB, we set parameters as
A = 0.5, ¢ = 0.0001, and r = [6, 300, 6] for the real
data.

Fig. 10 shows the false color image of reconstructed results
for the real dataset. One can see from the results that all
comparison methods can obviously obtain a higher spatial
resolution compared with the original LR-HSI, as shown
in Fig. 10(a). However, FUSE, NLSTF, STEREO, CSTF,
LTTR, and CNN-Fus algorithms cannot completely recover
the image details and reconstruct the artifact as shown in the
enlarged region. Compared with the image structures of the
reference HR-MSI, the proposed method achieves the best
result, which indicates the better preservation of the image
structure.

To present the quantitative evaluation of different fusion
methods on the real dataset, we employ one blind image
quality assessment (BIQA) [76] for comparison. Table IlI
lists the nonreference index values of the real dataset, and
the results are obtained by averaging all bands. It can be
seen that HySure, FUSE, RLRMDF, and CNN-Fus methods
obtain better results. However, from the visual results shown
in Fig. 10, there are serious spectral distortion and artifacts
in their results. Combining the visual comparison and non-
reference image assessment index, we can observe that the
proposed method obtains a better result.
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Fig. 10. False color image of the reconstructed results for the real dataset. The false color image is composed by bands (R: 21, G: 15, and B: 1). (a) LR-HSI.
(b) HySure. (c) FUSE. (d) NLSTF. (¢) STEREO. (f) CSTF. (g) LTTR. (h) RLRMDF. (i) CNN-Fus. (j) CTRF. (k) FSTRD. (I) HR-MSI.

TABLE Il
BIQA COMPARISON OF THE REAL DATA

HySure FUSE NLSTF STEREO CSTF LTTR RLRMDF CNN-Fus CTRF FSTRD

0.019  0.015  0.007 0.010 0.008  0.011 0.013 0.027 0.011  0.012
TABLE IV TABLE V
QUANTITATIVE INDICES COMPARISON OF DIFFERENT METHODS QUANTITATIVE INDICES COMPARISON OF DIFFERENT METHODS UNDER
UNDER GAUSSIAN KERNEL ON THE PAVIA DATASET TwO SUPER-RESOLUTION FACTORS ON THE PAVIA DATASET
Method ~ PSNR SSIM ERGAS  SAM cC Method ~ PSNR SSIM ERGAS SAM  CC
SNR = 10 dB s=8
HySure  21.46 0405 6326 20225 0817 Hysure  29.07 0716 2863 10972 0.933
FUSE 20.14 0330 8169  27.409  0.697 FUSE 30.77 0790 2220 8593  0.955
NLSTF 2600 0627  3.703 12323  0.876 NLSTF 3265 0867 1747  6.190 0972
STEREO 2656  0.623 3404  10.191 0.878 STEREO  31.08 0.833 2046 6913 0957
CSTF 2730  0.635 3153 9598  0.902 CSTF 3390 0.885 1499 5081 0978
LTTR 21.16 0398 6741 24355 0731 LTTR 29.64 0787 2452 9477 0944
RLRMDF 2030 0336 8719  27.619  0.698 RLRMDF 3250 0.843 1794 6540 0.970
CNN-Fus  24.09 0488 4676 15133  0.832 CNN-Fus  33.14 0860 1662 5754 0974
CTRF 2734  0.646  3.088 9342  0.901 CTRF 3338  0.874  1.581 5705 0.974
ESTRD 2833 0.713 2845 8013 0920 FESTRD  34.88 0913 1345 4370 0982
SNR = 30 dB s=16
HySure 3923 0965  0.841 3179 0.993 Hysure 2432 0624 2328 15398 0.941
FUSE 3925 0964 0828 3214  0.993 FUSE 3051 0782 1.160  8.892  0.952
NLSTF 3942 0966  0.806  3.040  0.993 NLSTF 3205 0859 0939 6566 0.968
STEREO 3643 0942  1.139 4191  0.987 STEREO 2772 0713 1492  9.100  0.904
CSTF 3938 0965 0802 2976  0.993 CSTF 3382 0885 0757 5140 0978
LTTR 3656 0947  1.160 4405  0.986 LTTR 2992 0.805  1.197 8.938  0.948
RLRMDF 3958 0966 0796  3.050  0.993 RLRMDF 3220 0832 0929 6862 0.968
CNN-Fus 3895 0957 0859 3412 0992 CNN-Fus  33.06 0859  0.835 5810 0974
CTRF 3941 0967 0817  3.122  0.993 CTRF 3330  0.873 0800 5755 0974
FSTRD  40.14 0974 0752 2734  0.994 FSTRD 3472 0913  0.684 4471 0982
D. Discussion TABLE VI
. .. QUANTITATIVE INDICES COMPARISON OF ABLATION
There are five regularization parameters 4, z, ry, rp, and rg EXPERIMENTS ON THE PAVIA DATASET
and two algorithm parameters p and S in our FSTRD method.
For the algorithmic parameter, we empirically fix p = 1 and Method PSNR SSIM ERGAS SAM  CC
p =01 ir.1 aII. experiments. Next, we will analyze the influence SNR = 10 dB
of regularization paramet_ers on fusion pgrformancg. _Mor_eover, FSTRD wio spaspe 2717 0630 3.194 9734 0.899
we further test the experiments by blurring the original image FSTRD w/o spa 2740 0.648  3.069 9241 0902
with the Gaussian kernel to illustrate the robustness of the FSTRD w/o spe 2823 0708 2853 8179 0919
proposed method for blurring kernel settings. The above FSTRD 2861 0732 2729 7436 0924
analyses are conducted on the Pavia dataset under the noise SNR = 30 dB
levels SNR = 10 and 30 dB. FSTRD w/o spa-spe  39.11 0963  0.851 3319  0.992
1) Analysis of 2 and 7: Fig. 11 plots the PSNR value of FSTRD w/o spa  39.89 0971 0772 2.862  0.993
) y L ESTRD w/o spe 3959 0972 0799  3.012 0.993
the reconstructed result as a function of parameters 1 and = FSTRD 2001 0973 0765 2798 0.994

under two noise SNRs. As we can see from the results, when
the noise intensity is high, i.e., SNR = 10 dB, we should
choose the combination of larger = and smaller 7, illustrating  be selected in low noise intensity cases. Hence, according to
the effectiveness of factor smoothed regularization in high the noise intensity, we empirically select 1 and 7 in the set of
noise cases. On the contrary, smaller z and larger A should {0.01, 0.5} and {0.0001, 0.01, 1}, respectively.
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TABLE VII
RUNNING TIME IN SECONDS OF DIFFERENT METHODS

Dataset HySure FUSE NLSTF STEREO CSTF LTTR RLRMDF CNN-Fus CTRF FSTRD
CAVE 28.61 1.34 20.39 2.00 0.67 159.01 18.32 45.48 6.73 12.53
Harvard 265.39 5.53 104.14 6.00 1.83 673.55 212.88 169.39 21.89 40.10
Pavia 9.55 0.41 10.69 2.32 0.54 109.45 3.82 35.86 4.49 8.24
Indian 1.25 0.18 5.39 1.12 0.74 114.15 2.96 18.13 2.42 7.83
Real 47.80 0.48 61.09 10.71 2.78 200.54 23.09 76.30 17.00 22.92
Average 70.52 1.59 40.34 4.43 1.31 251.34 52.21 69.03 10.51 18.32
0.12 0.08
285, 42 0.1
" % 40 o ., 0.06
z E £0.08 )
S c38 £ E
g éxe EU% g o
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Fig. 11.  Sensitivity analysis of parameters A and 7. (&) SNR = 10 dB.
(b? SNR — 20 P 4and 7. () Fig. 13. Relative change values (JlA%L — XX /XX |I¢) versus the itera-

PSNR values
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Fig. 12.  Sensitivity analysis of parameters TR rank. (a) SNR = 10 dB.
(b) SNR = 30 dB.

2) Analysis of TR Rank: The TR rank contains three para-
meters r = [rq, o, r3], and the estimation of TR rank is still
an open problem. To reduce the parameter selection of TR
rank, we first set ry = r3; thus, the TR rank r = [rq,r2, r1].
Fig. 12 presents the PSNR curves of reconstructed Pavia
dataset as a function of r; and r,. As we can see from the
results, the smaller r, can obtain better results in the low SNR
case, and in the high SNR, we should select larger r;. For
the parameter rp, we should choose larger r, in all cases.
Therefore, we empirically select r; and r, in the range of
[2, 6] and [100, 300], respectively.

3) Analysis of Blurring Kernel: Table 1V lists the recon-
structed result on the Pavia dataset under two SNRs by using
a Gaussian blurring kernel of size 7 x 7 with standard deviation
2. We can see that the proposed method can still achieve the
best performance compared with other methods, indicating the
robustness of our method for different blurring kernels.

4) Analysis of Super-Resolution Factors s: Table V reports
the quantitative indices comparison of two super-resolution
factors on the Pavia dataset with SNR = 20 dB. We can
observe that the proposed method still outperforms other
compared approaches as the super-resolution factor increases,
and the super-resolution factors cannot largely influence the
result.

tion number of the FSTRD solver in the simulated Pavia dataset. (a) SNR =
10 dB. (b) SNR = 30 dB.

5) Effect of Three TR Factor Smoothed Regularization
Terms. To further illustrate the effectiveness of the proposed
factor smoothed regularization, we add ablation experiments
by disabling in turn spatial and spectral TR factor regulariza-
tions in the proposed method. We disable the two spatial and
one spectral smoothed regularizations (i.e., [W® © (G® x,
D)ll1, W@ ©(G® x,D)ll1, and [W® © (G® x2D)|1), two
spatial smoothed regularizations (i.e., [W® © (GP x, D)1
and [W@ © (G® x, D)||1), and the spectral smoothed regu-
larization (i.e., [W® © (G® x, D)||1), which are referred as
FSTRD w/o spa-spe, FSTRD w/o spa, and FSTRD w/o spe,
respectively. Table VI lists the quantitative indices comparison
of ablation experiments on the Pavia dataset by using the
proposed FSTRD and its variants. It is clear to see that FSTRD
outperforms its variants, and the three TR factor smoothed
components contribute significantly to the performance of the
proposed method.

6) Numerical Convergence: According to the existing the-
ory of the PAM algorithm, the proposed method can converge
to a critical point. Fig. 13 shows the numerical convergence of
the proposed method on the simulated Pavia dataset. From the
curves, we can see that the relative change value converges to
zero as the iteration number increases, indicating the numerical
convergence guarantee of the proposed method.

7) Computational Efficiency: Table VII reports the com-
putational time of different methods on the CAVE, Harvard,
Pavia, and Indian Pines datasets with SNR = 10 dB and
the real dataset. It is worth noting that the time results of
CAVE and Harvard datasets are obtained by averaging the
five different scenes. The running time results are recorded
in MATLAB R2020b using a desktop of 32-GB RAM, with
an Intel Core i9-10850K CPU@3.60 GHz. As can be seen
from the results, FUSE and CSTF take the shortest running
time. The proposed method needs relatively more computation
time than FUSE, STEREO, CSTF, and CTRF. The reason is
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that the PAM algorithm is relatively slow, but the stability and
convergence of the algorithm can be guaranteed. In general,
the proposed method can achieve better fusion results, and the
time cost is acceptable and competitive compared with other
methods.

V. CONCLUSION

In this article, we propose an effective FSTRD method to
reconstruct an HR-HSI from a pair of LR-HSI and HR-MSI
of the same scene. For better representing the spatial-spectral
correlation, the TR decomposition is designed to approximate
the HR-HSI. Based on the TR representation, the degradation
of LR-HSI and HR-MSI can be obtained by downsampling the
TR factor. Thus, the reconstruction of HR-HSI is transformed
to estimate the TR factor from the LR-HSI and HR-HSI.
Moreover, to further capture the spatial-spectral continuity
of HR-HSI, the smoothed regularization is introduced to
constrain the TR factor. The optimization of each TR factor
is based on an efficient PAM algorithm. Numerical results
demonstrate that the proposed method outperforms the state-
of-the-art methods, in particular, yielding reconstructed images
with higher quality.

Although the proposed FSTRD method can perform better
fusion results, there is still room for improvement. For exam-
ple, automatic regularization and TR rank parameters selection
should be overcome in the future, which is expected to improve
the application and practicality of the proposed method in
related fields. In addition, the organic combination of a TR
network with data-driven DL ideas is employed to improve
the fusion result.
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