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Abstract: Hyperspectral imaging is capable of acquiring the rich spectral information of scenes
and has great potential for understanding the characteristics of different materials in many
applications ranging from remote sensing to medical imaging. However, due to hardware limitations,
the existed hyper-/multi-spectral imaging devices usually cannot obtain high spatial resolution.
This study aims to generate a high resolution hyperspectral image according to the available low
resolution hyperspectral and high resolution RGB images. We propose a novel hyperspectral image
superresolution method via non-negative sparse representation of reflectance spectra with a data
guided sparsity constraint. The proposed method firstly learns the hyperspectral dictionary from the
low resolution hyperspectral image and then transforms it into the RGB one with the camera response
function, which is decided by the physical property of the RGB imaging camera. Given the RGB
vector and the RGB dictionary, the sparse representation of each pixel in the high resolution image is
calculated with the guidance of a sparsity map, which measures pixel material purity. The sparsity
map is generated by analyzing the local content similarity of a focused pixel in the available high
resolution RGB image and quantifying the spectral mixing degree motivated by the fact that the pixel
spectrum of a pure material should have sparse representation of the spectral dictionary. Since the
proposed method adaptively adjusts the sparsity in the spectral representation based on the local
content of the available high resolution RGB image, it can produce more robust spectral representation
for recovering the target high resolution hyperspectral image. Comprehensive experiments on two
public hyperspectral datasets and three real remote sensing images validate that the proposed method
achieves promising performances compared to the existing state-of-the-art methods.
Keywords: hyperspectral image superresolution; sparse representation; data guided sparsity; spectral
mixing; local content similarity
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1. Introduction
Hyperspectral (HS) imaging is an emerging technique for simultaneously obtaining a set of images
of the same scene on a large number of narrow band wavelengths. The rich spectral information
significantly benefits for analyzing the characterization of the obtained scene and greatly enhances
the performance in different computer vision tasks including object recognition and classification,
tracking, and segmentation [1–5]. In addition, HS imaging has also been a promising tool for different
applications in disease diagnosis in medical images [6], land resource management/planning in remote
sensing [7,8], etc. Although HS imaging can provide high spectral resolution, it imposes a severe
limitation on the spatial resolution compared with the general RGB cameras. In order to guarantee
a sufficient signal-to-noise ratio, enough exposure amount is needed for each narrow wavelength
window, which can be generally solved in the existing hyperspectral cameras via collecting exposures
in a much larger spatial region than the common RGB cameras, resulting in much lower spatial
resolution. The low spatial resolution may result in the possible spectral mixture of different materials
and thus restricts its performances for scene analysis and understanding. On the other hand, the
high spatial resolution multi-spectral (e.g., RGB and RGB-NIR) images are easily available for the
same scene with the common color cameras. Therefore, how to fuse the available low resolution HS
(LR-HS) image and the HR-RGB image to generate a high resolution HS (HR-HS) image has become an
attractive topic. The fusion method can effectively utilize the spectral correlation property in the LR-HS
image and the detailed spatial structure in the HR-RGB image and thus generate a more accurate
HR-HS image.
This study aims to generate an HR-HS image according to the spectral mixture model with a
sparse constraint. Formally, in the spectral mixture model, a pixel spectrum z in an HS image can be
assumed to be a weighted combination of K spectral bases {bk }kK=1 ∈ R+ . Each spectral base is called
an endmember, which denotes the pure spectrum of a signal material such as “water” or “grass” in
the physical meaning or a spectral prototype (atom) in a mathematical formula. Specifically, to ensure
the non-negativity of the composite percentage in physical meaning, the pixel spectrum z is generally
approximated by a nonnegative linear combination as:
K

z=

∑ bk αk

(1)

k

where αk is the composite percentage (weighted coefficient) of the kth spectral base. Generally, both
spectral bases {bk }kK=1 and the weighted coefficient αk are unknown and thus result in an NP-hard
problem. In order to make the problem solvable, prior knowledge is required to restrict the solution
space to constrain the solution toward a robust representation. Various constraints on the composite
weights and the spectral bases have been exploited, where the sparse constraints [9–13], via using
the l0 norm: k α k0 or the l1 norm: k α k1 = ∑ | αk | on the composite weights, are the most popular
ones. Although the actively investigated sparse spectral representation has manifested impressive
performance, the conventional methods [14–17] usually exploit an identical strength of the sparse
constraint on all the spectral samples. The identical sparse constraint does not consider the individual
property of each spectral sample, which may not meet the practical situation.
This study proposes a novel spectral representation with the data guided sparse constraint for the
HS image superresolution task. Motivated by the fact that the mixing degree of each pixel spectrum
should be different from each other, we investigate the possible purity (mixing degree) of each pixel in
the HR-RGB image. Intuitively, the spectrum of a pixel that has a similar spectrum as the surrounding
pixels should be pure, otherwise it would lie on an edge between different materials. Then, we explore
the local content similarity of a focused pixel as an indication of spectral purity and incorporate the
material purity as the sparsity constraint into the non-negative sparse spectral representation. Our
proposed method adaptively adjusts the strength of the sparsity constraint in the spectral representation
based on the explored material purity and thus can produce more robust spectral representation for
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recovering the target HR-HS image. To our best knowledge, this is the first time the spectral purity
has been adopted to adjust the sparsity strength of the representation coefficients for the HS image
superresolution. Compared with our previous work in [18], we further conduct an ablation study to
compare our proposed method, the baseline sparse representation, and the generalized simultaneous
orthogonal matching pursuit (G-SOMP+) [13] to optimize under different parameters. We also provide
the comprehensive results’ comparison in both performance and computation cost. In addition, we
extend our method for the superresolution of three real satellite images with many more bands: 103,
128, and 224, respectively, compared with the HS image datasets used in [18]. Experimental results
on two public HS datasets and the real satellite images manifest that our propose method achieves
impressive performances compared with the existing state-of-the-art methods.
2. Related Work
Although the HR-HS image has proven potential prospects in different application fields ranging
from remote sensing to medical imaging, it is still difficult to achieve high resolution simultaneously
in both spatial and spectral domains due to hardware limitations [19]. On the other hand, the HR-RGB
images are easily obtained with a common color camera. Thus, this has inspired much research effort
to generate the HR-HS images via image processing and machine learning techniques based on the
available LR-HS and HR-RGB images. In the remote sensing field, an HR panchromatic image is
usually available accompanying the LR multi-spectral or HS image, and fusing these two images to
generate an HR-MS or HS image is generally known as the pansharpening technique [20–25]. In this
scenario, most approaches perform reliable illumination restoration based on intensity substitution
and projection with the explored hue saturation and principle component analysis [20,21], which
usually result in spectral distortion in the generated HR image [26].
Recently, HS image superresolution based on matrix factorization and spectral unmixing has
been actively investigated [9,10,27,28]. Spectral matrix factorization and unmixing based methods
assume that the HS observations can be decomposed into two matrices, where one represents a set
of bases as the spectral reflectance functions (the spectral response of the pure material) and the
other is the corresponding coefficient matrix denoting the composite fraction of each material on each
pixel location. Yokoya et al. [28] investigated a coupled non-negative matrix factorization (CNMF) to
generate an HR-HS image from a pair of HR-MS and LR-HS images. Although the CNMF approach
achieved promising spectral recovery performance, its solution was generally not unique [29]. Thus,
the spectral recovery results were not always satisfactory. Lanaras et al. [10] proposed a coupled
spectral unmixing strategy for HS superresolution and estimated the HR-HS image via simultaneously
minimizing the reconstruction errors of the observed LR-HS and HR-RGB images using the proximal
alternation linearized minimization method for optimization. Considering the physical meaning of the
reflectance functions and the implementation robustness, the number of pure materials in the observed
scene is often assumed to be smaller than the spectral band number, which does not always meet the
real application.
There have existed many image restoration methods [14,15,30,31] for nature images. Motivated
by the successes of sparse representation in natural image analysis, the sparsity promoting approaches
have been widely applied for HS superresolution [11–13]. The sparse representation based method
does not need to impose explicitly the physical meaning constraint on the bases and thus permits
over-complete bases. Grohnfeldt et al. [11] proposed a joint sparse representation of the corresponding
HS and MS (RGB) patches. They firstly learned the joint HS and MS (RGB) patch dictionaries using
the prepared corresponding pairs and estimated the sparse coefficients of the combined MS and
previously reconstructed HS patches for each individual band. This method mainly focused on
reconstructing the local structure (patch) and completely ignored the correlation between channels.
Therefore, several works [12,13] explored the sparse spectral representation instead of the local spatial
structure. Akhtar et al. [12] explored a Bayesian dictionary learning and sparse coding algorithm for
HS image superresolution and manifested impressive performance. Dong et al. [32] investigated a
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non-negative structured sparse representation (NSSR) approach to recover an HR-HS image, which
imposed the similarity constraints in a spatial structure region to estimate robust sparse representation
and proposed to use the alternative direction multiplier method (ADMM) technique for solving. NSSR
manifested promising recovery performance compared to the other existing approaches. However,
most of these methods aimed at recovering the HR-HS image via minimizing the reconstruction
errors of the observed HR-RGB and LR-HS images in couple, thus requiring the precise alignment
of the HR-RGB and LR-HS images, where most available images cannot satisfy the strict situation.
In [13], Akhtar et al. explored a sparse spatio-spectral representation via assuming the same atoms
used for reconstructing the spectra of the pixels in a local grid region and proposed a generalized
simultaneous orthogonal matching pursuit (G-SOMP+) method for estimating the sparse coefficients.
The G-SOMP+ method can integrate the spectral correlation property in the LR-HS image and the HR
spatial structure in the HR-RGB image, but does not need the precise alignment between the observed
images. Although simultaneously selecting the common set of spectral bases for the pixel spectra in a
grid of a local region can take the spectral similarity into consideration, the size of the selected base set
is the same for all pixels in the local region and not always the optimized one for approximating all of
the pixel spectra. Our study is most related to the work [13]. However, we select the support set of the
previously learned spectral dictionary for each pixel only one time, where the size of the support set is
adaptively adjusted with the spectral mixing degree according to local content similarity analysis in
the observed HR-RGB image.
3. Problem Formulation
Our goal is to estimate an HR-HS image Z0 ∈ RW × H × L , where W and H denote the spatial
dimensions and L is the spectral channel number, from an LR-HS image X0 ∈ Rw×h× L (w  W,
h  H) and an HR-MS (RGB) image Y0 ∈ RW × H ×l (l  L). Since the observed HR-MS image is
an RGB image, the spectral channel number l in the HR-RGB image is three. We reformulate Z0 , X0 ,
and Y0 as the pixel-wise spectral representations (matrix forms), denoted as Z ∈ R L× N (N = W × H),
X ∈ R L×O (O = w × h), and Y ∈ R3× N , respectively. Both the matrix forms X and Y of the LR-HS and
HR-RGB images can be expressed as a linear combination of the HR-HS image Z:
X = ZD, Y = RZ,

(2)

where D ∈ R N ×O is the blurring and down-sampling operators on the HR-HS image to generate
the LR-HS image X, and R ∈ R3× L represents the spectral response function (transformation matrix)
decided by the camera design, which maps the HR-HS image Z to the HR-RGB image Y. Since the
number of the unknowns (NL) in the desired HR-HS image is much larger than the total number
of measurements (OL + 3N) from the observed images X and Y, the HS image superresolution is a
severely ill posed problem. In order to provide a stable estimation of the HR-HS image, regularized
constraints for integrating the prior knowledge about the unknown Z are widely explored to narrow
the solution space. A general strategy is to assume that the pixel spectrum in the HR-HS image lies in
a low-dimensional space and can be decomposed into the spectral reflectance of several pure materials
and their corresponding composition fractions as follows:
K

zn =

∑ bk αk,n = Bαn

k =1

K

subject to: bi,k ≥ 0, αk,n ≥ 0,

(3)

∑ αk,n = 1,

k =1

where B ∈ R L×K represents the spectral response functions (spectral signatures) of K distinct materials
(also called endmembers) in the observed LR-HS image and αn denotes the fractional abundance of
the K materials in the covered area for the nth pixel. Taking the physical phenomenon of the spectral
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reflectance into consideration, the elements in the spectral endmember and the fraction magnitude of
the abundance are non-negative, as shown in the first and second constraint terms. The abundance
vector for each pixel is summed to one, where each element means the composite percentage of a
distinct material. The above formulation of the spectral representation is popularly known as the
linear mixture model [33]. Since the regularized term ∑kK=1 αk,n = 1 with a nonnegative constraint is
equivalent to the l1 norm, which is a relaxation of the l0 norm for the sparse constraint, Equation (3)
can also be considered as a sparse spectral representation via alleviating the limitation of the spectral
atom number. The observed HR-RGB image can be formulated as Y = RZ, and each pixel yn ∈ R3 is
written as:
yn = Rzn = RBαn = Bl αn ,

(4)

where Bl is the RGB spectral dictionary, which is obtained via transforming the HS dictionary B with
the spectral transformation matrix R: Bl = RB. With a corresponding set of the spectral dictionaries
Bl and B, the sparse fractional vector αn of the HS pixel zn can be predicted from the HR-RGB pixel yn .
We reformulate Equation (3) as the objective function for minimization via replacing the known RGB
vector in the HR-RGB image:
arg min kAk1 , subject to: kY − Bl Ak F ≤ η, A ≥ 0

(5)

A

G-SOMP+ Method
Akhtar et al. [13] proposed a generalization of a popular greedy pursuit algorithm, called
generalized simultaneous orthogonal matching pursuit (G-SOMP+) for optimizing Equation (5).
Motivated by the fact that nearby pixels are likely to represent the same materials in the scene, the
G-SOMP+ method processes the HR-RGB image Y in terms of small disjoint spatial patches for
computing the coefficient matrix. Denoted the HR-RGB image patch by P0 ∈ RWO × HP ×3 with matrix
representation P ∈ R3×WO HP , G-SOMP+ estimates its corresponding coefficient matrix A P ∈ Rl ×WO × HP
via solving the constrained simultaneous sparse approximation problem:
arg min kA P krow_0 , subject to: kP − Bl A P k F ≤ η, α Pi ≥ 0

(6)

AP

where α Pi denotes the ith column of the matrix |A P . In Equation (6), kA P krow_0 is the row l0
quasi-norm [34] of the matrix, which represents the cardinality of its row support, formulated as:
P HP
kA P krow_0 ⇔ | ∪W
Supp(α Pi )|
i =1

(7)

where supp(·) denotes the support of a vector and | · | indicates the cardinality of a set. G-SOMP+
was proposed for optimizing the objective function in Equation (6) and allows the selection of
multiple dictionary atoms in each iteration of orthogonal matching pursuit for efficient computation.
The algorithm pursues an optimized approximation of the input spectral matrix P, the spectral
representation of a local patch, by selecting the dictionary atoms BlP indexed in a set Ξ ∈ Ω (Ω is
the index space of the RGB dictionary Bl ), such that Ξ  Ω, and the selected BlP contributes to the
approximation of all the pixel spectra in the local patch. Similar to orthogonal matching pursuit (OMP),
G-SOMP+ also exploits the iteration procedure for calculating the sparse vector. In the ith iteration,
firstly, the algorithm computes the cumulative correlation of each dictionary atom with the residue
of its current approximation of all pixel spectra in the focused local patch, where the initial residue
in the first iteration is the pixel spectra themselves in the patch. Then, M dictionary atoms with the
highest cumulative correlations are selected and are added to an index subspace: Ξ, which is empty at
initialization, of the index set: Ω. Finally, the dictionary atoms in the aforementioned index subspace:
Ξ are used for a non-negative least squares approximation of the patch. At the same time, the residue
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is updated for the next iteration and judging if the algorithm would stop or not according to a fraction
γ of the residue in the previous iteration. Although the G-SOMP+ method is able to select different
numbers of dictionary atoms for different patches, the section criteria pursue the common dictionary
atoms for all pixel spectra in a local patch, which is not always optimized for all pixels. Furthermore,
the highest cumulative correlations to the residual not the raw pixel spectra cannot guarantee the good
reconstruction of the raw pixels.
4. Data Guided Sparsity Regularized Spectral Representation
The matrix representation of the spectral representation model in Equations (3) and (4) can be
rewritten as:
Z = BA,
Y = Bl A,
(8)
K× N
where A = [α1 , α2 , · · · , αK ] ∈ R+
is the non-negative sparse coefficient matrix. Both spectral
l
dictionary B or B and coefficient matrix A are unknown, and regularization for exploring the
prior knowledge of the unknown is often integrated to give a stable solution. As in the work [13],
we firstly learn the HS dictionary from the observed LR-HS image via a hierarchical clustering
method with correlation similarity as elaborated in the next subsection such that the spectral sample
can be represented by a weighted combination of the learned over-complete spectral dictionary
B ∈ R L×K (K > L). Then, the transformed RGB dictionary Bl = RB can be used for estimating the
sparse vector using Equation (5) for each HR RGB pixel, which in turn can approximate the HR
hyperspectral pixel with the HS dictionary B. However, the conventional sparse methods usually
explore an identical strength of constraints on all the spectral samples without considering the
individual property, which may not meet the practical situation. This study proposes a data guided
sparsity regularized nonnegative spectral representation for the hyperspectral superresolution task.
Motivated by the fact that the material purity of each pixel spectrum might be different from the others,
we firstly explore the possible purity (mixing degree) of each pixel according to the local content
similarity of a focused pixel and incorporate the material purity as the sparsity constraint into the
non-negative sparse spectral representation, which adaptively imposes the sparse constraint for each
pixel. Next, we will introduce how to learn the HS dictionary B, calculate the data guided sparsity for
each pixel, and optimize the sparse coefficient matrix A in our method.

4.1. On-Line Hyperspectral Dictionary Learning
Due to the large variety of HS reflectance for different materials, learning a common HS dictionary
for different observed scenes with different materials leads to considerable spectral distortion for the
approximated pixel spectra. This study proposes to generate the HS dictionary from the observed
LR-HS image of the under-studied scene. It is known that the raw hyperspectra in the observed LR-HS
image can be directly used as the HS dictionary and then are transformed into the RGB bases for
calculating the sparse representation of all the pixels in the observed HR-RGB image. However, in spite
of the low resolution in the observed HS image, it is still possible to have some similar spectral pixels,
and this leads to redundancy in the HS dictionary. Therefore, in order to reduce the redundancy of the
HS bases via directly using the raw hyperspectra, we propose an online dictionary learning algorithm
for generating more compact hyperspectral bases. Since different scenes may be composed of different
numbers of materials, we do not fix the number of the learned spectral bases in the dictionary and
adaptively decide the bases’ number according to the similarity degree of the spectra in the observed
scene. The detail procedure of the on-line dictionary learning is manifested in Algorithm 1. Algorithm 1
is implemented via clustering high correlated spectra with a pre-defined threshold 0.999 and then
adaptively generating a different number of HS bases according to the contents of the available LR-HS
images.
After the HS dictionary B is learned online from the observed HR-HS image, the corresponding
multispectral dictionary Bl is then obtained by transforming B with the camera spectral response matrix

Sensors 2019, 19, 5401

7 of 18

R as Bl = RB. Via fixing the learned HS and RGB dictionaries B, Bl , we aim to calculate the sparse
coefficient matrix A with the available HR-RGB image Y with the data guided sparsity constraint.
Algorithm 1 On-line hyperspectral dictionary learning algorithm.
Initialization : Taking the HS reflectance of all pixels in the observed LR-HS image as the HS
sample set {S}, initialize dictionary set B as {φ}, and set the correlation similarity threshold θ;
1. Randomly select an HS reflectance st as temporary set {St } = {st } from {S}, and update {S} by
removing st ;
2. Calculate the normalized correlation coefficients ri between st and any sample si in {S}:
ri =

q

∑lL=1 st,l si,l
q
∑lL=1 st,l ∑lL=1 si,l

If ri > θ, we take si from {S} into {St } {S} ⇒si {St }.
3. Repeat the same process for all samples in {S}
4. Calculate the mean vector in {St } as the HS basis bt ; put it into the dictionary B bt ⇒ B; and
re-set {St } as φ.
6. If {S} is φ, finish; otherwise go to Step 1.

4.2. Calculation of the Data Guided Sparsity Map
The data guided sparsity map is trained from the HR-RGB image that describes the strength
of priors (constraints) for each individual sample via measuring the mixed level of each pixel.
The calculation of the sparsity for each pixel is motivated by the observation that the mixed level of
each pixel should be different from each other with a high mixed level in the transition area and a low
mixed level in the smoothed area. It can be calculated by the similarity of the spatially neighboring
pixels, and the greater the mixed level, the weaker sparsity of the pixels in the transition area.
Given the available HR-RGB image Y with N pixels and L channels, we measure the uniformity
of neighboring pixels as the adaptive sparsity prior, which is the inverse of the mixed level, over the
entire image. For the ith pixel, its sparsity measurement p(i ) could be estimated by exploring the
similarity between spatially neighboring pixels as follows:
p (i ) =

∑

sij

(9)

j∈ NNi

where NNi is the neighborhood of the ith pixel that includes four neighbors; sij is the similarity
between the ith pixel and its neighboring pixel y j by the dot-product metric:

k y i − y j k2
)
(10)
σ
The value of σ controls the smoothness of the sparsity map. Some examples of the calculated
sparsity maps for three images are given in Figure 1, which shows that the smoothed regions in the
input RGB images have large magnitudes (strong sparsity) in the sparsity maps and the transition
areas have small magnitudes (weak sparsity).
sij = exp(−
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Figure 1. Three examples of the calculated sparsity maps. The first row manifests the RGB images, and
the second row gives the calculated sparsity maps.

4.3. The Non-Negative Sparse Vectors with the Adaptive Sparsity
This section estimates the non-negative sparse vector A by optimizing the objective function:
minA k Y − Bl A k2F with sparsity constraint and non-negativity on A. The generally used constraint
for sparsity is the l0 norm: k αtn k0 < η, which is implemented by matching pursuit methods and
needs the computational cost as O(K2 ) (Kis the atom number in the dictionary). On the other hand,
Yu et al. [35,36] empirically observed that SCresults tend to be local, which means nonzero coefficients
are often assigned to bases near the encoded data, and proposed a locality constrained linear coding
method for explicitly encouraging local encoding and efficiently approximation with computational
cost: O(K ). This study explores a nonnegative locality constrained linear coding for obtaining the
sparse vector of an RGB spectral yn (the RGB spectral of the nth pixel in Y) in the observed HR-RGB
image as follows:
min k yn − BlNN (yn ) αn k2
αn

subject to:

BlNN (yn )

are the K 0 nearest bases of yn ,

(11)

αk,n >= 0,
In the above equation, we firstly use the Euclidean distance for calculating the K nearest bases
from B for the input sample yn and apply the non-negative least squares algorithm to calculate the
non-negative coefficient for the selected basis only, which are just a small part of the whole basis B.
Generally, the selected basis number K 0 is previously defined and is fixed for all samples. As analyzed
in the above section, since the sparsity for different samples should be different, we adaptively set
the selected basis numbers for different pixels according to the calculated sparsity map. Given the
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processed images, we learned K HS bases for representing spectral pixels and calculated the sparsity
p(i ) for the ith pixel. The selected basis number for the ith pixel can be adaptively set as:
K 0 = M ∗ exp{−[ p(i ) −

1
N

N

∑ p(i)]}

(12)

j =1

where N is the pixel number in the processed image and M is a hyper-parameter, which is pre-defined
and can be considered as the average number of dictionary atoms used for all pixels in the under-studied
scene. With Equation (12), we can adaptively calculate the required basis number K0 for representing the
spectrum of each pixel.
5. Experimental Results
We evaluated the proposed approach using two publicly available HS imaging database:
the CAVEdataset [37] and the Harvard dataset [38], and three real satellite images including the
Hyperspec-VNIR Chikusei image [39], Salinas, and University of Pavia scenes [40–42]. The CAVE
dataset consists of 32 indoor images including paintings, toys, food, and so on, captured under
controlled illumination, and the Harvard dataset has 50 indoor and outdoor images recorded under
daylight illumination. The dimensions of the images from the CAVE dataset are 512 × 512 pixels, with
31 spectral bands of 10 nm wide, covering the visible spectrum from 400 to 700 nm; the images from the
Harvard dataset have the dimensions of 1392 × 1040 pixels with 31 spectral bands of a width of 10 nm,
ranging from 420 to 720 nm, from which we extracted the top left 1024 × 1024 pixels in our experiments.
The Hyperspec-VNIR Chikusei image is an airborne HS dataset, which was taken by Headwall’s
Hyperspec-VNIR-C imaging sensor over Chikusei, Ibaraki, Japan, on 29 July 2014. The dataset comprises
128 bands in the spectral range from 0.363 to 1.018 µm. The scene consists of 2517 × 2335 pixels with a
GSD of 2.5 m, mainly including agricultural and urban areas. A selected 540 × 420 pixel size image
was used in the experiment. The Salinas image comprising 512 × 217 pixels with 220 bands was
also collected by the AVIRIS sensor, capturing an area over Salinas Valley, California, with a spatial
resolution of 3.7 m. The University of Pavia scenes (PaviaU) were collected by the Reflective Optics
System Imaging Spectrometer (ROSIS) sensor. This image with 610 × 340 pixels and 103 spectral bands
covering the city of Pavia, Italy, was collected under the HySens project managed by DLR (the German
Aerospace Agency).
For the CAVE and Harvard datasets, we treated the original images in the databases as the ground
truth Z and down-sampled them by a factor of 32 to create 16 × 16 images, which was implemented
by averaging over 32 × 32 pixel blocks, as done in [13,27]. The observed HR-RGB images Y were
simulated by integrating the ground truth over the spectral channels using the spectral response R
of a Nikon D700 camera. For the Hyperspec-VNIR Chikusei data, we used the released LR-HS (size:
90 × 70 × 128) and HR-MS (size: 540 × 420 × 8) images by Yokoya [39] as the input and estimated an
HR-HS image with a size of 540 × 420 × 128. Since the the camera spectral response function R for the
generation the MS image from the HS image is unknown, we exploited the quadratic programming
method for automatically estimating R. Since Salinas and PaviaU data are generally used for HS image
classification, there are no corresponding HR multi-spectral (MS) images and LR-HS images for our
HS image superresolution scenario. We considered the Salinas and PaviaU data as the ground truth
HR-HS images and simulated the corresponding LR-HS images via simply average down-sampling
with a factor of: six for both the horizontal and vertical directions and the eight-band HR-MS images
via generating the spectral response with Gaussian functions. Then, we adopted different HS image
superresolution methods on the simulated LR-HS and HR-MS images to estimate the HR-HS image
for evaluation.
To evaluate the quantitative accuracy of the estimated HS images, four objective error metrics
including root-mean-squared error (RMSE), peak-signal-to-noise ratio (PSNR), relative dimensionless
global error in synthesis (ERGAS) [43], and spectral angle mapper (SAM) [9] were evaluated. The metrics:
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ERGAS [43] calculates the average amount of the relative square error, which is normalized by the
intensity mean in each band as defined below:
v
u
Ou
1
ERGAS = 100 × t
N L

L

∑(

l =1

MSE(i )
)
µi

(13)

where O
N is the ratio between the pixel sizes of the available HR-RGB and LR-HS images, µi is the
intensity mean of the ith band of the LR-HS image, and L is the band number in the LR-HS image.
The smaller the ERGAS, the smaller the relative error in the estimated HR-HS image. SAM [9] measures
the spectral distortion between the ground truth and the estimated HR-HS images, and the distortion
of two spectral vectors zn and ẑn is defined as follows:
SAM(zn , ẑn ) = arccos(

< xn , ẑn >
)
k zn k2 k ẑn k2

(14)

The overall SAM was finally obtained by averaging the SAMs computed from all image pixels.
Note that the value of SAM is expressed in degrees and thus belongs to (−90, 90]. The smaller the
absolute value of SAM, the less important the spectral distortion.
As introduced in Section 4.1, we trained the HS dictionary from the observed LR-HS image for
the under-studied scene instead of learning the common dictionary for different scenes. The histogram
of the dictionary number of all images in the CAVE and Harvard databases is shown in Figure 2a,b,
respectively, which manifested a much smaller number of learned bases than the raw spectral numbers
(256 for the images in CAVE and 1024 in Harvard). As we know that the computational cost of the
sparse coding procedure in Equation (5) is proportional to the basis number used, thus the calculating
time of the sparse coding would be greatly reduced for the images in both the CAVE and Harvard
datasets. The online dictionary learning (denoted as OLD) took much less than 0.01 s, which is
much less than the computational time of the sparse coding. Since our proposed method explored
the spectral representation with the pixel-wise sparsity constraint, we modified the G-SOMP+ [13]
method for selecting the dictionary atom of each pixel separately instead of the whole patch for fair
comparison, called pixel-wise G-SOMP+, where the hyper-parameter M was the predefined number
of the simultaneously selected dictionary atoms. We also fixed the number of used dictionary atoms
for the pixel spectral representation and adaptively adjusted the used atom number according to
our proposed data guided sparsity map. We conducted experiments on all images in the CAVE
and Harvard datasets and calculated the average RMSE, PSNR, SAM, and ERGAS for comparison.
The compared quantitative results with different hyper-parameters M are shown in Figures 3 and 4
for the CAVE and Harvard datasets, respectively. From Figure 3, it can be seen that the pixel-wise
G-SOMP+ could achieve better performance than the fixed number of the used dictionary atoms
for spectral representation (denoted “Fixed”), and our proposed method with data guided sparsity
could further improve the performance for most hyper-parameters and all quantitative metrics in
the CAVE dataset. For the Harvard dataset, the “Fixed” number of the used dictionary atoms for
spectral representation provided better results than the G-SOMP+ method, and our proposed method
could further improve the performance, especially for the ERGAS metric. In addition, we provide the
computational time of the pixel-wise G-SOMP+, the spectral representation with the fixed number,
and the data guided number of the dictionary atoms in Figure 5. Figure 5 manifests that our method
had comparable computational cost with the fixed number of dictionary atoms, but about seven times
faster than the pixel-wise G-SOMP+ method.
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(a)

(b)

Figure 2. The histogram of the dictionary number of all images in the CAVEand Harvard databases.
(a) Cavedataset; (b) Harvard dataset.
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Figure 3. Quantitative compared results with the pixel-wise generalized simultaneous orthogonal
matching pursuit (G-SOMP+) method, the spectral representation of the fixed number, and the data
guided number of the dictionary atoms (our proposed method) under different hyper-parameters M
on the CAVE dataset. (a) RMSE; (b) PSNR; (c) spectral angle mapper (SAM); (d) relative dimensionless
global error in synthesis (ERGAS).
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Figure 4. Quantitative compared results with the pixel-wise G-SOMP+ method, the spectral
representation of the fixed number, and the data guided number of the dictionary atoms (our proposed
method) under different hyper-parameters M on the Harvard dataset. (a) RMSE; (b) PSNR; (c) SAM;
(d) ERGAS.
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Figure 5. The compared computational time for both the CAVE and Harvard datasets.

Next, we show the performance of our proposed method, compared with the state-of-the-art HSI
SR methods including: the matrix factorization method (MF) method [27], coupled non-negative matrix
factorization (CNMF) method [28], sparse non-negative matrix factorization (SNNMF) method [44],
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generalization of simultaneous orthogonal matching pursuit (G-SOMP+) method [13], and Bayesian
sparse representation (BSR) method [9]. The average RMSE, PSNR, SAM, and ERGAS results of the
32 recovered HR-HS images from the CAVE dataset [37] are shown in Table 1, while the average results
of the 50 images from the Harvard dataset [38] are given in Table 2.
Table 1. Quantitative compared results on the CAVE dataset. matrix factorization method (MF) method,
coupled non-negative matrix factorization (CNMF) method, sparse non-negative matrix factorization
(SNNMF) method, generalization of simultaneous orthogonal matching pursuit (G-SOMP+) method,
and Bayesian sparse representation (BSR) method.

MF [27]
CNMF [28]
SNNMF [44]
GSOMP [13]
BSR [9]
Ours

RMSE

PSNR

SAM

ERGAS

3.03 ± 1.44
2.93 ± 1.30
3.26 ± 1.57
6.47 ± 2.53
3.13 ± 1.57
3.27±1.63

39.37 ± 3.76
39.53 ± 3.55
38.73 ± 3.79
32.48 ± 3.08
39.16 ± 3.91
38.76 ± 4.00

6.12 ± 2.17
5.48 ± 1.62
6.50 ± 2.32
14.19 ± 5.42
6.75 ± 2.37
6.17 ± 2.17

0.40 ± 0.22
0.39 ± 0.21
0.44 ± 0.23
0.77 ± 0.32
0.37 ± 0.22
0.41 ± 0.22

Table 2. Quantitative compared results on the Harvard dataset.

MF [27]
CNMF [28]
SNNMF [44]
GSOMP [13]
BSR [9]
Ours

RMSE

PSNR

SAM

ERGAS

1.96 ± 0.97
2.08 ± 1.34
2.20 ± 0.94
4.08 ± 3.55
2.10 ± 1.60
1.99±1.35

43.19 ± 3.87
43.00 ± 4.44
42.03 ± 3.61
38.02 ± 5.71
43.11 ± 4.59
43.59 ± 4.85

2.93 ± 1.06
2.91 ± 1.18
3.17 ± 1.07
4.79 ± 2.99
2.93 ± 1.33
2.96 ± 1.08

0.23 ± 0.14
0.23 ± 0.11
0.26 ± 0.27
0.41 ± 0.24
0.24 ± 0.15
0.27 ± 0.15

From Tables 1 and 2, we observe that for all error metrics, our approach achieved better than or
comparable performance as the state-of-the-art methods. It should be noted that most existing methods
excepting the G-SOMP+ approach [13] simultaneously (coupled) minimized the reconstruction errors
of the available HR-RGB and LR-HS images. Since we attempted to validate the efficiency of the
adaptive sparsity strategy for different samples, our proposed method simply optimized the sparse
representation with the available HR-RGB image only like in the G-SOMP+ approach [13] and can be
extended to any other coupled method for more accurate performance. Figure 6 shows an example
of the recovered HR-HS images (the image of the 20th band) with the pixel-wise G-SOMP+ method,
the fixed, and the adaptive basis number and the corresponding difference image between the ground
truth and the recovered images in the CAVE dataset, while Figure 7 manifests an example of the
recovered HR-HS image (the image of the 20th band) with the pixel-wise G-SOMP+ method, our
proposed method, and the corresponding difference image between the ground truth and the recovered
images in the Harvard dataset.
Finally, we provide the compared results with the pixel-wise G-SOMP+ method, the spectral
representation with the fixed number, and the data guided number of the dictionary atoms on three
real satellite images including the Hyperspec-VNIR Chikusei image, PaviaU image, and Salinas image.
The compared quantitative results are manifested in Table 3. Table 3 also validates that our proposed
method with the data guided sparsity could not only improve the performance, but also reduced
the computational time compared with the pixel-wise G-SOMP+ method. The recovered HS images
(the pseudo-color images with the 72nd, 76th, and 80th bands) and the absolute difference images with
respect to the ground truth in an expanded region are visualized in Figure 8, which also manifests
the smaller difference error in our proposed method with the data guided sparsity. The input HS
images and the recovered HS images for Salinas and PaviaU data (the pseudo-color images with the
72nd, 76th, and 80th bands for Salinas data and the 22nd, 100th and 170th for PaviaU data) are given
in Figure 9.
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Pixel-wise G-SOMP+

Fixed

Our
255

0

Input LR image

Pixel-wise G-SOMP+ (Diff.)

Fixed (Diff.)

Our (Diff.)
20

0

Figure 6. An example of the recovered HR-HS images with the pixel-wise G-SOMP+ method, the fixed
and the adaptive basis number, and the corresponding difference images between the ground truth
and the recovered images from the CAVE dataset.

GT HR image

Pixel-wise G-SOMP+

Our
255

0

Input LR image

Pixel-wise G-SOMP+ (Diff.)

Our (Diff.)
20

0

Figure 7. An example of the recovered HR-HS images with the pixel-wise G-SOMP+ method and
the corresponding difference images between the ground truth and the recovered images from the
Harvard dataset.
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Input LR Image

Pixel-wise G-SOMP+

Pixel-wise G-SOMP+ (Diff.)

Fixed

Our

Fixed (Diff.)

Our (Diff.)

Figure 8. The recovered HR-HS images on the Hyperspec-VNIR Chikusei data with the pixel-wise
G-SOMP+ method, the fixed and adaptive basis number, and the absolute difference images in an
expanded regions between the ground truth and the recovered images.

Input LR Image

Our (Recovered)

Input LR Image

(a)

Our (Recovered)

(b)

Figure 9. The input HR-HS image and the recovered HR-HS images on the Salinase and PaviaU images.
(a) Salinas image. (b) PaviaU image.
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Table 3. Quantitative compared results using three real satellite images.
(a) The Hyperspec-VNIR Chikusei Image

Pixel-wise G-SOMP+
Fixed
Ours

RMSE

PSNR

SAM

ERGAS

Time (s)

2.68
3.35
2.50

39.57
37.63
40.17

3.42
4.35
3.19

2.85
2.96
2.80

268.84
94.21
95.94

(b) The Salinas Image

Pixel-wise G-SOMP+
Fixed
Ours

RMSE

PSNR

SAM

ERGAS

Time (s)

1.97
2.15
1.96

42.24
41.48
42.30

2.18
2.39
2.18

0.97
1.06
0.97

267.57
81.87
83.76

(c) The PaviaU Image

Pixel-wise G-SOMP+
Fixed
Ours

RMSE

PSNR

SAM

ERGAS

Time (s)

1.04
1.07
1.03

47.75
47.35
47.80

1.18
1.20
1.17

1.29
1.17
1.09

155.47
47.57
48.67

6. Conclusions
This study proposed a novel data guided sparse spectral representation method for the HS image
superresolution task. The proposed method firstly learned the HS dictionary using the available LR-HS
image and then transformed it into the RGB one with the camera response function. The non-negative
sparse representation of each pixel in the HS image could be calculated given the RGB vector and the
RGB dictionary. The state-of-the-art methods generally calculate the sparse vector with the previously
defined sparsity strength regardless of the property of different samples. This study investigated
the spectral property via analyzing the local content similarity of a focused pixel in the available
high resolution RGB image and generated a sparsity map for guiding the calculation of the sparse
spectral representation. Motivated by the fact that the pixel spectrum of a pure material should have
more sparse representation of the spectral dictionary, we quantified the spectral mixing degree via
measuring the similarity of a pixel with the surrounding pixels and then controlled the sparsity in
the computation of the spectral representation. Since the proposed method adaptively adjusted the
sparsity in the spectral representation based on the local content of the available high resolution RGB
image, it could produce more robust spectral representation for recovering the target high resolution
hyperspectral image. Comprehensive experiments on two public HS datasets and three real remote
sensing images validated that the proposed method achieved promising performances compared with
the existing state-of-the-art methods.
Author Contributions: Conceptualization, methodology, validation, and writing–original draft preparation,
X.-H.H.; validation and data curation, Y.S. and J.W.; investigation, B.S.; supervision, Y.-W.C.; funding acquisition,
X.-H.H. and Y.Z.
Funding: The research was supported by ROIS NII Open Collaborative Research 2018.
Conflicts of Interest: The authors declare no conflict of interest.

References
1.
2.

Fauvel, M.; Tarabalka, Y.; Benediktsson, J.; Chanusssot, J.; Tilton, J. Advances in spectral-spatial classification
of hyperspectral images. Proc. IEEE 2013, 101, 652–675. [CrossRef]
Nguyen, H.; Benerjee, A.; Chellappa, R. Tracking via object reflectance using a hyperspectral video
camera. In Proceedings of the 2010 IEEE Computer Society Conference on Computer Vision and Pattern
Recognition—Workshops, San Francisco, CA, USA, 13–18 June 2010; pp. 44–51.

Sensors 2019, 19, 5401

3.

4.
5.
6.

7.
8.

9.
10.

11.

12.

13.
14.
15.
16.
17.
18.

19.
20.
21.

22.
23.

17 of 18

Tarabalka, Y.; Chanusssot, J.; Benediktsson, J. Segmentation and classification of hyperspectral images using
minimum spanning forest grown from automatically selected markers. IEEE Trans. Syst. Man Cybern. Syst.
2010, 40, 1267–1279. [CrossRef] [PubMed]
Uzair, M.; Mahmood, A.; Mian, A. Hyperspectral face recognition using 3D-DCT and partial least squares.
BMVC 2013, 1, 10.
Zhang, D.; Zuo, W.; Yue, F. A comparative study of palmprint recognition algorithm. ACM Comput. Aurv.
2012, 44, 2:1–2:37. [CrossRef]
Zhou, Y.; Chang, H.; Barner, K.; Spellman, P.; Parvin, B. Classification of histology sections via multispectral
convolutional sparse coding. In Proceedings of the 2014 IEEE Conference on Computer Vision and Pattern
Recognition (CVPR), Columbus, OH, USA, 23–28 June 2014; pp. 3081–3088.
Bioucas-Dias, J.; Plaza, A.; Camps-Valls, G.; Scheunders, P.; Nasrabadi, N.M.; Chanussot, J. Hyperspectral
remote sensing data analysis and future challenges. IEEE Geosci. Remote Sens. Mag. 2013, 1, 6–36. [CrossRef]
Akhtar, N.; Shafait, F.; Mian, A. SUnGP: A greedy sparse approximation algorithm for hyperspectral
unmixing. In Proceedings of the 2014 22nd International Conference on Pattern Recognition, Stockholm,
Sweden, 24–28 August 2014; pp. 3726–3731.
Wei, Q.; Bioucas-Dias, J.; Dobigeon, N.; Toureret, J. Hyperspectral and multispectral image fusion based on a
sparse representation. IEEE Trans Geosci. Remote Sens. 2015, 53, 3658–3668. [CrossRef]
Lanaras, C.; Baltsavias, E.; Schindler, K. Hyperspectral superresolution by coupled spectral unmixing.
In Proceedings of the 2015 IEEE International Conference on Computer Vision (ICCV), Santiago, Chile,
7–13 December 2015; pp. 3586–3595.
Grohnfeldt, C.; Zhu, X.X.; Bamler, R. Jointly sparse fusion of hyperspectral and multispectral imagery.
In Proceedings of the 2013 IEEE International Geoscience and Remote Sensing Symposium—IGARSS,
Melbourne, VIC, Australia, 21–26 July 2013.
Akhtar, N.; Shafait, F.; Mian, A. Bayesian sparse representation for hyperspectral image super resolution.
In Proceedings of the 2015 IEEE International Conference on Computer Vision (ICCV), Santiago, Chile,
7–13 December 2015; pp. 3631–3640.
Akhtar, N.; Shafait, F.; Mian, A. Sparse Spatio-Spectral Representation for Hyperspectral Image
Super-resolution. In European Conference on Computer Vision; Springer: Cham, Switzerland, 2014; pp. 63–78.
Elad, M.; Aharon, M. Image denoising via sparse and redundant representations over learned dictionaries.
IEEE Trans. Image Process. 2006, 15, 3736–3745. [CrossRef]
Tropp, J.A.; Gilbert, A.C. Signal Recovery from Random Measurements via Orthogonal Matching Pursuit.
IEEE Trans. Inf. Theory 2007, 53, 4655–4666. [CrossRef]
Donoho, D.L.; Tsaig, Y.; Drori, I.; Starck, J.L. Sparse solution of underdetermined linear equations by
stagewise orthogonal matching pursuit. IEEE Trans. Inf. Theory 2012, 58, 1094–1121. [CrossRef]
Wright, J.A.; Yang, A.Y.; Ganesh, A.; Sastry, S.S.; Ma, Y. Robust face recognition via sparse representation.
IEEE Trans. Pattern Anal. Mach. Intell. 2009, 31, 210–227. [CrossRef]
Han, X.H.; Wang, J.; Shi, B.; Zheng, Y.; Chen, Y.W. Hyper-Spectral Image Super-Resolution Using
Non-Negative Spectral Representation with Data-Guided Sparsity. In Proceedings of the 2017 IEEE
International Symposium on Multimedia (ISM), Taichung, Taiwan, 11–13 December 2017; pp. 500–506.
Huang, B.; Song, H.; Cui, H.; Peng, J.; Xu, Z. Spatial and spectral image fusion using sparse matrix
factorization. IEEE Trans Geosci. Remote Sens. 2014, 52, 1693–1704. [CrossRef]
Chavez, P.; Sides, S.; Anderson, J. Comparison of three different methods to merge multiresolution and
multispectral data: Landsat TM and SPOT panchromatic. Photogramm. Eng. Remote Sens. 1991, 30, 1779–1804.
Haydn, R.; Dalke, G.; Henkel, J.; Bare, J. Application of the IHS color transform to the processing of
multisensor data and image enhancement. In Proceedings of the International Symposium on Remote
Sensing of Environment, First Thematic Conference: Remote Sensing of Arid and Semi-Arid Lands, Cairo,
Egypt, 19–25 January 1982.
Aiazzi, B.; Baronti, S.; Lotti, F.; Selva, M. A Comparison between global and context-adaptive pansharpening
of multispectral images. IEEE Geosci. Remote Sens. Lett. 2009, 6, 302–306. [CrossRef]
Minghelli-Roman, A.; Polidori, L.; Mathieu-Blanc, S.; Loubersac, L.; Cauneau, F. Spatial resolution
improvement by merging MERIS-ETM images for coastal water monitoring. IEEE Geosci. Remote Sens. Lett.
2006, 3, 227–231. [CrossRef]

Sensors 2019, 19, 5401

24.
25.
26.
27.

28.
29.
30.

31.
32.
33.

34.
35.
36.

37.
38.

39.
40.
41.
42.

43.
44.

18 of 18

Zurita-Milla, R.; Clevers, J.; Schaepman, M.E. Unmixing-based landsat TM ane MERIS FR data fusion.
IEEE Geosci. Remote Sens. Lett. 2008, 5, 453–457. [CrossRef]
Masi, G.; Cozzolino, D.; Verdoliva, L.; Scarpa, G. Pansharpening by convolutional neural networks.
Remote Sens. 2016, 8, 594. [CrossRef]
Cetin, M.; Musaoglu, N. Merfing hyperspectral and panchromatic image data: Qualitative and quantitative
analysis. Int. J. Remote Sens. 2009, 30, 1779–1804. [CrossRef]
Kawakami, R.; Wright, J.; Tai, Y.W.; Matsushita, Y.; Ben-Ezra, M.; Ikeuchi, K. High-resolution hyperspectral
imaging via matrix factorization. In Proceedings of the CVPR, Providence, RI, USA, 20–25 June 2011;
pp. 2329–2336.
Yokoya, N.; Yairi, T.; Iwasaki, A. Coupled nonnegative matrix factorization for hyperspectral and
multispectral data fusion. IEEE Trans Geosci. Remote Sens. 2012, 50, 528–537. [CrossRef]
Lee, D.D.; Seung, S.H. Algorithms for non-negative matrix factorization. NIPS 2001, 556–562.
Liu, D.; Wen, B.; Fan, Y.; Loy, C.; Huang, T. Non-Local Recurrent Network for Image Restoration.
In Proceedings of the Advances in Neural Information Processing Systems, Montreal, QC, Canada,
3–8 December 2018; pp. 1680–1689.
Andrea, B.; Diego, V.; Giulia, F.; Enrico, M. DeepSUM: Deep Neural Network for Super-Resolution of
Unregistered Multitemporal Images. arXiv 2019, arXiv:1907.06490.
Dong, W.; Fu, F.; Shi, G.; Cao, X.; Wu, J.; Li, G.; Li, X. Hyperspectral Image Super-Resolution via Non-Negative
Strutured Sparse Representation. IEEE Trans. Image Process. 2016, 25, 2337–2352. [CrossRef] [PubMed]
Bioucas-Dias, J.M.; Plaza, A.; Dobigeon, N.; Parente, M.; Du, Q.; Gader, P.; Chanussot, J. Hyperspectral
unmixing overview: Geometrical, statistical and sparse regression-based approaches. IEEE J. Sel. Top. Appl.
Earth Obs. Remote Sens. 2012, 5, 354–379. [CrossRef]
Tropp, J.A.; Gilbert, A.; Strauss, M. Algorithms for simultaneous sparse approximation. Part I: Greedy
pursuit. Signal Process. 2006, 86, 572–588. [CrossRef]
Yu, K.; Zhang, T.; Gong, Y. Nonlinear learning using local coordinate coding. NIPS 2009, 2223–2231.
Wang, J.; Yang, J.; Yu, K.; Huang, F.L.T.; Gong, Y. Locality-constrained linear coding for image classification.
In Proceedings of the 2010 IEEE Conference on Computer Vision and Pattern Recognition (CVPR),
San Francisco, CA, USA, 13-18 June 2010; pp. 1–8.
Yasuma, F.; Mitsunaga, T.; Iso, D.; Nayar, S. Generalized assorted pixel camera: Post-capture control of
resolution, dynamic range and spectrum. IEEE Trans. Image Process. 2010, 19, 2241–2253. [CrossRef]
Chakrabarti, A.; Zickler, T. Statistics of real-world hyperspectral images. In Proceedings of the 2011 IEEE
Conference on Computer Vision and Pattern Recognition (CVPR), Colorado Springs, CO, USA, 20–25 June
2011; pp. 193–200.
Yokoya, N.; Grohnfeldt, C.; Chanussot, J. Hyperspectral and Multispectral Data Fusion: A comparative
review of the recent literature. IEEE Geosci. Remote Sens. Mag. 2017, 5, 29–56. [CrossRef]
Hu, W.; Huang, Y.; Wei, L.; Zhang, F.; Li, H. Deep Convolutional Neural Networks for Hyperspectral Image
Classification. J. Sens. 2015, 2015, 258619. [CrossRef]
Zhou, F.; Hang, R.; Liu, Q.; Yuan, X. Hyperspectral image classification using spectral-spatial LSTMs.
Neurocomputing 2019, 328, 39–47. [CrossRef]
Ahmad, M.; Khan, A.; Khan, A.M.; Mazzara, M.; Distefano, S.; Sohaib, A.; Nibouche, O. Spatial Prior
Fuzziness Pool-Based Interactive Classification of Hyperspectral Images. Remote Sens. 2019, 11, 1136.
[CrossRef]
Wald, L. Quality of high resolution synthesisted images: Is there a simple criterion? Available online:
https://hal.archives-ouvertes.fr/hal-00395027/ (accessed on 13 December 2019)
Wcoff, E.; Chan, T.; Jia, K.; Ma, W.; Ma, Y. A non-negative sparse promoting algorithm for high resolution
hyperspectral imaging. In Proceedings of the 2013 IEEE International Conference on Acoustics, Speech and
Signal Processing, Vancouver, BC, Canada, 26–31 May 2013; pp. 1409–1413.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

