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Abstract: Hyperspectral image classification methods may not achieve good performance when
a limited number of training samples are provided. However, labeling sufficient samples of
hyperspectral images to achieve adequate training is quite expensive and difficult. In this paper,
we propose a novel sample pseudo-labeling method based on sparse representation (SRSPL) for
hyperspectral image classification, in which sparse representation is used to select the purest
samples to extend the training set. The proposed method consists of the following three steps.
First, intrinsic image decomposition is used to obtain the reflectance components of hyperspectral
images. Second, hyperspectral pixels are sparsely represented using an overcomplete dictionary
composed of all training samples. Finally, information entropy is defined for the vectorized sparse
representation, and then the pixels with low information entropy are selected as pseudo-labeled
samples to augment the training set. The quality of the generated pseudo-labeled samples is evaluated
based on classification accuracy, i.e., overall accuracy, average accuracy, and Kappa coefficient.
Experimental results on four real hyperspectral data sets demonstrate excellent classification
performance using the new added pseudo-labeled samples, which indicates that the generated
samples are of high confidence.

Keywords: sparse representation; information entropy; pseudo-labeling; intrinsic image decomposition;
hyperspectral image classification

1. Introduction

Hyperspectral images (HSIs) have hundreds of spectral bands that contain detailed spectral
information. Thus, hyperspectral images are widely used in precision agriculture [1], geological
prospecting [2], target detection [3], and landscape classification [4]. Classification is one of the
important branches in hyperspectral image processing [5] because it can help people understand
hyperspectral image scenes via visual classification. However, in the context of supervised
classification, the existence of the “Hughes phenomenon” [6] caused by an imbalance between the
limited training samples and the extreme spectral dimension of hyperspectral images influences the
classification performance [7].

To alleviate the “Hughes phenomenon”, dimensionality reduction [8,9] and semi-supervised
classification [10,11] have been extensively studied. The former can reduce the dimensions of
hyperspectral images, and the latter can increase the number of training samples. In general,
the dimension reduction method can be divided into two categories: feature extraction and
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feature selection. Among them, feature extraction [12,13] reduces computational complexity by
projecting high-dimensional data into low-dimensional data space, and feature selection [14] selects
appropriate bands from the original set of spectral bands. In addition to the dimensionality reduction
method, semi-supervised classification is often used in the case of small samples. For example,
graph-based [15,16], active learning-based [17,18], and generative model-based [19,20] methods have
attracted the attention of researchers seeking to tackle the problems caused by the limited availability
of labeled samples. These semi-supervised methods can compensate for the lack of labeled samples
and improve the classification results.

Pseudo-labeled sample generation is also a commonly used method for semi-supervised
classification, which attempts to assign pseudo-labels to more samples. In [21], a combination
of active learning (AL) and semi-supervised learning (SSL) is used in a novel manner to obtain
more pseudo-labeled samples. In [22], high-confidence semi-labeled samples whose class labels are
determined by an ML classifier are added to the training samples to improve hyperspectral image
classification performance. In [23], a constrained Dirichlet process mixture model is proposed that
produces high-quality pseudo-labels for unlabeled data. In [24], a sifting generative adversarial
networks is used to generate more numerous, more diverse, and more authentic labeled samples for
data augmentation. However, active learning requires manual intervention, and other methods require
multiple iterations or deep learning to converge.

In recent years, sparse representation-based classification (SRC) methods have drawn much
attention in dealing with small training sample problems in hyperspectral image classification [25,26].
The goal of SRC is to represent an unknown sample compactly using only a small number of atoms in
an overcomplete dictionary. The class label with the minimal representative error will be assigned to the
unlabeled samples. Some researchers extended the SRC-based methods to utilize spatial information in
hyperspectral images, e.g., joint SRC [27,28], kernel SRC [29-31], adaptive SRC [32,33], etc. In addition,
there was also some work that used multi-objective optimization to improve SRC directly [34,35].
Ideally, the nonzero elements in a sparse representation vector will be associated with atoms of a single
class in the dictionary, and we can easily assign a test sample to that class.

Motivated by sparse representation, a novel sparse representation-based sample pseudo-labeling
(SRSPL) method is proposed. In the field of remote sensing, if a pixel contains only one type of land
cover, this pixel is called a pure pixel; otherwise, it is a mixed pixel. Due to the limitation of the spatial
resolution of the imaging spectrometers, the problem of mixed pixels is quite common in hyperspectral
remote sensing images [36]. In general, for the mixed pixels of HSIs, the sparse representation of their
spectral features usually involves multiple classes, so the representation coefficient vectors have larger
entropies. Conversely, for the pure pixels of HSIs, the spectral features can be linearly represented
using atoms from a single class in the overcomplete dictionary, so the representation coefficient vectors
of pure pixels will have smaller entropies. Thus, the pixels with small sparse representation entropies
can be used to augment the training samples. Using this method, the size of the training sample set can
be effectively increased. However, due to factors such as illumination, shading, and noise, the spectral
features of different land covers in natural scenes are usually subject to some degree of distortion.
Consequently, the generated pseudo-labeled samples cannot guarantee a high quality when the sparse
representation method is applied to the hyperspectral pixels. To solve this problem, the intrinsic image
decomposition (IID) [37] method is used in this paper before generating samples to extract the spectral
reflectance components of the original hyperspectral image. The classification accuracy on four HSIs
verifies that the pseudo-labeled samples generated by the proposed method are of high quality.

The main innovations of the proposed SRSPL method are summarized as follows:

1. The information entropy of sparse representation coefficient vectors is first used in the training
sample generation of HSIs. The SRC method will assign class labels with minimal sparse representation
errors for hyperspectral pixels other than training samples and test samples. However, we only select
pixels with small class uncertainty as pseudo-labeled samples to augment the original training set.



Remote Sens. 2020, 12, 664 3of 21

2. We have found that, for HSI, remote sensing reflectance extraction is necessary before using the
sparse representation method. In this paper, the effective IID method is performed on the HSI, which
is beneficial for reducing the sparse representation error.

The experimental results illustrate that the proposed method for pseudo-labeled sample
generation based on sparse representation is very effective in improving the classification results.

The remainder of this paper is organized as follows. Related work is described in Section 2.
The proposed SRSPL method is introduced in Section 3. The experiment are presented in Section 4.
Discussion and conclusions are provided in Sections 5 and 6, respectively.

2. Related Work

2.1. Intrinsic Image Decomposition of Hyperspectral Images

Intrinsic image decomposition (IID) [37] is a challenging problem in computer vision that aims
at modeling the perceiving function of human vision to distinguish the reflectance and shading of
the objects from a single image [38]. Since the intrinsic components of an image reflect different
physical characteristics of the scene, e.g., reflectance, illumination, and shading, many issues such
as natural image segmentation [39] can benefit from IID. Given a single RGB image G, the IID
algorithm decomposes G into two components: the spectral reflectance component R and the shading
component S:

G =RS 1)

We denote each pixel i € G as G; = R;S;, where G; = (Gj;, Gjg, Gjp) and R; = (Ry, Rjg, Ryp).
The parameters r, g, and b refer to the red, green, and blue channels of a color image, respectively.

The optimization-based IID [40] method is based on the assumption of the local color
characteristics in images; in a local window of an image, the changes in pixel values are usually
caused by changes in the reflectance [41]. Under this assumption, the shading component could be
separated from the input image. Thus, the reflectance value of one pixel can be represented by the
weighted summation of its neighborhood pixel values:

Ri= wiR;, Wy = o~ Yi=Y})? /203, +A(G;,G))* /oy )
JEN()
where N (i) is the set of neighboring pixels around pixel i; w;; measures the similarity of the intensity
value and the spectral angle value between pixel i and pixel j; Y represents the intensity image, which is
calculated by averaging all the image bands; R; = (Rj,, R, Rjp), A(G;, Gj) = arcos(G;;Gjr + G Gjg +
GibG]-h) denote the angle between the pixel vectors G; and Gj; and 0}y, 0;a denote the variance of the
intensities and the angle in a local window around i, respectively.
Based on Equations (1) and (2), the shading component S and the reflectance component R can be
obtained by optimizing the following energy function:

EGRS) = T (R~ ¥ wiR) + L(5 ~R)? )

icG JEN(i) ieG *!

The complete description of the optimized process can be found in [40].

Kang et al. [37] first extended the IID as a feature extraction method from a three-band image to
a hyperspectral image (HSI) of more than 100 bands and achieved excellent results. Here, the pixel
values of HSIs are determined by the spectral reflectance, which is determined by the material of
different objects, and the shading component, which consists of light and shape-dependent properties.
The shading component is not directly related to the material of the object. Therefore, IID is adopted to
extract the spectral reflectance components of the HSI to distinguish more classes, and remove useless

spatial information preserved in the shading component of the HSIs.
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2.2. Sparse Representation Classification of Hyperspectral Images

The sparse representation classification (SRC) framework was first introduced for face
recognition [42]. Chen et al. [43] extended the SRC to pixelwise HSI classification, which relied
on the observation that spectral pixels of a particular class should lie in a low-dimensional subspace
spanned by dictionary atoms (training pixels) from the same class. An unknown test pixel can be
represented as a linear combination of training pixels from all classes. For HSI classification, suppose
that we have C distinct classes and stack an overcomplete dictionary A = [A1, A, ..., Ay] € REXN,
where B denotes the number of bands and N is the number of training samples, respectively. Set
L€ {1,2,..,C}is aset of labels, and ¢ € L refers to the cth class. For a test sample x € RBx1 of HSI, x
can be represented as follows:

x =Aja; + Ao+ - -+ Anyay = Aa 4)

where & = [aq, &y, ...,an]T € RP represents the sparse vector. Intuitively, the sparse vector & can be
measured by the [p-norm of it (/p-norm counts the number of nonzero entries in a vector). Since the
combinatorial /p-norm minimization is an NP-hard problem, the /;-norm minimization, as the closest
convex function to [p-norm minimization, is widely employed in sparse coding, and it was shown that
lp-norm and /1-norm minimizations are equivalent if the solution is sufficiently sparse [44].

As the hyperspectral signals from the same class often span the same low-dimensional subspace
that is constructed by the corresponding training samples, which involves the non-zero entries of the
sparse vector, the class of the hyperspectral signal x can be directly determined by the characteristics
of the recovered sparse vector «. Given the dictionary of training samples A, the sparse representation
coefficient vector « can be be recovered by solving the following Lasso problem:

o1
&:m1n§]|foocH§+)\H“H1 ©)

u

where ||-||, represents the I, norm, ||-||; represents the /; norm of the vector and A > 0 is a scalar
regularization parameter. This optimization problem can be solved by Proximal Gradient Descent
(PGD) [45]. After the sparse representation vector & is obtained, the label of the test sample x of HSI
can be assigned by the minimal reconstructed residual:

N . ~c2
§y =arg min_|x — A%, ©)

where A° is the subdictionary of the cth class and &° denotes the representative coefficient of the
cth class.

3. Proposed Method

A novel sparse representation-based sample pseudo-labeling (SRSPL) method is proposed in
this paper. The SRSPL method consists of the following three steps. First, IID is used to reduce the
dimension and noise of the original hyperspectral image. Second, sparse representation is applied to
generate the sparse representation vectors of the hyperspectral pixels other than the training samples
and test samples. The information entropies of all these hyperspectral pixels are calculated based on the
sparse representation vectors to discriminate purity, and the samples with low representation entropies
are selected to generate candidate samples. Third, these candidate samples are assigned pseudo-labels
by the minimal reconstructed residual. Then, these pseudo-labeled samples are augmented to the
original training set, and an extended random walker (ERW) classifier is trained to evaluate the sample
quality. Figure 1 shows a graphical example illustrating the principle of the proposed SRSPL method.
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Figure 1. Graphical example illustrating the process of pseudo-labeled sample generation based on
sparse representation. In the new training sample set, small balls of different colors represent different
classes of training samples, and the plus sign represents a newly generated pseudo-labeled sample.

3.1. Feature Extraction of Hyperspectral Images
(1) Spectral Dimensionality Reduction

The initial hyperspectral image I = (I, ..., Iy) € RB*N is divided into M groups of equal band
sizes [37], where N is the number of pixels and B is the dimension of the initial image. The number of
bands in each group is denoted by By, By, ..., By

The averaging-based image fusion is applied to each group and the resulting fused bands are
used for further processing:

gt

B
where m is the mth group, I}, is the nth band in the mth group of the original hyperspectral data, By,
is the number of bands in the mth group, and I, is the mth fused band. Here, the averaging-based
method can ensure that the pixels of the dimensionality-reduced hyperspectral image can still be
directly interpreted in a physical sense. In other words, the pixels of the dimensionality-reduced
image will be related to the reflectance of the scene. Moreover, this method can effectively remove
image noise.

@)

I, =

(2) Band Grouping

The dimensionality-reduced image I is partitioned into several subgroups of adjacent bands
as follows:

. i, . , k=1,2,..,|M/Z
i {( (k=1)Z+17 -~ Lk—1)242) L ] ®

(Tm-z41, - Im), k=[M/Z] # |M/Z]

where 1" refers to the kth subgroup, | M/Z| is the largest integer not greater than M/Z, and [M/Z] is
the smallest integer not less than M/Z. Here, Z refers to the number of bands in each subgroup.

(3) Reflectance Extraction with the Optimization-Based IID

For each subgroup ik, the optimization-based IID method is used to obtain the reflectance and
shading components, and the equation is as follows:
(R¥",85") = arg min E(ik, RF, S5) )
Rk/sk

where R¥ and S¥ refer to the reflectance and the shading components of the kth subgroup, respectively.
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The reflectance components of the different subgroups are combined to obtain the resulting IID
features, which is an M-dimensional feature matrix R that can be used for subsequent processing.

Rl

R¥ e RMxN (10)

=
I

RIM/Z]

3.2. Candidate Sample Selection Based on Sparse Representation

To find the purest pixels and use them as candidate samples, we first calculate the sparse
representation of all the hyperspectral samples other than the training samples and test them (denoted
as Sypiabeted = (I;)j;). Then, we determine the purity of the samples by calculating its sparse
representation information entropy. When a sample has a lower sparse representation information
entropy, it is very likely to be a pure pixel. The process can be described as follows:

(1) Calculating the Hyperspectral Sample’s Sparse Representation

For a given sample I; € S, 1a0¢led, RIi denotes the reflectance component of I;, and RI,» e RM,
The goal of sparse representation is to represent Ry, by a sparse linear combination of training samples
that make up the dictionary. Suppose £ € {1,2,...,C} is a set of labels and ¢ € L refers to the cth
class. The representation coefficient & of Ry, can be calculated based on an overcomplete dictionary A
according to Equation (5). Therefore, Ry, is assumed to lie in the union of the C different subspaces,
which can be seen as the sparse linear combination of all the training samples:

(11)

where A € RM*Nm jg the structured overcomplete dictionary, which consists of the class
sub-dictionaries {AC}CZLM,C. Ny, is the number of training samples, and & is an N;,-dimensional
representation coefficient vector formed by concatenating the sparse vectors {&“}._1 _c.

The representation coefficient & of Rj, can be recovered by solving the following
optimization problem:

. 1 5~ (|12 -

a:ngn§||R11—AocH2+)\||aH1 (12)
where A is a scalar regularization parameter and requires experimental analysis to determine the
optimal value.
(2) Discriminating the Purity of Hyperspectral Samples based on Information Entropy

The information entropy of each Ry, is calculated based on its representation coefficient:

an
El"lt(RIi) = — Z &]log(&]) (13)
=1
where Ent(-) denotes an entropy function and & is the representation coefficient vector of Ry,.
The purity of Ry, is determined according to the magnitude of the entropy.
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(3) Finding the Candidate Samples

First, the information entropy for the reflectance components of each Ry, is obtained. Second,
these samples corresponding to these reflectance components are sorted in ascending order according
to the magnitude of their entropies. Third, the first T samples are selected as the candidate samples set
Scandidate = (RL, )iTzl, where the parameter T is an optimal value obtained by experiments.

3.3. Pseudo-label Assignment for Candidate Samples

For each candidate sample, one pseudo-label is determined based on the minimal
reconstructed residual:

j;, = arg Cirllinc HRI" — A&° (14)

2

where A‘ is the sub-dictionary of the cth class and & denotes the representative coefficient of the cth
class. Thus, the pseudo-labeled sample set is S seu0 = (Rlzrgli)iT:r

3.4. Classification Model Optimization Using Pseudo-Labeled Samples

First, the pseudo-labeled samples set S 5.4, and the initial labeled samples set S;;ti are combined
to form the new labeled samples set Sj;p01.4- Then, the ERW [46] algorithm is used as a classification
model to evaluate the quality of these newly generated pseudo-labeled samples, where the ERW
algorithm is adopted to calculate a set of optimized probabilities for the class of each pixel to be
determined based on the maximum probability.

3.5. Pseudo-Code of the Proposed SRSPL Method

For a detailed illustration of the proposed SRSPL method, the pseudocode of the proposed SRSPL
method is shown in Algorithm 1.

Algorithm 1: Sparse Representation-based Sample Pseudo-Labeling (SRSPL) for Hyperspectral Image
Classification

Input: Hyperspectral image I = (Iy, ..., Iy); the initial labeled samples set S;;,;iq = (I}, ]/,')5:1 ; the hyper-
spectral samples set other than the training samples and test samples: S, 1ape1ed = (I1)¥_4
Output: Classification map C

1: Reduce the dimension and noise of I based on averaging image fusion (Equation (7)) to obtain the
dimensionally reduced image I.

2: According to Equation (8), partition the T into several subgroups of adjacent bands, denoted as it.

3: According to Equations (9) and (10), obtain the spectral reflectance components of each ik, (through the
optimization-based IID method) and combined to obtain the resulting IID features R.
4: Foreach I;,i = 1: u(I; € S, 1apeied) DO
(1) According to Equation (11) and (12), solve the sparse representation coefficient & of each sample I;
based on the reflectance component Ry, and the overcomplete dictionary A.
(2) According to Equation (13), calculate the information entropy of each Ry, to discriminating the
purity of each sample I;.
5: End For
6: Sort the samples corresponding to these reflectance components in ascending order according to their
entropy magnitudes.
7: Selected the first T samples as the candidate samples set S¢gngidare = (R, )iT:1-
8: According to Equation (14), assign the pseudo-label for each sample in set S;,,i4ate, to Obtain the pseudo-
labeled samples set Seua0 = (R, 97.)1
9: Combine the initial labeled samples set S;;;tis and the pseudo-labeled samples set S .4 to the new
labeled samples set S;;pe1eq-
10: Classify the spectral reflectance components R with the extended random walker (ERW) classifier and the
new labeled samples set S;;p,/¢4 to obtain the final classification map C.
11: Return C
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4. Experiment

4.1. Experimental Data Sets

(1) Indian Pines data set: The Indian Pines image was acquired by the Airborne Visible/Infrared
Imaging Spectrometer (AVIRIS) sensor, which captured the Indian Pines unlabeled agricultural site
in northwestern Indiana. The image contains 220 x 145 x 145 bands. Twenty water absorption
bands (Nos. 104-108, 150-163, and 220) were removed before hyperspectral image classification.
The spatial resolution of the Indian Pines image is 20 m per pixel, and the spectral coverage ranges
from 0.4 to 2.5 um. Figure 2 shows a color composite of the Indian Pines image and the corresponding
ground-truth data.

. Corn—notill D Grass—trees

. Corn—mintill I:] Grass—pasture—mowed

D Corn . Hay—windrowed

D Soybean—notill D Oats

. Soybean—mintill . Wheat

. Soybean—clean . Woods

. Alfalfa D Buildings—Grass—Trees—Drives
. Grass—pasture D Stone—Steel-Towers

(0)

Figure 2. Indian Pines data set. (a) false-color composite; (b,c) ground truth data.

(2) University of Pavia data set: The University of Pavia image, which captured the campus of
the University of Pavia, Italy, was recorded by the Reflective Optics System Imaging Spectrometer
(ROSIS). This image contains 115 bands of size 610 x 340 and has a spatial resolution of 1.3 m per
pixel and a spectral coverage ranging from 0.43 to 0.86 um. Using a standard preprocessing approach
before hyperspectral image classification, 12 noisy channels were removed. Nine classes of interest are
considered for this image. Figure 3 shows a color composite of the University of Pavia image and the
corresponding ground-truth data.

Figure 3. University of Pavia data set. (a) false-color composite; (b, ¢) ground truth data.

(3) Salinas data set: The Salinas image was captured by the AVIRIS sensor over Salinas Valley,
California, at a spatial resolution of 3.7 m per pixel. The Salinas image contains 224 bands of
size 512 x 217. Twenty water absorption bands (Nos. 108-112, 154-167, and 224) were discarded
before classification. Figure 4 shows a color composite of the Salinas image and the corresponding
ground-truth data.
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(4) Kennedy Space Center data set: The Kennedy Space Center (KSC) image was captured by
the National Aeronautics and Space Administration (NASA) Airborne Visible/Infrared Imaging
Spectrometer instrument at a spatial resolution of 18 m per pixel. The KSC image contains 224 bands
of size 512 x 614. The water absorption and low signal-to-noise ratio (SNR) bands were discarded
before classification. Figure 5 shows the KSC image and the corresponding ground-truth data.

. Weeds 1
. Weeds 2
. Fallow

D Fallow plow
. Fallow smooth

] stubble

D Celery

. Grapes untrained
[[] soil

I:I Corn

. Lettuce 4wk

. Lettuce Swk

. Lettuce 6wk

D Lettuce 7wk

D Vinyard untrained

D Vinyard trellis

(b) (0)

Figure 4. Salinas data set. (a) false-color composite; (b,c) ground truth data.

D Scrub
. Willow swamp
. CP hammock
. CP/Oak
. Slash pine
. Oak/Broadleaf
D Hardwood swamp
. Graminoid marsh
I:l Spartina marsh
D Catiail marsh
D Salt marsh
. Mud flats
. Water

(b) (0)

Figure 5. Kennedy Space Center data set. (a) false-color composite; (b,c) ground truth data.

4.2. Parameter Analysis
(1) Analysis of the Influence of Parameter A

For sparse representation, the regularization parameter A used in Equation (12) controls the
relative importance between sparsity level and reconstruction error, leading to different classification
accuracies. Figure 6 shows the effect of varying A on the classification accuracies for Indian Pines,
University of Pavia, Salinas, and Kennedy Space Center data sets. In the experiment, the four different
data sets are trained with 20 samples per class, respectively, and the remaining labeled samples are used
for testing. The regularization parameter A for sparse representation is chosen between A = 1 x 108
and A = 1. In Figure 6, when A < 1 X 107, the overall accuracy (OA) shows an increasing trend on
each data set. As A continues to increase, the overall trend of OA is decreasing. This is because more
weight on sparsity level and less weight on approximation accuracy. Therefore, A = 1 x 107 is set as
the optimal value in this paper.
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(2) Analysis of the Influence of Parameter T

The parameter T is selected by using the five-fold cross-validation strategy and repeating the
finetuning procedure. As described in Section 3.2, when the entropy of the sparse representation vector
of a sample is small, the probability of that sample being a pure sample is large. As T increases, samples
subsequently added will have a larger entropy, and these newly pseudo-labeled samples have a high
probability of being mixed pixels. Thus, although the number of samples increases, the magnitude of
the increase in the classification accuracy is small; consequently, it is important to choose a suitable
T. In the experiment, the four different data sets are trained with 20 samples per class, respectively,
and the remaining labeled samples are used for testing. Figure 7 shows the impact of different numbers
of pseudo-labeled samples on the OA for the four data sets. The OA corresponding to different T
values is the mean value of 30 random replicate experiments. As seen by observing Figure 7, for the
different data sets, when T < 40, the OA tends to grow, although there is a downward trend in the
interval related to the quality of the generated samples and the selected sample points. When T > 40,
the OA shows a significant downward trend. In addition, when T = 40, the OAs are highest. Therefore,
in this paper, we selected T = 40 as the default parameter value.

Effects of different & on the overall accuracy (OA) for different data sets

o G

L —— -
L ~—P— ol
»

OA (%)

93 —&— Indian Pines
92+ —#— University of Pavia
—&— Salinas

91} »— Kennedy Space Center
90 v ” 2 0
10 10 10 L i

;\f

Figure 6. Effects of the regularization parameter A on the overall accuracy (OA) for four different
data sets.

Effects of different T on the overall accuracy (OA) for different data sets

=
<
O
% —4&— Indian Pines
92 —#— University of Pavia .
91 —=&— Salinas ]
#»— Kennedy Space Center
90 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
T

Figure 7. Effects of the number of generated pseudo-labeled samples (T) on the overall accuracy (OA)
for different data sets.
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(3) Analysis of the Influences of Parameters M and Z

The parameters M and Z from Equation (8) are hyperparameters that require tuning. We evaluated
the influences of the parameters M and Z by objective and visual analyses. In the experiment, the four
different data sets are trained with 5, 20, 3, and 15 samples per class, respectively, and the remaining
labeled samples are used for testing. Figure 8 shows the OA of the proposed SRSPL method of
four different data sets. For the four data sets, as Figure 8 shows, as M and Z change, the OA
exhibits large fluctuations. When M is less than 10, the accuracy of the proposed method is relatively
low. This result indicates that, when M has few features, useful spectral information will be lost.
Furthermore, the results show that the proposed method can achieve stable and high accuracy when
the size of the subgroup is less than 8 because the IID method works for small channel images. In this
paper, the default parameter settings M = 32 and Z = 4 were adopted for subsequent testing of the
data sets.

Indian Pines University of Pavia

100

95

OA (%)

90

85
50

&

18

(a) (b)

Salinas Kennedy Space Center

(c) (d)

Figure 8. Experimental results. (a) the results for the Indian Pines data set; (b) the results for University

of Pavia data set; (c) the results for Salinas data set; (d) the results for Kennedy Space Center data set.
Each image displays the overall classification accuracy of the proposed method with respect to varying
feature numbers (M) and different subgroup sizes (Z).

(4) Sensitivity Analysis

The parameters involved in our proposed SRSPL method are mainly regularization parameter A,
the number of generated pseudo-labeled samples T, feature numbers M and different subgroup sizes
Z. We have conducted an extensive experimental analysis of each parameter for the SRSPL method.
The one-parameter-at-a-time (OAT) [47] approach is used for model parameter sensitivity analysis,
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that is, to ensure that other parameters remain unchanged when changing one parameter, and then
to study the effect of one parameter on the model. Figure 9 shows the sensitivity of parameters A, T,
M and Z for four data sets. It can be seen that the sensitivity value of A on the four data sets is the
smallest. However, parameters T, M, and Z show a higher sensitivity value on the four different data
sets. Thus, it follows that the A has a slight effect on the SRSPL method and T, M, Z have a greater
effect on the SRSPL method, which is highly sensitive and should be tuned.

Sensitivity of parameters for different data sets

20

15

10

Kennedy Space Center

Salinas

University of Pavia

Indian Pines

Figure 9. Sensitivity of the parameters for different data sets.
4.3. Performance Evaluation

We applied the proposed SRSPL method and other methods to four hyperspectral images to
evaluate the effectiveness of various hyperspectral image classification methods. We compared the
proposed SRSPL method with several other classification methods, including the traditional SVM [48],
three semi-supervised methods, e.g., extended random walker (ERW) [46], spatial-spectral label
propagation based on SVM (SSLP-SVM) [49], the maximizer of the posterior marginal by loopy belief
propagation (MPM-LBP) [50] and two deep learning methods, e.g., recurrent 2D convolutional neural
network (R-2D-CNN) [51], cascaded recurrent neural network (CasRNN) [52]. TID [37] is used to
extract the useful features and reduce noise in the proposed SRSPL method. Therefore, in order to
verify the validity of the IID, an experiment that does not use the IID method is added (record as
Without-IID). In this section, the effect of different feature extraction methods to the proposed method
is also analyzed, e.g., principal component analysis (PCA) [53], image fusion, and recursive filtering
(IFRF) [54] (record as With-PCA and With-IFRF, respectively). Here, the magnitude setting of the
parameter T in the With-PCA and With-IFRF methods is the same as the SRSPL method. The SVM
classifier was implemented from a library for LIBSVM and used a Gaussian kernel. The tests were
performed using five-fold cross-validation.

The parameters for the ERW, SSLP-SVM, MPM-LBP, R-2D-CNN, CasRNN, PCA and IFRF methods
were set to the default parameters reported in the corresponding papers. In this paper, three common
metrics, namely: the OA, average accuracy (AA), and Kappa coefficient, were used to evaluate classifier
performance. The classification results for each method are given as the average of 30 experiments to
reduce the influence of sample randomness. The data on the left side of Tables 1-3 represent the mean
values, while those on the right represent the standard deviations.

The experiment was first performed on the Indian Pines date set. As shown in Table 1, the training
samples were randomly selected and accounted for 5, 10, 15, 20, and 25 per class of the reference
data. Note that, as the number of training samples increases, the classification accuracy grows steadily.
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The proposed SRSPL method always outperforms the other methods, such as ERW, SSLP-SVM, and
MPM-LBP, in terms of the highest overall classification accuracies; this method obtained the highest
accuracies in all cases (84.73%, 90.90%, 93.88%, 95.52% and 97.09%, respectively). Compared with
the two deep learning methods R-2D-CNN and CasRNN, the SRSPL method can achieve higher
accuracy in the case of small samples. Compared with the three methods of Without-1ID, With-PCA,
and With-IFRF, Table 1 shows that the proposed SRSPL method obtains higher accuracies, which
indicates that feature extraction using the IID method is effective.

Table 1. Classification performance of different methods performed on the Indian Pines data set with
5-25 training samples per class. Without-IID is the proposed method without the IID Step. With-PCA
and With-IFRF denote the proposed method using different methods for feature extraction. (SVM,
support vector machine; ERW, extended random walker; SSLP-SVM, spatial-spectral label propagation
based on SVM; MPM-LBP, the maximizer of the posterior marginal by loopy belief propagation;
R-2D-CNN, recurrent 2D convolutional neural network; CasRNN, cascaded recurrent neural network;
SRSPL, sample pseudo-labeling method based on sparse representation. Three common metrics:
overall accuracy (OA), average accuracy (AA), Kappa coefficient. The bold values indicate the greatest
accuracy among the methods in each case.)

Number of Training Samples per Class

Method Metric

5 10 15 20 25
OA 4531 +£519 5758 £298 63.56 £2.61 6692147 69.68 £0.97
SVM AA 4741 £3.71 55.19+227 5984 +£221 6213+186 63.84=+091

Kappa 39.214+543 5252+£317 59114282 6280+£156 65.82+1.08

OA 8197 £5.93 86.89 £345 90.13£347 9264+£174 9492+1.70
Without-IID AA 8435+ 640 89.07+347 9273+£1.23 9563£0.97 96.76£0.95
Kappa 80914650 85.12+£3.77 89424391 91.59+1.99 9420£194

OA 76.08 £ 3.60 8262290 86.80+2.13 9090+1.83 93.53+1.55
With-PCA AA 8147 £4.20 8047 £294 8736=£351 91.02£276 95.06=£0.79
Kappa 73.03£391 8040+£320 8530£239 89.78+£207 9261+£177

OA 8247 £2.30 88.62+£291 9280£213 9490+£1.66 96.67+£1.21
With-IFRF AA 89.68 £0.91 90.47 £0.94 9336+£2.03 95.02+263 97.83+0.72
Kappa 80.12£256 89.40+£323 9297+196 9378280 96.19+1.39

OA 7230 £ 438 84.87+441 90.02+130 9294+186 94.64+1.17
ERW AA 83.32+241 9148 £230 9439+£094 9618+1.00 97.14+0.62
Kappa 6896 +4.69 8295+486 88.69+146 91.99+210 93.91+1.33

OA 64.84 £143 7605144 80.79+£0.73 8213+044 8541+0.26
SSLP-SVM AA 65.96 £2.38 78.07 098 82.08+£0.64 82.25+0.68 86.87+ 0.35
Kappa 60.63+149 73.17+160 7838+0.80 79.90+049 83.49+0.29

OA 59.36 £5.80 7283 £3.99 7815£251 8192£217 85.12+£2.18
MPM-LBP AA 7210 £ 3.61 83.61 £1.27 87.34+092 9033163 91.82+1.09
Kappa 5439 +6.31 69.50+£425 7538+275 79.61+242 83.14+£242

OA 51.63 £3.81 59.83+379 6415+218 70924107 75.03+1.18
R-2D-CNN AA 52.01 £3.16 58.61 £2.72 6543 £121 6933£136 76.82+1.39
Kappa 5093 4+3.13 6050+£252 63.824+157 71.61+£124 74194143

OA 60.57 £451 70254+218 7522+223 8143+1.69 87.79+1.50
CasRNN AA 5844 £3.12 7286 +1.87 7659+174 83.66+1.87 8894+1.21
Kappa 6092 £358 6934+274 7454+205 8049+172 86.62+174

OA 84.73 £1.23 90.90 £1.25 93.88£0.67 95.52+0.39 97.09£0.21
SRSPL AA 88.86 =1.51 93.97 £0.95 96.27 £0.58 97.04 £0.57 97.96 £ 0.39
Kappa 81.79 =145 89.64+1.05 93.02+0.72 94.88+0.45 96.66+ 0.27

Figure 10 shows the classification maps obtained for the Indian Pines data set with the five
methods when using 25 training samples from each class. As shown in Figure 10c-g, the proposed
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SRSPL method performs better than the other classification methods (i.e., ERW, SSLP-SVM, MPM-LBP,
R-2D-CNN, and CasRNN) when fewer training samples are provided. For example, the classification
maps of the SVM, SSLP-SVM, MPM-LBP, R-2D-CNN, and CasRNN methods include more noise,
and the ERW method does not perform as well as the SRSPL method does on certain classes.

(e) OA =85.12 (f) OA =75.03 (g) 0OA=87.79 (h) 0A =97.09

Figure 10. The classification maps of the different tested methods for the Indian Pines image.
(a) ground-truth data; (b) SVM, support vector machine; (c) ERW, extended random walke;
(d) SSLP-SVM, spatial-spectral label propagation based on SVM; (e) MPM-LBP, the maximizer of
the posterior marginal by loopy belief propagation; (f) R-2D-CNN, recurrent 2D convolutional neural
network; (g) CasRNN, cascaded recurrent neural network; (h) SRSPL, sample pseudo-labeling method
based on sparse representation.

Table 2 shows the experimental results using the University of Pavia data set when the number
of training samples per class is 20. As Table 2 shows, the nine compared methods achieve various
performance characteristics when only 20 training samples per class are provided. The proposed SRSPL
method not only outperforms the R-2D-CNN and CasRNN methods, which are the state-of-the-art
methods based on deep learning in the hyperspectral image classification, but also outperforms the
other compared methods by 2-20%. Notably, on classes such as “Asphalt” and “Trees”, the proposed
SRSPL method performs much better than does the ERW method-by 12.57% and 12.94%, respectively.
In the feature extraction experiment, the OA of the proposed SRSPL method outperforms the
Without-1ID, With-PCA, and With-IFRF methods by 2.01%, 15.14%, and 1.87%, respectively. Figure 11
shows the classification maps obtained for the University of Pavia data set with the different methods
when using 20 training samples from each class. As Figure 11 shows, the SRSPL method is superior to
other semi-supervised and deep learning methods in visual appearance, which shows its effectiveness.

The third experiment was conducted on the Salinas data set. In Table 3, three training samples per
class were randomly selected for training, and the rest were used for testing. Given the limited samples,
the experiment is quite challenging. The corresponding quantitative values of the classification results
are tabulated in Table 3. As shown, although only limited training samples were provided, some of the
methods achieved high OA and Kappa scores. In fact, some of the methods achieved 100% classification
accuracy on several classes. This is because the Salinas image includes many large uniform regions
that make classification simpler. Compared with the other methods, the proposed SRSPL method
greatly improves the classification accuracy when training samples are extremely limited. Because
the R-2D-CNN and CasRNN methods require a large number of samples for training, when there are
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small training samples, it is easy to produce overfitting and thus lead to poor classification results.
As seen from Figure 12, the proposed SRSPL method can classify most of the features correctly, which
reflects the effectiveness of the method.

Table 2. Classification accuracies (University of Pavia) in percentages for the tested methods when
20 training samples per class are provided. (The bold values indicate the greatest accuracy among the
methods in each case.)

. X Different Feature Extraction Methods Different Semi-Supervised Methods Deep Learning Methods
Class Training ~ Test SVM Without-IID SRSPL
With-PCA With-IFRF ERW SSLP-SVM  MPM-LBP  R-2D-CNN  CasRNN
Asphalt 20 6611 92994227  90.92+221 70234645 99.84 £ 0.03 86.36 £ 678 9622+ 064 90.39+£838 7934+538 8352+£633 98934133
Meadows 20 18,629 9078 +236  99.99+0.58  80.84 +4.31 90.03 £ 3.61 98324267 97654020 9295+11.81 7996+361 71.37+581 99484 0.57
Gravel 20 2079 5561+£689 9986007 9898 £ 0.74 98.97 £0.03 9634£582 7105+£1.69 85254821 7888+612 6451+£1021 99.9540.03
Trees 20 3044 6748+£1020 8581+£207 89.01+577 90.70 £ 345 7892+£407 81.88+450 8948+£591 7391+448 8543+342 9186+ 1.66
Metal Sheets 20 1325 94274349 100.00+0.00 99.31+0.16 99.77 £ 0.02 99.66 4027 96.95+191 9856 +0.66 9825+020 98554047 99.62+0.20
Bare Soil 20 5009 4936+7.80 9225+342 8518+7.13 98.42 £2.50 97.04+3.62 66.64£467 8725+1038 8094+451 89.08+525 98.49+0.08
Bitumen 20 1310 53584635 100.00+0.00 99.19 +0.53 95.53 £1.85 99424033 6077 £359 97.94+1.66 7849+£292 9113+£262 99.9540.09
Bricks 20 3662 7630+£567 98.00+£183 9814 +1.00 97.71£2.85 97344213 87.75+£146 88324545 83.81+£245 93544341 99.84+3.07
Shadows 20 927 9988+£009 98054009 9445+ 148 98.88 £0.15 99.894£0.09 9995+£013 9878 +158 9427+030 9472178  99.03 + 0.06
OA 7549£345 96.62+135 8349+186 96.76 £1.15 94864133 8671144 8740+470 7815+147 8086374 98.63 +0.31
AA 76061198 96424298  88.61+256 96.54 £ 2.74 95024325 8855+£215 88754205 79.19+135 84294453 98344013
Kappa 69.06£394 9552172 79.88+221 95.18 £3.73 93194173 8292+£175 87624548 7734+181 77934318 98184041

OA =75.49

T

(e) OA =87.40 (f)0A=78.15

(g)oa v=‘80.86 (h) OA =98.63

Figure 11. The classification maps of different methods for the University of Pavia image.
(a) ground-truth data; (b) SVM; (c) ERW; (d) SSLP-SVM; (e) MPM-LBP; (f) R-2D-CNN; (g) CasRNN;;
(h) SRSPL.
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(a) Ground-truth data (b) 0A =76.06 (c) 0A =97.17 (d) oA =83.30

(e) OA =87.79 (f) 0A =78.12 (g) 0A =8181 (h) OA =98.69

Figure 12. The classification maps of different methods for the Salinas image. (a) ground-truth data;
(b) SVM; () ERW; (d) SSLP-SVM; (e) MPM-LBP; (f) R-2D-CNN; (g) CasRNN; (h) SRSPL.

The fourth experiment was performed on the Kennedy Space Center data set. In the experiment,
the proposed SRSPL method was compared with the SVM method and three other semi-supervised
methods, e.g., ERW, SSLP-SVM, MPM-LBP, and two different deep learning methods, e.g., R-2D-CNN,
CasRNN. Figure 13 shows the changes in OA and Kappa coefficient as the number of training samples
per class increases from 3 to 15. Compared with the deep learning-based classification methods
R-2D-CNN and CasRNN, the proposed SRSPL method shows great advantages. As shown in Figure 13,
the SRSPL method achieves the highest accuracy among the tested methods.
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Table 3. Classification accuracies (University of Pavia) in percentages for the tested methods when

20 training samples per class are provided. (The bold values indicate the greatest accuracy among the

methods in each case.)

= . Different Feature Extraction Methods Different Semi-Supervised Methods Deep Learning Methods
Class  Training  Test SVM Without-IID SRSPL
With-PCA With-IFRF ERW SSLP-SVM  MPM-LBP  R-2D-CNN  CasRNN
Weeds 1 3 2006 86.74+1268 96.74+12.68 100.00 +0.00 100.00 £ 0.00 100.00+£0.00 99.87£0.15 9882+080 8883+185 90.12+128 100.00 £ 0.00
Weeds 2 3 3723 99.08£0.89  99.08£0.89  100.00 £ 0.00 99.34 £0.04 99.954+003 9875+024 9940067 9946 £037 99.20£0.69 9996 + 0.06
Fallow 3 1973 7708+ 1642 9808 +£142  100.00 £ 0.00 100.00 £ 0.00 100.00+£0.00 8421+£216 9098 +1266 7949+266 81.88+3.76 100.00 £ 0.00
Fallow_P 3 1391 9694+123 8494+123 96.81+3.16 85.28 £ 6.84 8628 £7.64 9764+012 99471030 9613+£046 9748+047 94644284
Fallow_S 3 2075 90.08£826 97.08£126  97.36 £297 98414025 99.41£027 96864322 9794+153 9007+135 997+173 97384617
Stubble 3 3956 99.11+476 9811176  98.00+201 97.34+ 158 97724458  9987+025 9775+328 9781+£178 9789038  99.92 £ 0.06
Celery 3 3576 9379417 9879£1.17  100.00 £ 0.00 90.20 £4.77 722012477 9895+ 041 9906084 9491+243 9656164 99.35+£0.18
Grapes 3 11268 64.24+787 94244287 93124218 99.15+ 0.42 99174092 72054323 7248+1865 70844655 73454767 99.70 £ 2.56
Soil 3 6200 96.20£3.03 96.20£203 9838+148 100.00 £ 0.00 100.00 £0.00 9937 £017  9921+£060 96.18 £1.06 97.41+£0.78 100.00 £ 0.00
Corn 3 3275 7258+£19.06 9758 +1.06 9157 +£6.35 97.21+7.15 95.36+7.15 89214390 8391+£1082 7506+10.28 78.04+9.12 97.36 £9.51
Lettuce_4 3 1065  7466+19.37 9666 £2.37  80.51+ 647 98.76 +2.23 100.00£0.00 8341+£440 9294+487 7727+878 80.64+676 99984006
Lettuce_5 3 1924 8148 £10.07 9848+0.07 83.16 £12.54 99.60 £ 1.83 100.00 £ 0.00 9260 £567 99.36+197 8355+775 85.61+5.67 100.00 £ 0.00
Lettuce_6 3 913 785841393 9858+093 98314274 98.74 + 047 97884047 9524+066 97174324  8020+624 8280 £441 9847 £0.27
Lettuce_7 3 1067 83.59+19.14 9359+214 9724 +259 9533 +£2.21 9535+£236 9214474 94761263 85731736 8878537 96.26 - 0.68
Vinyard_U 3 7265 45434621 9743+£221 88514864 99.37 +0.17 99.18+0.05 58674783 7093+2510 7181+£1001 75934970 98.92+0.13
Vinyard_T 3 1804 8343 +18.80 9943+0.80 100.00 = 0.00 99.48 £0.89 10000 £0.00 7112+444 7688+£1135 86.12+635 89.06+£435 99.68+0.79
OA 7606297  95.88+£3.63  86.06 £2.97 97.65 +£1.36 97.17+£223 8330158 87.79£326 7812+£242 8181+389 98.69 +1.22
AA 8269+246 9676 +264  90.69 £246 97.78 + 1.69 96.62+269 88124078 92574207 7745+204 8234210 98.01+144
Kappa 73524322 9459£397 8552+322 98.00 £ 145 9684 +£249 8146+172 8641+363 7947+231 8087+338 98544137
100 T T .
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Figure 13. The classifications of different methods for the Kennedy Space Center image when the

number of training samples increases from three per class to 15 per class. (a) OA; (b) Kappa coefficient.

Finally, we evaluated the computational times of the three different semi-supervised methods
(i.e., MPM-LBP, SSLP-5VM, and SRSPL) on the four different data sets using 20 samples per class using
MATLAB on a computer with 3.6 GHz CPU and 8-GB memory. Because the semi-supervised method
proposed in this paper does not involve a single training process, its computational cost is greatly
improved. Table 4 shows that the proposed SRSPL method requires less time to process the Indian
Pines, Salinas, and Kennedy Space Center data sets than do the other tested methods.

Table 4. Execution times of three semi-supervised methods of four data sets. (The bold values indicate

the minimum computational times among the methods in each data set.)

Computational Times (s)

Data Sets
MPM-LBP SSLP-SVM SRSPL
Indian Pines 197.78 479.51 124.31
University of Pavia 604.35 164.09 240.14
Salinas 339.03 1592.75 202.14
Kennedy Space Center 939.519 122.20 72.32
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5. Discussion

In hyperspectral image classification, it is difficult and expensive to obtain enough labeled
samples for model training. Considering the strong spectral correlation between labeled and unlabeled
samples in the image, we proposed a novel sparse representation-based sample pseudo-labeling
method (SRSPL). The pseudo-labeled samples generated by this method can be used to augment the
training set, thereby solving the problem of poor classification performance under the condition of
small samples.

Compared with other pseudo-labeled sample generation method (such as SSLP-SVM),
the proposed SRSPL method is more reliable in generating pseudo-labeled samples. The SSLP-SVM
method only adds a small number of pseudo-labeled samples near the labeled samples, and the
added samples may be mixed samples. The proposed SRSPL method considers the relationship
between sample purity and information entropy, that is, the purer the sample’s spectrum, the lower the
information entropy of the sparse representation coefficient, and vice versa. Specifically, the spectral
characteristics of a pure sample can be linearly represented using a single class of atoms in an
overcomplete dictionary, so its coefficient vector will have smaller entropy. In our method, pure
samples with smaller entropy are used to expand the initial training sample set, which can greatly
improve classifier performance.

In the case of small samples, compared with other classifiers (such as SVM, ERW, and MPM-LBP),
the SRSPL method produces a good classification map for each hyperspectral data set visually,
as shown in Figures 9-11. This is because the hyperspectral image is first processed using the intrinsic
image decomposition technology, which helps reduce errors in subsequent sparse representations,
and the pseudo-label samples generated by the SRSPL method can help optimize the classification
model. In addition, compared with deep-learning-based classifiers (such as R-2D-CNN and CasRNN),
the proposed SRSPL method performs better for a limited number of samples because, in such cases,
these two methods are more likely to overfit the training samples, resulting in poor classification results.
Thus, the proposed SRSPL method shows better classification results than other comparative methods.

6. Conclusions

In this paper, we proposed a novel sample pseudo-labeling method based on sparse representation
that addresses the problem of limited samples. The previously proposed semi-supervised methods
for generating pseudo-labeled samples typically select some samples and assign them a pseudo-label
based on spectral information correlations or local neighborhood information. However, due to
the presence of mixed pixels, the selected samples are not necessarily representative. To find the
purest samples, we designed a sparse representation-based pseudo-labeling method that utilizes
the coefficient vector of sparse representation and draws on the definition and idea of entropy from
information theory. Overall, the proposed SRSPL method provides a new option for semi-supervised
learning, which is the first contribution of the paper. Moreover, the proposed SRSPL method also solves
the problem of uneven sample distribution through sparse representation based on spectral features,
which is beneficial for subsequent classification. In addition, by comparing the standard deviations
of OA, AA, and Kappa of 30 random replicate experiments with other state-of-the-art classification
methods, we found that the proposed SRSPL method had higher robustness and stability. This is the
second contribution of the paper. The experimental results on four real-world hyperspectral images
show that the proposed SRSPL method is superior to other state-of-the-art classification methods from
the perspectives of both quantitative indicators and classification maps.
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