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Abstract—Feature extraction is of high importance for effective data classification in hyperspectral imaging (HSI). Considering the 

high correlation among band images, spectral-domain feature extraction is widely employed. For effective spatial information extraction, 

a 2-D extension to singular spectrum analysis (SSA), a recent technique for generic data mining and temporal signal analysis, is proposed. 

With 2D-SSA applied to HSI, each band image is decomposed into varying trend, oscillations and noise. Using the trend and selected 

oscillations as features, the reconstructed signal, with noise highly suppressed, becomes more robust and effective for data classification. 

Three publicly available data sets for HSI remote sensing data classification are used in our experiments. Comprehensive results using a 

support vector machine (SVM) classifier have quantitatively evaluated the efficacy of the proposed approach. Benchmarked with several 

state-of-the-art methods including 2-D empirical mode decomposition (2D-EMD), it is found that our proposed 2D-SSA approach 

generates the best results in most cases. Unlike 2D-EMD which requires sequential transforms to obtain detailed decomposition, 2D-SSA 

extracts all components simultaneously. As a result, the executive time in feature extraction can also be dramatically reduced. The 

superiority in terms of enhanced discrimination ability from 2D-SSA is further validated when a relatively weak classifier, k-nearest 

neighbor (k-NN), is used for data classification. In addition, the combination of 2D-SSA with 1D-PCA (2D-SSA-PCA) has generated the 

best results among several other approaches, which has demonstrated the great potential in combining 2D-SSA with other approaches for 

effective spatial-spectral feature extraction and dimension reduction in HSI.  

Index Terms—Data classification, feature extraction, hyperspectral imaging (HSI), 2-D empirical mode decomposition (2D-EMD), 2-D 

singular spectrum analysis (2D-SSA). 

I. INTRODUCTION 

yperspectral imaging (HSI) provides data captured in a 3-D structure, namely a hypercube, which contains 1-D spectral 
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information along with a 2-D spatial scene. With spectral information continuously acquired over a long range from visible 

spectrum to (near) infrared, HSI is able to identify minor object difference in terms of moisture, temperature and chemical 

components. As a result, HSI has become a research hotspot in recent years and has been successfully applied in many applications. 

These include not only conventional remote sensing, military surveillance and mining but also new emerging lab-based data 

analytics tasks such as forensics, pharmaceutical, medical and food quality analysis [1-4]. 

Considering the fact that each pixel in HSI naturally forms a spectral vector, i.e. spectral profile, pixel-based data analysis is 

widely used for object detection and data classification. In HSI, pixels can be easily characterized by using the corresponding 

spectral profile, where support vector machine (SVM) has been widely adopted to identify their differences even unnoticeable to our 

naked eyes [5-7]. As HSI presents high correlation among spectral bands, this makes feasible the dimensionality reduction of 

features. To this end, feature extraction and feature selection in the spectral domain are also emphasized regarding both the curse of 

dimensionality, also known as Hughes effect [8] and the reduction in computational complexity.   

With the strong demands from remote sensing and other related applications, feature extraction and dimension reduction in HSI 

has been intensively investigated in the last decades. Some widely-used methods include principal component analysis (PCA) [9] 

and several variants [10-12], maximum noise fraction (MNF) [13-14], and independent component analysis (ICA) [15-16]. Other 

interesting approaches comprise band selection [17], steepest ascent [5, 18] and machine learning based approaches [6-7]. 

Furthermore, the extensive HSI literature offers more techniques such as Bhattacharyya and Jeffries-Matusita distances, spectral 

angle mapper, mutual information, vegetation index NVDI, linear discriminant analysis, decision boundary feature extraction, 

non-parametric weighted feature extraction, or even discrete wavelet transform [19]. A general overview of those methods and some 

comparisons can be found in [19-21]. 

However, in the recent years, the limited contribution of spectral-domain feature extraction in combination to the potential use of 

spatial information has been highlighted, where spatial processing techniques have been proposed for improved classification 

accuracy [22-23]. The first group of such spatial processing approaches is spatial filtering, including mathematical morphology 

processing and median filtering, where spatial-domain feature extraction is achieved by applying either opening/closing operators or 

median filtering to the images [22-24, 25]. In [22], morphological processing is applied to one PCA component of the HSI data, 

namely the morphological profile (MP) technique. In [23], MP approach is extended to include several few PCA components, 

leading to the extended morphological profile (EMP) method, whose performance is evaluated with a SVM classifier in [24]. 

Nevertheless, the performance of morphology processing is highly dependent on the size and shape of the associated structure 

element, regardless the variations in terms of the number of openings/closings (and PCA components) to be employed in EMP. In 

[25], an adaptive filter (AF) using median filtering and MNF is presented for feature extraction in HSI, in which a kernel size that is 
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inversely related to the signal-to-noise ratios (SNRs) of the MNF bands is used. Among several variants introduced, AF with 

derivate (AFD) seems to perform the best. However, its performance, depending on the MNF, suffers from significantly degraded 

signal quality and affects by the kernel size which is not clearly explained.  

Another interesting group of method is 2-D empirical mode decomposition (2D-EMD) [26] based approaches. As the key part of 

the Hilbert Huang transform (HHT), EMD has been used for the analysis of non-linear and non-stationary time series [27-28]. Being 

able to decompose a signal into several and usually a few components known as intrinsic mode functions (IMFs), EMD is originally 

applied for applications of 1-D signal, such as speech recognition [29]. To deal with 2-D images, its extension, 2D-EMD has been 

proposed [26, 30-31]. In 2D-EMD, each image or band image within a hypercube is reconstructed using the lower-order IMFs 

extracted components whilst discarding the remaining ones, simply because these lower order IMFs present the spatial structure of 

the scene while higher order IMFs lack this content [26]. Accordingly, using the reconstructed hypercube for data classification can 

significantly improve the efficacy and surpass many state-of-the-art approaches [26]. On the other hand, the whole process for 

2D-EMD implementation is based on iterations and becomes very computational expensive, resulting unfeasible in some cases. 

Also there are some other spatial-domain techniques proposed in the recent literature. In [32], unsharp filtering is applied to 

enhance the high frequency content in an image and boost edges of the different elements in the scene. In [33-34], wavelet 

decomposition of images is utilized for spatially-adaptive image denoising and results in an increment of accuracy in HSI 

classification. However, these techniques seem to provide limited improvement in classification accuracy as 2D-EMD does [26]. On 

the other hand, it is important to remark the potential applications where spatial information is employed for post-processing of 

already classified data. In [35], texture and morphological features are combined with the MNF technique to refine the data 

classified using SVM and a fuzzy neural network. The evaluation has shown that both texture and morphological features make 

limited contributions in the experiments, which indicates that spatial features should be more favourable introduced before the 

classification stage. 

In this paper, we focus on the singular spectrum analysis (SSA) [36], a promising data mining technique which has been applied 

in 1-D (1D-SSA) in the spectral domain and shown great potential for effective feature extraction in HSI [37-38]. With the profile of 

a given pixel vector being decomposed into several components, SSA can help easily remove the noisy components thus enhance the 

signal for improved data classification. Being based on the well-known singular value decomposition (SVD), 1D-SSA is able to beat 

other relevant techniques in terms of classification accuracy [37-38], becoming of great interest for feature extraction in the spectral 

domain. However, considering the fact that spatial features can also significantly improve the accuracy of classification [20, 26], we 

have naturally proposed the idea to extend 1D-SSA to 2-D analysis. In addition, existing techniques working in the spatial domain 

can only deal with spatial relationship within a small neighborhood (window), even in certain shapes subject to the defined structure 
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elements and filter templates in morphological processing and median filtering. For example, EMP simply applies opening and 

closing operators to the images, and the AFD uses a basic median filter, hence the improvement from these methods tend to be 

limited and sometimes even inconsistent. 

To address these drawbacks, we propose the extended 2-D version of SSA (2D-SSA) to fully explore the spatial correlation of 

HSI images. Based on the well-known SVD theory, the 2D-SSA aims to provide a systematic solution for spatial feature extraction 

in HSI. Actually, similar approaches in 1-D cases, including PCA (and 1D-SSA), have already been widely used in HSI feature 

extraction and data reduction though being applied in spectral domain. As components can be extracted from SVD in one transform, 

2D-SSA needs no iterative process as 2D-EMD does in signal decomposition and results in significantly reduced computational cost 

for improved efficiency. The proposed 2D-SSA method has been especially benchmarked with 2D-EMD [26], and also with a 

number of other state-of-the-art approaches, where excellent results in classification accuracy have been generated, surpassing the 

rest of techniques normally used in this context yet requiring much less execution time than 2D-EMD.  

The remaining part of this paper is organised as follows. Section II describes the original SSA algorithm, including the concept, 

mathematical background and a practical example. Section III focuses on the proposed 2D-SSA extension for feature extraction in 

HSI. Section IV discusses detail about experimental setup, including data sets and parameters settings.  Experimental results and 

quantitative analysis are presented in Section V, with some concluding remarks drawn in Section VI. 

 

 

II. PRINCIPLES OF SSA 

As a novel technique for time series analysis and forecasting, SSA has been successfully applied in climatic, meteorological, and 

geophysical applications as well as generic data mining in social science [36]. Based on some earlier work [39-40], SSA has 

attracted increasing attention with remarkably theoretical and practical progress reported in recent years [36, 41-42]. In one of our 

previous papers [38], applying SSA to the HSI pixels for effective feature extraction and data classification is evaluated, proving its 

efficacy and great potential in this context. In the following, detailed information about the SSA, its concept and the algorithm along 

with a practical example are presented. 

A. Concept 

Based on SVD, SSA is able to decompose an original series into several independent components or subseries, where every 

Eigenvalue extracted from the original series provides an individual component. Moreover, these individual components can be 

grouped to produce others that may be interpretable as varying trend, oscillations or noise. Accordingly, the main capabilities of 

SSA can be summarized as follows [41]: 

1)  extraction of trends and smoothing; 
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2)  extraction of periodic components; 

3)  complex trends and periodicities with varying amplitude; 

4)  finding structures in short time series; 

5)  envelopes of oscillating signals. 

How to handle specific components of the decomposed signal, especially those related to noise, has made SSA a promising 

technique still to be evaluated in many fields. 

B. Algorithm 

Assume that we have a HSI pixel, being a 1-D signal in a vector array p  defined as 
N

Nppp  ],,,[ 21 p ; the SSA 

algorithm can be applied in the following steps. 

1) Embedding 

Defining a window size ZL  satisfying ],1[ NL , the trajectory matrix X  of the vector p  can be constructed as 
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.             (1) 

Each column of X , kc , is a lagged vector which can be represented as 
LT

Lkkkk ppp   ],,,[ 11c , where 

],1[ Kk  and 1 LNK . It is worth noting that the matrix X  has equal values along the anti-diagonals, thus it is actually 

a Hankel matrix by definition. 

In fact, based on a property of the matrix X  [41], the SSA algorithm can be implemented symmetrically in two intervals: 

)]2/(,1[ NroundL  and ]),2/)1(([ NNceilL  , where round  and ceil  operators represent the rounding and ceiling 

functions in computer science. For a given L , the equivalent implementation can be found for another KL ' , leading to the same 

results. In addition, just remark that both singular ends from the global interval, 1  and N , do not provide a SSA implementation. 

2) Singular Value Decomposition (SVD) 

First the matrix S  is obtained from the trajectory matrix X  as 
T

XXS  . The Eigenvalues of S  and their corresponding 

Eigenvectors are then denoted respectively as  L  21  and  Luuu ,,, 21  . 

For the trajectory matrix X , its SVD is then formulated as given below. Though the value of Ld   equals to the rank of X , 

from now on we consider Ld   for simplicity, i.e., 
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LXXXX  21 .                   (2) 

 

As can be seen, the trajectory matrix X  is actually built by the addition of several matrices. Each matrix ],1[| Lll X  is called 

elementary matrix, corresponding to its respective Eigenvalue as defined by 

 
T

llll vuX                        (3) 

where lv  is defined as  

 

l

l

T

l 
uX

v  .                      (4) 

 

Note that the collection  lll vu ,,  is normally called the lth eigentriple, and the matrices U  and V  below are denoted as 

the matrix of empirical orthogonal functions and the matrix of the principal components, respectively, i.e., 
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.                          (5) 

 

3) Grouping 

In this step, the total set of L  components is divided into M  disjoint sets Mttt ,,, 21  , where   Lm || t  and 

],1[ Mm . Let  qlll ,,, 21 t  denote one of the divided sets, the matrix tX  related to the group t  is defined as 

qlll XXXXt  
21

. Finally, the trajectory matrix X  is represented by 

 

Mttt XXXX  
21

.                  (6) 

 

For simplicity, a typical grouping is the one such as LM  , i.e., 1q , which refers to the case that each set is made of just one 

component. In general, the contribution of each matrix tX  to the trajectory matrix X  in the SVD is related to its Eigenvalues and 

therefore can be derived as 
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4) Diagonal Averaging 

The matrices ],1[, Mm
m

tX  obtained above by grouping are not necessarily the Hankel type as in the original trajectory 

matrix. However, in order to project each of these matrices into 1-D signal, they have to be hankelized. This step is done by 

obtaining the average in all the anti-diagonals of each 
mtX , simply because these values used for average contribute to the same 

element in the derived 1-D vector array. 

Let 
N

mmmm N
zzz  ],,,[

21
z  denote the 1-D signal projected from 

mtX , it can be obtained via diagonal averaging 

below, where 1, rnra  refers to the elements of 
mtX , i.e., 
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With the obtained mz  above, the original 1-D signal p  can be reconstructed by 





M

m

mM

1

21 zzzzp  .                 (9) 

As a result, the original signal can also be represented using one or more groups derived from its Eigenvalues, where those less 

significant components or highly noisy ones are discarded. 

C. Example of SSA Application in HSI 

In HSI, the original profile over the spectral domain of one pixel in the scene can be decomposed according to the Eigenvalues 

extracted in its SVD. Therefore, it is possible to substitute the original pixel by a more significant profile, reconstructed in such a 

way with the contribution of the smaller eigencomponents being ignored [38]. 

An effective replacement of the original profile is decided by two key parameters. The first one is the window size L, which 

determines the total number of Eigenvalues that can be extracted in the decomposition stage. A window size L=10 provides 10 

components, one per each Eigenvalue in its SVD. The addition or grouping of those components leads to a particular reconstruction, 

taking into account that the profile corresponding to the first Eigenvalue is much more significant than those corresponding to the 

following ones. 

The second parameter is what we call the Eigenvalue grouping (EVG), which describes how the extracted components are 

grouped in reconstructing the original signal. If the EVG includes all Eigenvalues, the reconstruction is equivalent to the original 
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profile. If the EVG excludes the components from the smallest Eigenvalues, the reconstructed profile is probably less noisy, as noise 

is usually contained in these small Eigenvalues. Finally, if the EVG leaves out the component from the first Eigenvalue, the 

reconstruction is not appropriate as it losses the main information provided by the original signal. 

An example of SSA application is given in Fig. 1, where the original profile and the reconstructed signal with the parameters L=5 

and EVG=1
st
 are plotted. As only the first Eigenvalue component is selected in reconstructing the signal, the resulting profile 

preserves the basic trend. In addition, avoiding less representative Eigenvalue components can potentially reduce noise content in 

the new profile, leading to a better feature extraction and classification results [38]. 
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Fig. 1.  Original and reconstructed (by SSA) profiles for one pixel in HSI. The reconstruction is derived from the first Eigenvalue component out of five. 

 

 

III. EXTENSION TO 2D-SSA FOR ANALYZING HSI 

Though the original 1D-SSA can be used for HSI analysis with improved classification accuracy reported [38], its pixel-level 

implementation results in negligence of spatial relationship among the pixels, where only spectral correlation is addressed. As 

spatial features can also lead to improved data classification [26], we propose the introduction of 2D-SSA for HSI spatial-domain 

feature extraction. Although some recent work has been reported using 2D-SSA in some applications [43-47], applying 2D-SSA for 

effective feature extraction and data classification in HSI has been seldom addressed. In this section, the concept of 2D-SSA, with 

mathematical description and examples of application are provided for an easy understanding. 

A. Concept 

In general, 2D-SSA is similar to 2D-EMD in HSI analysis. When the 2D-EMD is applied to each spectral band of a hypercube, it 

reconstructs the 2-D spatial scene with the low order IMFs. This is because low order IMFs reflect the spatial structural content 

while high order IMFs lack local spatial structure [26, 30]. Analogously to the 2D-EMD approach, 2D-SSA also aims to extract 

spatial information as reflected in the first Eigenvalue components. Based on the SVD, the reconstruction of each spectral band 
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image using its respective main components leads to spatial structural content extraction whilst noise, normally located in the small 

Eigenvalue components, can be removed or suppressed simultaneously. 

B. Algorithm 

When implementing SSA over a 2-D signal, basically the SVD and grouping steps are identical as in the 1-D case, and only the 

embedding and diagonal averaging stages have to be adapted. 

1) Embedding a 2-D Signal 

For an image 
D2

P  with a size yx NN  , its matrix representation is given as follows 
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P .             (10) 

 

Similar to the 1-D case, a window needs to be defined for the construction of the trajectory matrix. However, the difference here 

is that in 2D-SSA the window moves over an image rather than a 1-D vector. In other words, a 2D-window is needed in 2D-SSA, 

which is usually represented using the position of its top-left corner  ji,  as given below, where the size of the window is yx LL   

with ],1[ xx NL   and ],1[ yy NL   
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In the same way as in the 1-D case, a symmetric and equivalent implementation can also be found in 2D-SSA delimited 

approximately by 2/xN  and 2/yN  for xL  and yL , respectively. Within the same dimensions in xL  and yL , the 2-D window 

can also be defined as 
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To construct the trajectory matrix, the window ji,W  has to be placed in all possible positions over the image 
D2

P . The path to 

follow by the window is raw-scanning from the top-left to the bottom-right of the image, given in relation to its reference point  ji,  

where ]1,1[  xx LNi  and ]1,1[  yy LNj . A total of   11  yyxx LNLN  possible positions of the window 

are located in the image. 

At a given reference point  ji, , the corresponding 2-D window is rearranged into a column vector as 
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And the trajectory matrix 
D2

X  can be derived by 
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The obtained trajectory matrix 
D2

X  has a structure called Hankel-block-Hankel (HbH), which is not exactly the same as but 

related to a basic Hankel matrix. In fact, the HbH matrix 
D2

X  can be represented as 
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where each submatrix rH  is a strict Hankel type defined by 
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Note that an HbH matrix (
D2

X ) is Hankel in block terms, being each one of the blocks ( rH ) Hankel by itself. These 

considerations have to be taken into account especially at the last stage of 2D-SSA algorithm. 

2) Singular Value Decomposition (SVD) and Grouping 

These two central stages are exactly the same as those in original SSA algorithm. However, the respective dimensions need to be 

changed when the algorithm is adapted to 2-D cases. Specifically, we have   112  yyxx

D LNLNK  and 

yx

D LLL 2
. In addition, the problem derived from what grouping is appropriate is discussed in Section IV.C. 

3) Diagonal Averaging 

Similar to the 1-D case, the matrices 
D

m

2

tX  obtained by grouping in 2D-SSA are also not necessarily HbH type. As a result, they 

need be transformed to HbH matrices, and this can be done by means of a two-step hankelization process as given below. 

For the averaging procedure, two sequential hankelizations are needed, firstly applied within each block (16), and then applied 

between blocks (15). Again, an average among the values contributing to the same element in the image is carried out, so now 
D

m

2
Z  

is the 2-D signal projected from group 
D

m
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Note that the original 2-D image in (10) can be represented as 
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Accordingly, this enables to decompose an image into several components extracted 
D

m

2
Z  based on SVD. Each component is 

related to each Eigenvalue in the SVD, and therefore the appropriate grouping of components leads to a reconstruction of the 

original image, where spatial structural content is extracted while noise, usually located in small Eigenvalues, is avoided. 
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C. Example of 2D-SSA Application in HSI 

In HSI, each spectral band of the hypercube forms a 2-D image, where the information contained in the spatial domain provides 

useful clues for data classification. For a randomly selected spectral band, at 667 nm, the original band image and the extracted 

scenes derived from the Eigenvalues content in 2D-SSA are shown in Fig. 2. As can be seen, detailed spatial features can be 

observed in the extracted 2D-SSA components with local structure preserved. On the other hand, noise can be removed by excluding 

components from small Eigenvalues. Therefore, an original band image can be decomposed and then reconstructed by few main 

components. Applying this process to all the spectral bands, the original hypercube can be represented by a combination of the 

2D-SSA components rather than the original band images, where the preserved local structure and removed noise can potentially 

lead to better classification of pixels inside the images. 

 

(a) (b) (c)

(d) (e) (f)  
 

Fig. 2.  Application of 2D-SSA to a scene in HSI. (a) Original scene at 667 nm (b) First  (c) Second (d) Third (e) Fourth individual components and (f) Grouping by 

the rest of components from 5-25th, where Lx=5, Ly=5 (L2D=25). 

 

 

In 2D-SSA, same as in the 1-D case, the effectiveness of the approach is also affected by two key parameters, i.e., the dimension 

of the window in data embedding, and the number of components used in representing the original image. In fact, the total number 

of Eigenvalues (components) available is determined by the dimension of the window implemented in the embedding stage. For 

example, in a case with Lx=5 and Ly=5, L
2D

 equals to 25, which is the total number of components available from the decomposition 

of the original scene that can be used in reconstructing the scene. 

In Fig. 3, examples in reconstructing one band scene of a hypercube using various numbers of components are compared.  With 

more components used, the reconstructed scene becomes more similar to the original one. Obviously, the grouping made from 

1-L
2Dth

 components, where L
2D

=Lx×Ly, gives as a result the same original scene. However, a smaller grouping from 1-10
th

 

components already makes the resulting image unnoticeably different from the original one. 
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(a) (b)

(c) (d)  
 

Fig. 3.  Application of 2D-SSA to a scene in HSI. (a) Original scene at 667 nm (b) First component grouping (c) From first to fifth component grouping (d) From 

first to tenth component grouping , where Lx=5, Ly=5 (L2D=25). 

 

 

One of the main differences of 2D-SSA in relation to original SSA is, from our point of view, the extraction of main trend and 

local structure over the spatial domain, which increases the discrimination ability for data classification. To this end, not only the 

noise removal by discarding the contribution of small Eigenvalues increases the potential of higher classification accuracy, but 

moreover, the spatial structures in an image are taken into account as an improvement to the extracted features. 

Initially, the 2D-SSA method is thought, for simplicity, to compute in the same way all the images along the spectral domain in a 

hypercube, that is, the different stages are implemented for the different spectral scenes using the same parameters value. Further 

research is ongoing to evaluate a different parameters value implementation based on the spectral content of the scene found in a 

hypercube. 

D. Applying 2D-SSA to non-HSI images 

Although 2D-SSA is proposed here for feature extraction in HSI, it can also be applied to non-HSI images for denoising and 

feature extraction. First, a spectral band of the image ‘memorial stadium’ (high resolution of 0.15 meter-pixel) [48] is used for 

denoising test, where the top-left 600x600 portion of the image is shown in Fig. 4 for easy visualization. Salt-and-pepper noise is 

randomly added to 10% of the pixels. Then, the noisy image is treated with the 2D-SSA technique (Lx=Ly=10, selecting from 1
st
 to 

10
th 

components). Simply by comparing the SNR, it is proved that the noisy image treated by 2D-SSA is enhanced (34.3 dB) in 

relation to the original noisy image (21.2 dB). 
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Fig. 4.  One original image (left), its noisy version with salt-and-pepper noise (middle), and 2D-SSA treated image (right) with parameters (Lx=Ly=10, selecting 

from 1st to 10th components). 

 

Second, an example in feature extraction is also tested and shown in Fig. 5. On one hand, we extract the main trend of the image, 

i.e. the 1
st
 component where again we use Lx=Ly=10. As can be seen, 2D-SSA homogenizes different elements in the scene, making 

it more uniform in shape and content. On the other hand, using a different configuration for 2D-SSA (Lx=Ly=10 and the remaining 

9 components for reconstruction), the structural shape delimiting different elements can be extracted with great detail, which also 

proves the capability of 2D-SSA for detecting small targets in an image. 

 

Fig. 5.  One original image (left), main spatial trend extracted by 2D-SSA (middle) with parameters (Lx=Ly=10, 1st component), and detailed structure extracted 

by 2D-SSA (right) with (Lx=Ly=10, 2nd to 10th components). 

 

IV. EXPERIMENTAL SETUP 

Experimental settings are organized in four stages including data description, data conditioning, feature extraction, and data 

classification. All the algorithms are implemented in Matlab environment. Detailed descriptions of the data and relevant algorithms 

for benchmarking are presented below. 

A. Data Description 

Three remote sensing data sets with available ground truth are employed in our experiments to quantitatively evaluate the 

effectiveness of the extracted features in data classification. These data sets are subscenes extracted from their original scenes 

[49-50], collected using different instruments which are well-known in the remote sensing field. 

The first data set is 92AV3C, also known as Indian Pine, collected by using the Airborne Visible/InfraRed Imaging Spectrometer 

(AVIRIS) [51] over an agricultural study site in Northwest Indiana, USA. This data set is widely used in remote sensing 
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applications, which contains 224 contiguous bands with a spectral range from 400 to 2500 nm. As shown in Fig. 6, it has 145×145 

pixels in 220 spectral bands for land usage purpose, after removing 4 invalid bands degraded by severe noise. It contains 16 labeled 

land cover classes, mostly related to agriculture, forest and perennial vegetation. However, for consistency with related research 

[5-7, 26], in total 7 classes were discarded due to the small number of samples available for experiments, resulting in only 9 classes 

used for quantitative assessment. 

The second data set is the Pavia University A (Pavia UA), taken in North Italy using the Reflective Optics System Imaging 

Spectrometer (ROSIS) [52]. The sensor provides in this case 114 bands with a spectral range between 430 to 860 nm. This is a 

subscene made of 150×150 pixels, as shown in Fig. 7, providing a spatial resolution of 1.3 m. In total 8 classes such as meadows, 

asphalt, trees, and others are contained in its ground truth map. 

Finally, the third data set, Salinas C, is also acquired using the AVIRIS spectrometer [51]. As shown in Fig. 8, this data set is a 

subscene taken over the Salinas Valley in California, USA, which has 150×150 pixels in 224 spectral bands, presenting a spatial 

resolution of 3.7 m. The ground truth map contains 9 classes corresponding mainly to broccoli, fallow, and grapes among others. 

 

 
 

Fig. 6.  One band image at the wavelength of 667 nm (left) and the ground truth map for the 92AV3C data set (right). 

 

 

 
 

Fig. 7.  One band image at the wavelength of 521 nm (left) and the ground truth map for the Pavia UA data set (right). 
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Fig. 8.  One band image at the wavelength of 667 nm (left) and the ground truth map for the Salinas C data set (right). 

 

B. Data Conditioning 

HSI data acquisition is usually affected to some degree by different sources of noise. To this end, the starting hypercubes [49-50] 

are subject of a conditioning process where some data is removed before any analytical tasks. In the spectral domain, depending on 

the corresponding wavelength, some bands can be severely affected by water absorption, noise or other effects. Accordingly, certain 

bands are usually discarded by visual inspection as recommended by others [7, 50], reducing the available number of bands from 

220 to 200, 114 to 103 and 224 to 204 for the 92AV3C, Pavia UA and Salinas C data sets, respectively. 

In relation to the spatial domain of the hypercubes, as already mentioned in the data description, for the well-known 92AV3C data 

set several authors suggest to remove those classes presenting a small number of pixels in the ground truth [5-7, 26], claiming a 

higher statistical significance in the results. Although we achieve similar results using all 16 classes, 92AV3C is evaluated only for 

9 classes in order to guarantee a consistent comparison with others. Pavia UA and Salinas C data sets maintain all ground truth 

classes in their analysis. 

C. Feature Extraction 

As feature extraction can significantly affect the accuracy of data classification, this stage is very important in the signal 

processing chain. In [26], 2D-EMD technique was introduced, where its classification accuracy surpassed all other relevant methods 

in this context, giving an excellent efficacy. However, the main drawback of 2D-EMD is its extremely high computational 

complexity [26]. 

As a result, 2D-EMD [26] is used as main benchmarking approach in our paper, along with the conventional 1D-SSA technique 

[38] from which 2D-SSA is extended. Also the use of original spectral values from the pixels as features (or absence of feature 

extraction method) is taken as a Baseline for performance assessment. The efficacy and efficiency of these approaches are compared 

with our proposed 2D-SSA method. As shown in the next section, 2D-SSA is able to provide similar efficacy as 2D-EMD but 

requiring a much reduced time for implementation. 
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These methods and parameters used are summarized in Table I, where the Baseline case is straight as it requires no parameters, 

while for the 1D-SSA method we use the same configuration implemented for the main results in [38]. For the 2D-EMD 

implementation in Matlab, initially we evaluated the publicly available code in [53]. However, this Matlab implementation in 

practical terms is infeasible as it takes a really amount of time in the code execution, especially for large data sets in HSI. As a result, 

a more suitable version of 2D-EMD code from [54] is used in our study, as it is found that this code is appropriate for an evaluation 

of 2D-EMD and subsequent comparison with the 2D-SSA algorithm. The selected code uses a stop criterion based on the 

normalized mean square error, with a recommended threshold value of τ=0.2, which is experimentally proved to guarantee an 

effective capture of the 2-D IMF signals. Finally, a total of four different combinations made by the first, the first to the second, the 

first to the third, and the first to the fourth IMFs groupings are evaluated as in [26]. 

 

TABLE I 

MAIN EVALUATED IMPLEMENTATIONS FOR FEATURE EXTRACTION 

Method Parameters Values adopted 

Baseline N/A N/A 

1D-SSA [38] 
Window L 5, 10 

EV Grouping (EVG) 1st, 1-2nd 

2D-EMD 

[26] 

Stop threshold τ 0.2 

IMF Grouping (IMFG) 1st, 1-2nd, 1-3rd and 1-4th 

2D-SSA 
Window L2D (Lx×Ly) 

5×5, 10×10, 20×20, 

40×40, and 60×60 

EV Grouping (EVG) 1st, 1-2nd, 1-5th, and 1-10th  

 

 

For the 2D-SSA method, implementation of the algorithm described in Section III is easily carried out also in Matlab 

environment. This method depends on two parameters, the window size L
2D

=Lx×Ly and the EV grouping used for the reconstruction. 

According to Golyandina et al [36], these parameters values must be selected based on the properties of the original data set and the 

purpose of the analysis. 

Normally, the parameters value selection is similar to that in 1-D cases [36, 38, 47], though the extraction of structures in the 

spatial domain needs be considered. In general, for a fixed EV grouping, the implementation with a small window leads to good 

reconstructions of the image, as a larger window may produce too smoothed results and cause a mixing problem [47]. Also, 

symmetry property [41] of the trajectory matrices fixes the available implementation range in [2, Nx/2] and [2, Ny/2] for Lx and Ly, 

respectively, and the selection of values Lx≠Ly derives in a non-symmetric smoothing of the image [46]. With respect to the EV 

grouping, depending on the Eigenvalues selected, the reconstruction of the image discards different components that relate to the 

main trends, oscillations and noise, among others.  

From our point of view, as the parameter selection has to exclude noise whilst retaining the information from spatial structure, 

both aims can be generally achieved by selecting few main Eigenvalue components. As a result, just the few first components: the 
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first, the first to the second, the first to the fifth, and the first to the tenth groupings are selected out of square windows in different 

sizes, including 5×5, 10×10, 20×20, 40×40, and 60×60. 

Finally, to further assess and validate the efficacy of the proposed 2D-SSA approach, additional results are included in Section 

V.D for comparison with other relevant methods. We divide these methods into two groups, the ones maintaining the original 

dimensionality of features, and the methods performing data reduction. Considering the difference in terms of parameter 

configurations, the best results obtained from median filtering, AFD, morphological opening and closing, and EMP are given. 

Classical techniques such as PCA, ICA, and MNF are also included along with a fusion of our spatial-domain 2D-SSA with spectral 

domain 1D-PCA (2D-SSA-PCA) for exploiting spatial-spectral feature extraction in the hypercube. 

D. Data Classification 

Exploiting a margin-based criterion, SVM appears to be very robust to potential problems such as the Hughes phenomenon [8]. 

With better results produced over other classifiers, SVM has been widely used in HSI field [5-7, 26]. In addition, there are several 

available libraries supporting multiple functions of SVM, which makes it easy to implement even in embedded systems [55-56]. 

According to all this, SVM is selected as a classifier. For multi-class classification, LibSVM library [57] is used in our experiments 

for supervised learning, allowing fast and accurate data modeling. 

SVM supports different types of kernel functions including linear, polynomial and Gaussian radial basis function. Each kernel 

offers a proper performance depending on the data to evaluate. From our own experience but also suggested by others [5-7, 26], the 

Gaussian kernel usually performs well in HSI classification. Consequently, Gaussian kernel is used in our experiments, where the 

penalty c and the gamma γ parameters are tuned every time through a grid search procedure. 

Additionally, to further validate the efficacy of our proposed approach, a classical k-nearest neighbor (k-NN) classifier [58], using 

parameter k=3, is implemented for the 92AV3C data set. As k-NN is a weaker classifier than SVM, a potential improvement in 

classification accuracy will show the effectiveness of 2D-SSA features, regardless the classifiers employed. 

In order to provide statistical significance and avoid systematic errors, each experiment is repeated ten times with different 

training and testing subsets. In each of the ten repetitions, which are common for all the methods evaluated, training and testing 

partitions are randomly obtained, with no sample overlap allowed. Through stratified sampling an equal sample rate of 10% was 

used for each class in the training process. Same experiments with a rate of 5% for training are also reported for comparison. 

Results from the testing samples classification are provided by the mean value and standard deviation over the ten repetitions, 

expressed in terms of overall accuracy, although extra evaluations based on average accuracy and class-by-class accuracy are also 

provided for some experiments. In addition, McNemar’s test [59] is used as a complementary measurement of classification 

accuracy performance. This test is based on the standardized normal test statistic, and having the Baseline approach as a reference, 
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the sign of the parameter Z denotes if the method evaluated outperforms the reference (positive Z), expressing proper statistical 

significance at a confidence level of 95% when │Z│> 1.96. Comprehensive results with analysis are presented and evaluated in the 

next section. 

 

V. RESULTS AND EVALUATIONS 

Using the three data sets and the experimental setup discussed in the previous section, comprehensive experiments have been 

carried out for performance evaluation. At this aim, the present section is divided in five parts described as follows. 

First, according to the experimental settings in Table I, results from 2D-SSA method are compared with Baseline reference, 

1D-SSA and 2D-EMD. The comparisons are made on the basis of the overall accuracy classification with McNemar’s test [59], 

where for each experiment the mean value and the standard deviation along ten repetitions are used to show statistical significance. 

In addition, the class-by-class and average accuracies are also shown in some cases providing further assessment.  

Second, the execution time required in 2D-EMD and 2D-SSA for feature extraction under different parameter values is 

confronted to clearly show the advantge of our proposal with respect to 2D-EMD. 

Then, the effect of parameter selection in the 2D-SSA method is evaluated to address the appropriate parameter tuning in the 

implementation and also to justify the general behavior of the proposed 2D-SSA approach for feature extraction.  

Afterwards, the 2D-SSA method is further compared to several other state-of-the-art techniques, including its extended version 

2D-SSA-PCA. These experiments are implemented under the same experimental settings used previously, where the best 

performance for each method is reported for comparison. 

Finally, the proposed 2D-SSA method working with a relative weak classifier (k-NN) rather than SVM is further evaluated. This 

is to prove the added value of our proposal in feature extraction terms, as it can effectively work with different classifiers. Relevant 

results and analysis are reported in detail below. 

A. Classification Accuracy Comparison 

For the three data sets 92AV3C, Pavia UA and Salinas C, results under various experimental conditions with different parameters 

values are given in Table II, Table III, and Table IV, respectively, including McNemar’s test of significance. 

With 2D-SSA, consistently significant improvements are achieved for all the three data sets compared to the Baseline approach 

and the 1D-SSA method, due to the spatial structures preserved and noise removed. In the first data set (Table II), the classification 

accuracy has increased from 81.3% and 85.6% to over 95.7% and 97.6%, under a training ratio of 5% and 10%, respectively. In the 

other two data sets, the best accuracy achieved by 2D-SSA is near 100%. In comparison to 2D-EMD, 2D-SSA yields comparable or 

slightly better results, achieving impressive results in relation to the Baseline case and the 1D-SSA approach. 
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It is worth noting that the 2D-EMD method is highly dependent on the number of IMFs used for the reconstruction of signal. 

Indeed, using the first IMF for reconstruction usually leads to deterioration in the accuracy compared to the Baseline, whilst 

2D-SSA always shows a much more reliable and consistent behavior under different implementation conditions. 

 

TABLE II 

MEAN OVERALL ACCURACY (%) OVER TEN REPETITIONS WITH STANDARD DEVIATION AND MEAN MCNEMAR’S TEST [Z] FOR THE 92AV3C DATA SET BY 

DIFFERENT METHODS AND PARAMETERS FOR FEATURE EXTRACTION 

Parameters 
Overall Accuracy (%) [Z] 

Training=5% Training=10% 

N/A 
Baseline 

81.26 ± 0.94 [-00.0] 85.59 ± 0.63 [-00.0] 

L EVG 1D-SSA 

5 1st  85.43 ± 0.95 [+11.0] 88.78 ± 0.52 [+9.24] 

5 1-2nd  83.42 ± 1.14 [+6.37] 88.02 ± 0.33 [+7.47] 

10 1st  85.32 ± 0.74 [+10.9] 88.68 ± 0.69 [+8.87] 

10 1-2nd  85.50 ± 0.93 [+11.4] 88.49 ± 0.57 [+8.57] 

IMFG 2D-EMD 

1st 43.41 ± 1.20 [-50.4] 55.12 ± 1.10 [-42.3] 

1-2nd 89.80 ± 1.42 [+17.6] 95.62 ± 0.51 [+23.8] 

1-3rd 95.28 ± 0.45 [+31.7] 97.45 ± 0.34 [+29.5] 

1-4th 94.02 ± 0.60 [+29.4] 96.11 ± 0.35 [+26.8] 

L2D EVG 2D-SSA 

5×5 1st 95.00 ± 1.07 [+30.3] 97.50 ± 0.58 [+29.1] 

5×5 1-2nd 93.23 ± 0.99 [+26.9] 96.03 ± 0.36 [+26.0] 

5×5 1-5th 89.07 ± 1.03 [+18.7] 92.99 ± 0.40 [+19.2] 

5×5 1-10th 84.85 ± 1.15 [+9.51] 89.49 ± 0.74 [+10.9] 

10×10 1st 95.71 ± 0.83 [+31.4] 97.59 ± 0.63 [+28.7] 

10×10 1-2nd 94.96 ± 0.80 [+29.9] 97.26 ± 0.55 [+28.3] 

10×10 1-5th 93.04 ± 0.93 [+26.0] 96.28 ± 0.53 [+26.3] 

10×10 1-10th 91.42 ± 0.92 [+23.2] 94.90 ± 0.46 [+23.3] 

20×20 1st 94.47 ± 0.67 [+27.9] 97.23 ± 0.61 [+27.5] 

20×20 1-2nd 94.43 ± 0.91 [+27.9] 97.36 ± 0.56 [+27.9] 

20×20 1-5th 94.90 ± 0.66 [+29.5] 97.43 ± 0.51 [+28.5] 

20×20 1-10th 93.70 ± 0.75 [+27.3] 96.91 ± 0.53 [+27.4] 

40×40 1st 94.43 ± 0.73 [+28.0] 97.14 ± 0.67 [+27.3] 

40×40 1-2nd 93.35 ± 0.94 [+25.3] 96.58 ± 0.45 [+25.8] 

40×40 1-5th 93.47 ± 1.36 [+25.8] 97.15 ± 0.56 [+27.4] 

40×40 1-10th 93.68 ± 0.82 [+26.6] 97.04 ± 0.60 [+27.1] 

60×60 1st 94.05 ± 0.77 [+26.5] 97.29 ± 0.47 [+27.4] 

60×60 1-2nd 92.94 ± 0.69 [+24.2] 96.55 ± 0.56 [+25.6] 

60×60 1-5th 94.13 ± 0.92 [+27.2] 97.29 ± 0.50 [+27.6] 

60×60 1-10th 93.02 ± 1.03 [+25.0] 96.72 ± 0.80 [+26.2] 

 
 

TABLE III 

MEAN OVERALL ACCURACY (%) OVER TEN REPETITIONS WITH STANDARD DEVIATION AND MEAN MCNEMAR’S TEST [Z] FOR THE PAVIA UA DATA SET BY 

DIFFERENT METHODS AND PARAMETERS FOR FEATURE EXTRACTION 

Parameters 
Overall Accuracy (%) [Z] 

Training=5% Training=10% 

N/A 
Baseline 

95.83 ± 0.79 [-00.0] 96.67 ± 0.32 [-00.0] 

L EVG 1D-SSA 

5 1st  95.37 ± 0.86 [-2.44] 96.50 ± 0.31 [-0.88] 

5 1-2nd  95.53 ± 0.72 [-1.88] 96.60 ± 0.36 [-0.69] 

10 1st  95.21 ± 0.55 [-3.12] 96.15 ± 0.35 [-2.47] 

10 1-2nd  95.00 ± 0.84 [-4.14] 96.30 ± 0.52 [-2.12] 
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IMFG 2D-EMD 

1st 69.50 ± 1.75 [-38.1] 77.72 ± 1.63 [-30.8] 

1-2nd 94.36 ± 0.73 [-4.16] 97.52 ± 0.34 [+2.92] 

1-3rd 98.92 ± 0.34 [+11.6] 99.67 ± 0.11 [+12.5] 

1-4th 99.53 ± 0.31 [+14.6] 99.80 ± 0.08 [+13.5] 

L2D EVG 2D-SSA 

5×5 1st 97.97 ± 0.38 [+7.31] 99.18 ± 0.28 [+9.92] 

5×5 1-2nd 98.21 ± 0.35 [+8.55] 98.99 ± 0.31 [+9.44] 

5×5 1-5th 97.57 ± 0.59 [+6.63] 98.90 ± 0.26 [+9.58] 

5×5 1-10th 97.21 ± 0.66 [+5.85] 98.18 ± 0.34 [+6.84] 

10×10 1st 97.77 ± 0.45 [+6.23] 98.92 ± 0.28 [+8.54] 

10×10 1-2nd 96.96 ± 0.64 [+3.56] 98.36 ± 0.39 [+6.20] 

10×10 1-5th 97.38 ± 0.64 [+5.19] 98.89 ± 0.44 [+8.76] 

10×10 1-10th 97.94 ± 0.44 [+7.59] 98.86 ± 0.29 [+9.02] 

20×20 1st 96.03 ± 0.75 [+0.56] 97.47 ± 0.47 [+2.64] 

20×20 1-2nd 97.07 ± 0.65 [+3.78] 98.43 ± 0.37 [+6.24] 

20×20 1-5th 97.20 ± 0.23 [+4.27] 98.51 ± 0.39 [+6.79] 

20×20 1-10th 96.67 ± 1.27 [+2.86] 98.76 ± 0.30 [+8.03] 

40×40 1st 95.91 ± 0.89 [+0.24] 97.64 ± 0.35 [+3.16] 

40×40 1-2nd 96.38 ± 1.04 [+1.68] 98.32 ± 0.53 [+5.87] 

40×40 1-5th 96.99 ± 0.40 [+3.54] 98.06 ± 0.42 [+4.92] 

40×40 1-10th 96.42 ± 0.65 [+1.74] 97.80 ± 0.45 [+3.94] 

60×60 1st 96.69 ± 0.42 [+2.46] 97.86 ± 0.45 [+4.02] 

60×60 1-2nd 96.38 ± 0.44 [+1.60] 98.23 ± 0.33 [+5.48] 

60×60 1-5th 96.35 ± 0.89 [+1.64] 97.98 ± 0.35 [+4.55] 

60×60 1-10th 96.78 ± 0.70 [+2.96] 98.08 ± 0.55 [+5.09] 

 
 

TABLE IV 

MEAN OVERALL ACCURACY (%) OVER TEN REPETITIONS WITH STANDARD DEVIATION AND MEAN MCNEMAR’S TEST [Z] FOR THE SALINAS C DATA SET BY 

DIFFERENT METHODS AND PARAMETERS FOR FEATURE EXTRACTION 

Parameters 
Overall Accuracy (%) [Z] 

Training=5% Training=10% 

N/A 
Baseline 

98.30 ± 0.20 [-00.0] 98.61 ± 0.12 [-00.0] 

L EVG 1D-SSA 

5 1st  98.46 ± 0.22 [+2.47] 98.76 ± 0.12 [+2.03] 

5 1-2nd  98.52 ± 0.15 [+3.41] 98.69 ± 0.09 [+1.21] 

10 1st  98.39 ± 0.28 [+1.66] 98.68 ± 0.09 [+0.78] 

10 1-2nd  98.42 ± 0.22 [+1.33] 98.76 ± 0.14 [+2.00] 

IMFG 2D-EMD 

1st 68.58 ± 0.85 [-65.3] 76.42 ± 0.64 [-54.3] 

1-2nd 94.56 ± 0.55 [-18.5] 97.56 ± 0.27 [-6.92] 

1-3rd 99.54 ± 0.17 [+12.2] 99.78 ± 0.05 [+12.2] 

1-4th 99.71 ± 0.14 [+13.8] 99.83 ± 0.04 [+12.7] 

L2D EVG 2D-SSA 

5×5 1st 99.51 ± 0.17 [+10.6] 99.77 ± 0.06 [+11.1] 

5×5 1-2nd 99.32 ± 0.13 [+9.45] 99.68 ± 0.07 [+10.3] 

5×5 1-5th 98.94 ± 0.19 [+6.33] 99.31 ± 0.18 [+7.35] 

5×5 1-10th 98.63 ± 0.12 [+4.01] 98.93 ± 0.18 [+3.64] 

10×10 1st 99.58 ± 0.26 [+11.2] 99.74 ± 0.12 [+10.8] 

10×10 1-2nd 99.34 ± 0.23 [+8.79] 99.69 ± 0.13 [+10.2] 

10×10 1-5th 99.44 ± 0.19 [+10.3] 99.77 ± 0.06 [+11.4] 

10×10 1-10th 99.06 ± 0.17 [+7.35] 99.47 ± 0.23 [+8.85] 

20×20 1st 99.62 ± 0.12 [+11.3] 99.81 ± 0.12 [+11.3] 

20×20 1-2nd 99.34 ± 0.15 [+8.55] 99.77 ± 0.12 [+11.0] 

20×20 1-5th 99.50 ± 0.24 [+10.5] 99.79 ± 0.08 [+11.3] 

20×20 1-10th 99.35 ± 0.13 [+9.17] 99.75 ± 0.05 [+10.9] 

40×40 1st 99.67 ± 0.17 [+12.0] 99.85 ± 0.08 [+12.1] 

40×40 1-2nd 99.81 ± 0.09 [+13.6] 99.93 ± 0.05 [+13.1] 
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40×40 1-5th 99.46 ± 0.24 [+9.88] 99.81 ± 0.08 [+11.6] 

40×40 1-10th 99.56 ± 0.13 [+11.0] 99.77 ± 0.09 [+11.1] 

60×60 1st 99.63 ± 0.15 [+11.9] 99.90 ± 0.11 [+12.8] 

60×60 1-2nd 99.75 ± 0.15 [+13.0] 99.95 ± 0.05 [+13.5] 

60×60 1-5th 99.65 ± 0.20 [+12.1] 99.92 ± 0.05 [+13.0] 

60×60 1-10th 99.58 ± 0.17 [+11.1] 99.77 ± 0.07 [+11.1] 

 

 
TABLE V 

MEAN OVERALL, AVERAGE AND CLASS-BY-CLASS ACCURACY VALUES (%) OVER TEN REPETITIONS FOR THE 92AV3C DATA SET WITH BASELINE, 1D-SSA (L=5, 

EVG=1ST), 2D-EMD (IMFG=1-3RD), AND 2D-SSA (L=10, EVG=1ST) METHODS USING TRAINING=10%, INCLUDING NUMBER OF SAMPLES (NOS)  

 NoS Baseline 1D-SSA 2D-EMD 2D-SSA 

Class 1  1434 80.71 84.81 95.53 96.35 

Class 2  834 72.03 80.99 95.96 97.72 

Class 3  497 89.98 92.73 96.38 96.76 

Class 4  747 97.23 97.77 99.36 97.92 

Class 5  489 99.00 99.11 99.45 99.18 

Class 6  968 76.83 83.54 94.73 95.74 

Class 7  2468 83.99 86.11 98.48 98.27 

Class 8  614 80.45 84.91 95.89 95.94 

Class 9  1294 98.27 98.41 99.90 99.27 

Average Accuracy 86.50 89.82 97.30 97.46 

Overall Accuracy 85.59 88.78 97.45 97.59 

 

 
TABLE VI 

MEAN OVERALL, AVERAGE AND CLASS-BY-CLASS ACCURACY VALUES (%) OVER TEN REPETITIONS FOR THE PAVIA UA DATA SET WITH BASELINE, 1D-SSA (L=5, 

EVG=1-2ND), 2D-EMD (IMFG=1-4TH), AND 2D-SSA (L=5, EVG=1ST) METHODS USING TRAINING=10% AND INCLUDING NUMBER OF SAMPLES (NOS) 

 NoS Baseline 1D-SSA 2D-EMD 2D-SSA 

Class 1  310 81.94 81.72 99.86 96.70 

Class 2  957 97.21 97.07 100 100 

Class 3  154 96.23 96.30 99.28 94.49 

Class 4  698 99.67 99.71 99.62 100 

Class 5  2559 97.57 97.42 99.89 99.79 

Class 6  860 95.27 95.44 99.85 98.46 

Class 7  854 96.63 96.51 99.48 98.54 

Class 8  293 100 100 99.77 98.17 

Average Accuracy 95.56 95.52 99.72 98.27 

Overall Accuracy 96.67 96.60 99.80 99.18 

 
 

TABLE VII 

MEAN OVERALL, AVERAGE AND CLASS-BY-CLASS ACCURACY VALUES (%) OVER TEN REPETITIONS FOR THE SALINAS C DATA SET WITH BASELINE, 1D-SSA (L=5, 

EVG=1ST), 2D-EMD (IMFG=1-4TH), AND 2D-SSA (L=60, EVG=1-2ND) METHODS, USING TRAINING=10% AND INCLUDING NUMBER OF SAMPLES (NOS) 

 NoS Baseline 1D-SSA 2D-EMD 2D-SSA 

Class 1  240 95.32 95.56 100 100 

Class 2  3400 99.93 99.92 99.96 100 

Class 3  1957 99.71 99.80 99.88 99.96 

Class 4  599 99.13 98.42 99.09 99.70 

Class 5  1155 97.77 98.40 98.78 99.95 

Class 6  1414 99.99 99.99 99.98 100 

Class 7  848 99.62 99.65 99.93 99.99 

Class 8  5890 99.23 99.35 99.99 99.98 

Class 9  159 25.52 32.59 98.81 97.97 

Average Accuracy 90.69 91.52 99.60 99.73 

Overall Accuracy 98.61 98.76 99.83 99.95 
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Not only the overall accuracy but also complementary class-by-class and average accuracies are employed to assess the 

classification results, as shown in Table V-VII. For the three data sets, the best results achieved in each method under a training rate 

of 10% are compared. As can be seen, similar to the 2D-EMD case, the increment in classification accuracy for 2D-SSA is generally 

achieved in every labeled class, independently from the corresponding number of samples. This has clearly proved that 2D-SSA 

method can achieve similar (or even better) performance as 2D-EMD in terms of classification accuracy. 

B. Running Time Comparison between 2D-EMD and 2D-SSA 

Although the results from 2D-EMD are similar to those from 2D-SSA, the execution times required for feature extraction, as 

compared in Table VIII, are much different. For 2D-EMD, feature extraction using the parameters with good classification accuracy 

needs 936, 688 and even 1506 seconds for the 92AV3C, Pavia UA, and Salinas C data sets, respectively. 2D-SSA, for similar 

results, can reduce massively this timing to only few seconds, one and even two orders of magnitude less. The reason behind is that 

2D-SSA has a straight implementation based on the well-known SVD (or equivalent EVD), which avoids empirical iterations as 

used in the 2D-EMD implementation. As a result, 2D-SSA allows faster data processing and makes the proposed approach more 

suitable for real-time applications.   

TABLE VIII 

APPROXIMATED EXECUTION TIME REQUIRED FOR 2D-EMD AND 2D-SSA FEATURE EXTRACTION INDICATING THE BEST CASE (*) IN TERMS OF MEAN OVERALL 

ACCURACY CLASSIFICATION 

Method Parameters 
Time (s) 

92AV3C Pavia UA Salinas C 

2D-EMD IMFG 

1st 322 196 394 

1-2nd 635 365 765 

1-3rd * 936 529 1148 

1-4th 1324 * 688 * 1506 

2D-SSA L2D 

5×5 20 * 11 21 

10×10 * 34 19 36 

20×20 81 42 84 

40×40 262 146 * 290 

60×60 535 308 * 590 

 

C. Evaluation on 2D-SSA Parameters Selection 

Though it is clear that 2D-SSA is useful in improving the classification accuracy by effective feature extraction in the spatial 

domain whilst suppressing the effect of noise, its performance is parameter dependent. As stated in Golyandina et al [36], the 

properties of the data set affect the results and behavior and this explains why the parameters need to be properly tuned. 

In our group of experiments, the window size varies from 5×5, 10×10, 20×20, 40×40 to 60×60 and the number of Eigenvalue 

components used for grouping changes among the first, the first two, the first five, and the first ten. Most combinations of window 

size L
2D

=Lx×Ly and EV groupings generates great performance in classification accuracy terms, all of them clearly improving the 

efficacy achieved by the Baseline and 1D-SSA methods. Though many different values are used for the parameters, similar results 

are always obtained to show the reliability and constant behavior of 2D-SSA. According to the results shown in Tables II-IV, in 
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general only combinations of small L
2D

 with large EVG may lead to less increment in the accuracy, although always above the 

Baseline reference. This is because as long as more of the extracted components are included in the grouping, the reconstruction is 

closer to the original image, being finally equivalent to it if all components are selected. Therefore, the main point is to avoid the 

combination of large EVG covering much of the Eigenvalue range offered by a given window L
2D

. 

Regarding the performance in execution time terms, the use of large windows introduces more complexity in the 2D-SSA 

implementation, due to the matrix S in the SVD, sized L
2D

×L
2D

, that is much larger and leads to increased execution times. As can be 

seen, time needed in the 2D-SSA feature extraction increases exponentially along with the window size. Nevertheless, slowest time 

in these cases is still about half the time needed by 2D-EMD feature extraction, for respective data sets. This fact makes definitely 

preferable the use of small windows, which confirms the general recommendation of going for small windows and small EVG 

selection in the implementation of 2D-SSA, at least when SVM is used as the classifier. 

D. Comparison with other state-of-the-art techniques 

To further validate the efficacy of the proposed 2D-SSA approach, several other state-of-the-art approaches, divided in two 

groups, are used for performance assessment. In the first group of approaches, the dimension of the feature remains the same, where 

2D-SSA is compared with median filtering, AFD, morphological opening and closing as well as 1D-SSA, 2D-EMD and the 

Baseline. In the second group, dimension reduction is comprised after feature extraction. These include classical approaches such as 

PCA, ICA and MNF as well as EMP and 2D-SSA-PCA. Relevant results are reported in Tables IX-XI for detailed comparison. 

Actually, the excellent performance from 2D-SSA-PCA has demonstrated the great potential to combine 2D-SSA with other 

techniques in the process flow of HSI for future investigations. 

In Tables IX-XI, for each method its best result achieved from several different parameter configurations are given for 

comparison. For the Baseline, 1D-SSA [38], 2D-EMD [26] and 2D-SSA, the complete configurations and results can also be found 

in Section V. The size of the median filter varies from 3x3, 5x5, 7x7, 9x9 to 11x11 [25]. For the AFD method, we implement it with 

different number of bins (from 2 to 6), where the corresponding sizes are 1x1, 3x3, 5x5, 7x7, 9x9, and 11x11 [25]. The 

morphological openings and closings use a disk as a structural element, with a radio size of 2, 4, 6, 8, and 10 [22-24]. For the 

classical PCA, ICA and MNF, the number of resulting features within 5 to 50 is tested [20]. For the EMP approach we use 1-3 

components with openings/closings and radius increments as suggested in [22-24]. Finally, for 2D-SSA-PCA, same configurations 

for 2D-SSA as in Section V.A are used and followed by a spectral-domain PCA to reduce features to 5, 10, 15 and 20 components. 

With such different configurations, we ensure a proper performance of every technique, making the comparison significant. 

For the 92AV3C data set (Table IX), 2D-SSA method outperforms all the rest, including not only the 2D-EMD but also the AFD 

and EMP. Moreover, the extended 2D-SSA-PCA leads to remarkable further improvement, from 95.71% to 97.61% and from 
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97.59% to 99.01%, which shows the potential of exploiting both spatial and spectral domains. In the Pavia UA case (Table X), 

although 2D-SSA yields slightly worse results than 2D-EMD, AFD and EMP, its extended version, 2D-SSA-PCA still generates the 

best results in comparison with all others. However, the number of features required by the 2D-SSA-PCA (20) is slightly smaller 

than the ones required in EMP (34). Finally, for the Salinas C data set (Table XI), the best results are achieved again by both 

2D-SSA and 2D-SSA-PCA, very close to 100% of accuracy.  

 

TABLE IX 

MEAN OVERALL ACCURACY (%) OVER TEN REPETITIONS WITH STANDARD DEVIATION AND MEAN MCNEMAR’S TEST [Z] FOR THE 92AV3C DATA SET AND 

SEVERAL FEATURE EXTRACTION METHODS (BEST CASES) INCLUDING DATA REDUCTION 

Methods 
Overall Accuracy (%) [Z] 

Training=5% Training=10% 

ORIGINAL DIMENSION OF FEATURES (200) 

Baseline 81.26 ± 0.94 [-00.0] 85.59 ± 0.63 [-00.0] 

1D-SSA [38] 85.50 ± 0.93 [+11.4] 88.78 ± 0.52 [+9.24] 

2D-EMD [26] 95.28 ± 0.45 [+31.7] 97.45 ± 0.34 [+29.5] 

2D-SSA 95.71 ± 0.83 [+31.4] 97.59 ± 0.63 [+28.7] 

Median Filter 92.88 ± 0.29 [+25.4] 95.24 ± 0.46 [+23.4] 

AFD [25] 95.11 ± 0.72 [+30.9] 96.66 ± 0.47 [+27.2] 

M. Opening 94.07 ± 0.75 [+28.1] 96.40 ± 0.32 [+25.9] 

M. Closing 92.51 ± 0.87 [+23.9] 95.41 ± 0.65 [+22.9] 

DATA REDUCTION (dimension of features) 

PCA 80.57 ± 0.85 [-1.59] (20) 84.19 ± 0.95 [-3.35] (20) 

ICA 80.07 ± 1.21 [-2.69] (20) 83.72 ± 0.87 [-4.45] (20) 

MNF 81.73 ± 1.04 [+1.13] (40) 85.94 ± 0.76 [+0.90] (10) 

EMP [22-24] 94.83 ± 0.78 [+29.3] (34) 97.28 ± 0.34 [+28.0] (34) 

2D-SSA-PCA 97.61 ± 0.69 [+35.5] (15) 99.01 ± 0.10 [+32.3] (20) 

 

 

TABLE X 

MEAN OVERALL ACCURACY (%) OVER TEN REPETITIONS WITH STANDARD DEVIATION AND MEAN MCNEMAR’S TEST [Z] FOR THE PAVIA UA DATA SET AND 

SEVERAL FEATURE EXTRACTION METHODS (BEST CASES) INCLUDING DATA REDUCTION 

Methods 
Overall Accuracy (%) [Z] 

Training=5% Training=10% 

ORIGINAL DIMENSION OF FEATURES (103) 

Baseline 95.83 ± 0.79 [-00.0] 96.67 ± 0.32 [-00.0] 

1D-SSA [38] 95.53 ± 0.72 [-1.88] 96.60 ± 0.36 [-0.69] 

2D-EMD [26] 99.53 ± 0.31 [+14.6] 99.80 ± 0.08 [+13.5] 

2D-SSA 98.21 ± 0.35 [+8.55] 99.18 ± 0.28 [+9.92] 

Median Filter 98.77 ± 0.20 [+11.4] 99.25 ± 0.17 [+10.5] 

AFD [25] 99.32 ± 0.28 [+13.0] 99.61 ± 0.23 [+12.2] 

M. Opening 97.57 ± 0.35 [+6.72] 98.47 ± 0.31 [+6.97] 

M. Closing 97.19 ± 0.45 [+5.11] 97.93 ± 0.35 [+5.08] 

DATA REDUCTION (dimension of features) 

PCA 94.29 ± 0.68 [-4.74] (15) 95.44 ± 0.34 [-4.46] (15) 

ICA 94.59 ± 0.64 [-3.96] (15) 95.48 ± 0.41 [-4.30] (15) 

MNF 94.54 ± 0.65 [-5.31] (15) 95.59 ± 0.32 [-4.72] (20) 

EMP [22-24] 99.56 ± 0.68 [+14.1] (34) 99.88 ± 0.07 [+13.4] (34) 

2D-SSA-PCA 99.58 ± 0.14 [+14.1] (20) 99.85 ± 0.07 [+13.4] (20) 
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TABLE XI 

MEAN OVERALL ACCURACY (%) OVER TEN REPETITIONS WITH STANDARD DEVIATION AND MEAN MCNEMAR’S TEST [Z] FOR THE SALINAS C DATA SET AND 

SEVERAL FEATURE EXTRACTION METHODS (BEST CASES) INCLUDING DATA REDUCTION 

Methods 
Overall Accuracy (%) [Z] 

Training=5% Training=10% 

ORIGINAL DIMENSION OF FEATURES (204) 

Baseline 98.30 ± 0.20 [-00.0] 98.61 ± 0.12 [-00.0] 

1D-SSA [38] 98.52 ± 0.15 [+3.41] 98.76 ± 0.12 [+2.03] 

2D-EMD [26] 99.71 ± 0.14 [+13.8] 99.83 ± 0.04 [+12.7] 

2D-SSA 99.81 ± 0.09 [+13.6] 99.95 ± 0.05 [+13.5] 

Median Filter 99.57 ± 0.09 [+11.8] 99.76 ± 0.04 [+11.4] 

AFD [25] 99.70 ± 0.08 [+12.8] 99.79 ± 0.06 [+11.7] 

M. Opening 99.50 ± 0.11 [+10.8] 99.74 ± 0.12 [+11.1] 

M. Closing 99.24 ± 0.15 [+9.42] 99.47 ± 0.10 [+9.04] 

DATA REDUCTION (dimension of features) 

PCA 98.60 ± 0.16 [+3.81] (25) 98.82 ± 0.09 [+2.37] (25) 

ICA 98.57 ± 0.18 [+3.41] (25) 98.81 ± 0.07 [+2.38] (25) 

MNF 98.08 ± 0.29 [-2.67] (20) 98.40 ± 0.08 [-2.89] (45) 

EMP [22-24] 99.49 ± 0.16 [+10.5] (19) 99.72 ± 0.10 [+10.8] (19) 

2D-SSA-PCA 99.83 ± 0.16 [+14.0] (20) 99.92 ± 0.06 [+12.9] (10) 

 

 

As seen in Tables IX-XI, spectral domain feature extraction methods, including 1D-SSA, PCA, ICA, MNF, present a limited 

performance in comparison with those exploiting the spatial domain information. Conventional spatial domain methods, such as 

median filter and morphological operators, usually have worse results than AFD and EMP techniques. However, 2D-SSA and 

2D-EMD produce the best results in most cases. In addition, 2D-SSA-PCA leads to further classification accuracy with less number 

of features. This on one hand has validated the efficacy of the proposed 2D-SSA approach in HSI feature extraction. On the other 

hand, the combination with PCA for spatial-spectral feature extraction has been proved to be more effective in this context for 

successful feature extraction and dimension reduction in HSI. 

E. Evaluation under a Weak Classifier 

Although we have utilized SVM as a classifier in our experiments, the features extracted from the proposed 2D-SSA approach 

can be also combined with other classifiers. Due to the enhanced discrimination ability from the extracted features, improved 

classification accuracy is still expected. To this end, a relative weak classifier is adopted, which can verify the efficacy of the 

extracted features as hidden in the results when a more powerful classifier, such as SVM, is used.  

In this group of experiments, a k-NN classifier (k=3) is employed, again using three main approaches for benchmarking, including 

the Baseline, 1D-SSA, and 2D-EMD techniques. For the 92AV3C dataset, the classification results under the same parameter 

settings as those in Table II are given in Table XII. Not surprisingly, the results from k-NN are much inferior to those from SVM, 

which simply proves the strong capacity of SVM in data modeling. However, it is worth noting that with the k-NN as classifier the 

improvement in terms of classification accuracy from 2D-EMD to 2D-SSA is much enhanced. In Table II, the improvement is only 
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0.5-0.1%, yet in Table XII, this becomes 1-1.4%. Considering the limited generalization capacity of the k-NN classifier, such 

increased improvement can be only attributed to the enhanced discrimination ability of the extracted features. In other words, using 

a relative weak classifier has highlighted the effectiveness of the features extracted from our proposed 2D-SSA approach. 

 

TABLE XII 

MEAN OVERALL ACCURACY (%) OVER TEN REPETITIONS WITH STANDARD DEVIATION AND MEAN MCNEMAR’S TEST [Z] FOR THE 92AV3C DATA SET BY 

DIFFERENT METHODS AND PARAMETERS USING KNN AS CLASSIFIER 

Parameters 
Overall Accuracy (%) [Z] 

Training=5% Training=10% 

N/A 
Baseline 

71.95 ± 1.02 [-0.00] 75.97 ± 0.59 [-0.00] 

L EVG 1D-SSA 

5 1st  74.84 ± 0.88 [+8.28] 78.74 ± 0.59 [+7.69] 

5 1-2nd  73.26 ± 1.20 [+4.11] 77.23 ± 0.38 [+3.77] 

10 1st  74.66 ± 0.95 [+7.56] 78.32 ± 0.57 [+6.35] 

10 1-2nd  74.66 ± 0.96 [+7.90] 78.62 ± 0.59 [+7.47] 

IMFG 2D-EMD 

1st 32.32 ± 1.16 [-51.4] 37.02 ± 1.05 [-49.5] 

1-2nd 63.66 ± 1.80 [-13.2] 76.29 ± 0.76 [+0.57] 

1-3rd 85.62 ± 0.90 [+25.9] 91.62 ± 0.44 [+31.0] 

1-4th 88.60 ± 0.69 [+33.2] 92.12 ± 0.46 [+33.0] 

L2D EVG 2D-SSA 

5×5 1st 78.03 ± 1.15 [+11.5] 83.80 ± 0.53 [+15.2] 

5×5 1-2nd 77.46 ± 1.20 [+11.0] 82.74 ± 0.50 [+13.6] 

5×5 1-5th 76.21 ± 0.78 [+9.36] 81.31 ± 0.58 [+11.6] 

5×5 1-10th 73.83 ± 1.18 [+4.74] 78.63 ± 0.47 [+6.67] 

10×10 1st 77.94 ± 1.00 [+10.7] 84.98 ± 0.56 [+16.6] 

10×10 1-2nd 76.44 ± 1.15 [+8.26] 83.27 ± 0.55 [+13.7] 

10×10 1-5th 76.37 ± 1.15 [+8.68] 81.58 ± 0.65 [+11.2] 

10×10 1-10th 75.93 ± 1.29 [+8.23] 81.16 ± 0.73 [+10.7] 

20×20 1st 84.46 ± 0.74 [+21.3] 90.95 ± 0.55 [+26.8] 

20×20 1-2nd 79.50 ± 1.37 [+13.2] 86.14 ± 0.36 [+18.4] 

20×20 1-5th 73.97 ± 1.40 [+3.62] 81.38 ± 0.86 [+9.95] 

20×20 1-10th 73.89 ± 1.14 [+3.60] 79.98 ± 0.92 [+7.65] 

40×40 1st 87.36 ± 1.31 [+26.3] 92.51 ± 0.74 [+29.9] 

40×40 1-2nd 88.97 ± 0.44 [+29.4] 93.14 ± 0.82 [+31.4] 

40×40 1-5th 81.45 ± 1.26 [+16.4] 88.48 ± 0.74 [+22.8] 

40×40 1-10th 72.64 ± 0.74 [+1.21] 79.52 ± 0.64 [+6.45] 

60×60 1st 89.57 ± 0.91 [+30.2] 93.58 ± 0.80 [+31.9] 

60×60 1-2nd 88.80 ± 0.86 [+28.9] 92.61 ± 0.86 [+30.1] 

60×60 1-5th 88.11 ± 0.47 [+27.8] 93.01 ± 0.71 [+31.2] 

60×60 1-10th 74.83 ± 0.80 [+4.89] 82.91 ± 0.68 [+12.4] 

 

 

VI. CONCLUSIONS 

Feature extraction, as an essential stage in the signal processing chain, is vital for providing appropriate features to the classifier 

for data matching, classification and recognition. Through the years, a number of techniques have been proposed for this purpose. 

The 2D-EMD approach introduced recently outperforms many relevant techniques. However, the execution of 2D-EMD is really 

time-consuming. In this paper, we present a novel 2D-SSA approach as a more efficient alternative to 2D-EMD. 

SSA is a recent technique with interesting possibilities in many applications. Based on the well-known SVD, it is able to extract 
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trends, oscillatory components or noise, among others, from an original 1-D signal. Moreover, the extension of the SSA algorithm to 

the 2-D case makes possible the processing of images, being really useful for extracting spatial information from original data scenes 

allowing better discrimination ability. This has been clearly shown when a relative weak classifier, k-NN is used for data 

classification. 

In HSI remote sensing, the introduction of 2D-SSA applied to every spectral band or 2-D image in the hypercube, in a similar way 

by which 2D-EMD was introduced, has been proved highly effective and leads to similar impressive results of about 99-100% while 

the consumption time in its execution is dramatically reduced, one and even two orders of magnitude less. Therefore, feature 

extraction by 2D-SSA instead of 2D-EMD allows the achievement of similar accuracies but only requiring few seconds for 

extracting the features, which even allows the potential usage in embedded and real-time applications.  Moreover, 2D-SSA 

approach using the first component for reconstruction already provides a good performance, while in the 2D-EMD case the first 

component usually leads to degraded results, requiring further and undetermined iterations.  

In addition, the combination of 2D-SSA with PCA has demonstrated great potential in spatial-spectral feature extraction in HSI, 

as it generates the best results over several state-of-the-art techniques yet only needs a small number of features. Further and future 

investigations will be explored, where the components from some recent approaches [60-63] can be combined with 2D-SSA for 

more effective spectral-spatial feature extraction and dimension reduction in HSI. Moreover, fast implementation of 2D-SSA will 

also be explored as we did for 1D-SSA [64]. 

ACKNOWLEDGMENT 

The authors would like to thank the Editor-in-Chief, the anonymous Associate Editor, and the reviewers for their constructive 

comments and suggestions, which have greatly improved the paper. 

REFERENCES 

[1] G. Reed, et al. “Hyperspectral imaging of gel pen inks: an emerging tool in document analysis,” Science & Justice, vol. 54, no. 1, January 2014. 

[2] P-Y. Sacré, et al. “Data processing of vibrational chemical imaging for pharmaceutical applications,” Journal of Pharmaceutical and Biomedical Analysis, 

in press, available online 19 April 2014. 

[3] N. Neittaanmäki-Perttu, M. Grönroos, T. Tani, I. Pölönen, A. Ranki, O. Saksela, and E. Snellman, “Detecting field cancerization using a hyperspectral 

imaging system,” Lasers Surg. Med., 45: 410–417, 2013. 

[4] T. Kelman, J. Ren, and S. Marshall, “Effective classification of Chinese tea samples in hyperspectral imaging,” Artificial Intelligence Research, 2(4): 87-96, 

2013. 

[5] F. Melgani and L. Bruzzone, “Classification of hyperspectral remote sensing images with support vector machines,” IEEE Trans. Geoscience and Remote 

Sensing, vol. 42, no. 8, pp. 1778–1790, Aug. 2004. 

[6] M. Pal and G. M. Foody, “Feature selection for classification of hyperspectral data by SVM,” IEEE Trans. Geoscience and Remote Sensing, vol. 48, no. 5, 

May 2010. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

29 

[7] R. Archibald and G. Fann. “Feature selection and classification of hyperspectral images with support vector machines.” IEEE Geoscience and Remote 

Sensing Letters, vol. 4, no. 4, October 2007. 

[8] G. F. Hughes, “On the mean accuracy of statistical pattern recognition,” IEEE Trans. Information Theory, vol. IT-14, no. 1, pp. 55–63, Jan. 1968. 

[9] C. Rodarmel, and J. Shan, “Principal component analysis for hyperspectral image classification,” Surveying and Land Information Science 62.2: 115-122, 

2002. 

[10] J. Zabalza, J. Ren, J. Ren, Z. Liu, and S. Marshall, “Structured covariance principal component analysis for real-time onsite feature extraction and 

dimensionality reduction in hyperspectral imaging,” Applied Optics, vol. 53, no 19, July 2014. 

[11] X. Jia, and J. A. Richards, “Segmented principal components transformation for efficient hyperspectral remote-sensing image display and classification,” 

IEEE Transactions on Geoscience and Remote Sensing, 37.1: 538-542, 1999. 

[12] J. Zabalza, J. Ren, M. Yang, Y. Zhang, J. Wang, S. Marshall, and J. Han, “Novel Folded-PCA for improved feature extraction and data reduction with 

hyperspectral imaging and SAR in remote sensing,” ISPRS Journal of Photogrammetry and Remote Sensing, vol 93:112-122, July 2014. 

[13] A. A. Green, et al. “A transformation for ordering multispectral data in terms of image quality with implications for noise removal,” IEEE Transactions on 

Geoscience and Remote Sensing, 26.1: 65-74, 1998. 

[14] C-I. Chang, and Q. Du, “Interference and noise-adjusted principal components analysis,” IEEE Transactions on Geoscience and Remote Sensing, 37.5: 

2387-2396, 1999. 

[15] A. Hyvrinen, J. Karhunen, and E. Oja, Independent Component Analysis. New York: Wiley, 2001. 

 

[16] J. Wang, and C-I. Chang, “Independent component analysis-based dimensionality reduction with applications in hyperspectral image analysis,” IEEE 

Transactions on Geoscience and Remote Sensing, 44.6: 1586-1600, 2006. 

[17] B. Guo, et al. “Band selection for hyperspectral image classification using mutual information,” IEEE Geoscience and Remote Sensing Letters, 3.4: 522-526, 

2006. 

[18] S. B. Serpico, and L. Bruzzone, “A new search algorithm for feature selection in hyperspectral remote sensing images,” IEEE Transactions on Geoscience 

and Remote Sensing, 39.7: 1360-1367, 2001. 

[19] X. Jia, B-C. Kuo, and M. M. Crawford, “Feature Mining for Hyperspectral Image Classification," Proceedings of the IEEE, vol.101, no.3, pp.676,697, March 

2013. 

[20] I. Dópido, et al. “A comparative assessment of several processing chains for hyperspectral image classification: What features to use?,” Hyperspectral Image 

and Signal Processing: Evolution in Remote Sensing (WHISPERS), 2011 3rd Workshop on. IEEE, 2011. 

[21] J. Ren, J. Zabalza, S. Marshall, and J. Zheng, “Effective feature extraction and data reduction in remote sensing using hyperspectral imaging [Applications 

Corner],” IEEE Signal Processing Magazine, vol.31, no.4, pp.149,154, July 2014. 

[22] F. Dell’Acqua, P. Gamba, A. Ferrari, J. A. Palmason, J. A. Benediktsson and K. Arnason, “Exploiting spectral and spatial information in hyperspectral urban 

data with high resolution,” IEEE Geoscience and Remote Sensing Letters, vol. 1, pp. 322-326, 2004. 

[23] J. A. Benediktsson, J. A. Palmason, J. R. Sveinsson, “Classification of hyperspectral data from urban areas based on extended morphological profiles,” IEEE 

Transactions on Geoscience and Remote Sensing, vol.43, no.3, pp.480,491, March 2005. 

[24] M. Fauvel, J. A. Benediktsson, J. Chanussot, and J. R. Sveinsson, “Spectral and spatial classification of hyperspectral data using SVMs and morphological 

profile,” IEEE Trans. Geoscience and Remote Sensing, vol. 46, no. 11, pp. 3804–3814, Nov. 2008. 

[25] R. D. Phillips, C. E. Blinn, L. T. Watson, and R. H. Wynne, “An adaptive noise-filtering algorithm for AVIRIS data with implications for classification 

accuracy,” IEEE Trans. Geoscience and Remote Sensing, vol. 47, no. 9, pp. 3168–3179, Sept. 2009. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

30 

[26] B. Demir, S. Ertürk, “Empirical mode decomposition of hyperspectral images for support vector machine classification,” IEEE Trans. Geoscience and 

Remote Sensing, vol. 48, no.11, pp.4071-4084, 2010. 

[27] N. E. Huang, Z. Shen, S. R. Long, M. C. Wu, H. H. Shih, Q. Zheng, N.-C. Yen, C. C. Tung, and H. H. Liu, “The empirical mode decomposition and the Hilbert 

spectrum for nonlinear and non-stationary time series analysis”, Proceedings of the Royal Society A, Math. Phys. Sci., vol. 454, no. 1971, pp. 903–995, Mar. 

1998. 

[28] N. E. Huang, S. R. Long, and Z. Shen, “The mechanism for frequency downshift in nonlinear wave evolution,” Advances in Applied Mechanics, vol. 32, pp. 

59-111, 1996. 

[29] H. Huang, and J. Pan, “Speech pitch determination based on Hilbert-Huang transform,” Signal Processing, vol. 86, no. 4, pp. 792-803, 2006. 

[30] B. Demir, S. Ertürk, M. K. Güllü, “Hyperspectral image classification using denoising of intrinsic mode functions,” IEEE Geoscience and Remote Sensing 

Letters, vol.8, no.2, 2011. 

[31] A. Linderhed, “Adaptive image compression with wavelet packets and empirical mode decomposition,” Ph.D. dissertation, Linköping Stud. Sci. Technol., 

Linköping, Sweden, 2004, Dissertation No. 909. 

[32] K. Perumal, and R. Bhaskaran, “SVM based effective land use classification system for multispectral remote sensing images,” Int. J. Computer. Sci. Inf. 

Security, vol. 6, no. 2, pp. 97–105, 2009. 

[33] A. Pizurica, and W. Philips, “Estimating the probability of the presence of a signal of interest in multiresolution single- and multiband image denoising,” 

IEEE Trans. Image Process., vol. 15, no. 3, pp. 654–665, Mar. 2006. 

[34] B. Demir, and S. Ertürk, “Improved hyperspectral image classification with noise reduction pre-process,” in Proc. Eur. Signal Process. Conf., Lausanne, 

Switzerland, Aug. 2008. 

[35] M. Rojas, I. D´opido, A. Plaza, and P. Gamba, “Comparison of support vector machine-based processing chains for hyperspectral image Classification,” 

Proc. of SPIE Vol. 7810, 2010. 

[36] N. Golyandina, V. Nekrutkin, and A. A. Zhigljavsky. Analysis of time series structure: SSA and related techniques. Chapman and Hall/CRC, 2001. 

[37] B. Hu, Q. Li, and A. Smith, “Noise reduction of hyperspectral data using singular spectral analysis,” International Journal of Remote Sensing, vol. 30, Iss. 9, 

2009. 

[38] J. Zabalza, J. Ren, Z. Wang, S.  Marshall, and J. Wang, “Singular spectrum analysis for effective feature extraction in hyperspectral imaging,” IEEE 

Geoscience and Remote Sensing Letters, vol. 11, no. 11, pp. 1886-1890, 2014. 

[39] D. Broomhead, G. King, “Extracting qualitative dynamics from experimental data,” Physica D, vol. 20, pp. 217-236, July 1986. 

[40] D. Broomhead, G. King, “On the qualitative analysis of experimental dynamical systems,” In: Sarkar S (ed) Nonlinear Phenomena and Chaos. Adam Hilger, 

Bristol, pp 113–144, 1986. 

[41] N. Golyandina, A. Zhigljavsky, Singular spectrum analysis for time series, Springer, 2013. 

[42] N. Golyandina and D. Stepanov. “SSA-based approaches to analysis and forecast of multidimensional time series,” Proc. the 5th St. Petersburg Workshop on 

Simulation. Vol. 293. 2005. 

[43] N. Golyandina, and K. D. Usevich, “2D-extension of singular spectrum analysis: algorithm and elements of theory,” Matrix Methods: Theory, Algorithms, 

Applications World Scientific: 449-473. 2010. 

[44] N. Golyandina, and K. D. Usevich, “An algebraic view on finite rank in 2D-SSA,” 6th St.Petersburg Workshop on Simulation: 308-313. 2009. 

[45] N. Golyandina, I. Florinsky, and K. Usevich, “Filtering of digital terrain models by 2D singular spectrum analysis,” Intl. J. Ecology & Development, vol. 8, 

no. F07, pp. 81-94, 2007. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 

31 

[46] L. J. Rodrıguez-Aragón, and A. Zhigljavsky, “Singular spectrum analysis for image processing,” Statistics and Its Interface, vol. 3, pp. 419-426. 2010. 

[47] I. V. Florinsky, “Digital terrain analysis in soil science and geology,” Chapter 6.3, Academic Press, 2012. 

[48] USGS gallery: ’Memorial Stadium, University of Nebraska Cornhuskers’ [Online]. Available: http://remotesensing.usgs.gov/gallery/gallery.php?cat=7#145.  

[49] Pursue's university multispec site: June 12, 1992 aviris image Indian Pine Test Site [Online]. Available:  

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

[50] Hyperspectral Remote Sensing Scenes [Online]. Available: http://www.ehu.es/ccwintco/index.php?title=Hyperspectral_Remote_Sensing_Scenes.  

[51] R. O. Green et al, “Imaging spectroscopy and the airborne visible/infrared imaging spectrometer (AVIRIS),” Remote Sensing Environment 65:227–248 

Elsevier Science Inc., 1998. 

[52] S. Holzwarth et al. “HySens - DAIS 7915/ ROSIS Imaging Spectrometers at DLR,” Presented at the 3rd EARSeL Workshop on Imaging Spectroscopy, 

Herrsching, 13-16 May 2003. 

[53] Ana Linderhed. Image Empirical Mode Decomposition Matlab Code [Online]. Available: http://aquador.vovve.net/IEMD/. 

[54] Matlab Central File Exchange: Bidimensional EMD [Online]. Available: 

http://www.mathworks.com/matlabcentral/fileexchange/28761-bi-dimensional-emperical-mode-decomposition-bemd. 

[55] J. Zabalza, J. Ren, C. Clemente, G. Di Caterina, and J.J. Soraghan, “Embedded SVM on TMS320C6713 for signal prediction in classification and regression 

applications,” in 5th European DSP Education and Research Conf., Amsterdam, Sept. 2012. 

[56] J. Zabalza, C. Clemente, G. Di Caterina, J. Ren, J. J. Soraghan, and S. Marshall, "Robust pca micro-doppler classification using svm on embedded systems," 

IEEE Transactions on Aerospace and Electronic Systems, vol. 50, no. 3, July 2014. 

[57] Chih-Chung Chang and Chih-Jen Lin, LIBSVM: a library for support vector machines. ACM Transactions on Intelligent Systems and Technology, vol. 2, no. 

3, 27 pages, 2011. Software available at http://www.csie.ntu.edu.tw/~cjlin/libsvm. 

[58] T. Cover and P. Hart, “Nearest neighbor pattern classification,” IEEE Trans. Inf. Theory, vol. 13, no. 1, pp. 21–27, Jan. 1967. 

[59] G. M. Foody, “Thematic map comparison: Evaluating the statistical significance of differences in classification accuracy,” Photogramm. Eng. Remote Sens., 

vol. 70, no. 5, pp. 627–633, May 2004. 

[60] Z. Xue, J. Li, L. Cheng and P. Du, “Spectral-spatial classification of hyperspectral data via morphological component analysis-based image separation,” IEEE 

Trans. Geoscience and Remote Sensing, 53(1): 71-84, 2015. 

[61] X. Kang, S. Li, L. Fang and J. A. Benediktsson, “Intrinsic image decomposition for feature extraction of hyperspectral images,” IEEE Trans. Geoscience and 

Remote Sensing, 53(4): 2241-2253, 2015. 

[62] X. Kang, S. Li and J. A. Benediktsson, “Spectral-spatial hyperspectral image classification with edge-preserving filtering,” IEEE Trans. Geoscience and 

Remote Sensing, 52(5): 2666-2677, 2014. 

[63] X. Kang, S. Li and J. A. Benediktsson, “Feature extraction of  hyperspectral images with image fusion and recursive filtering,” IEEE Trans. Geoscience and 

Remote Sensing, 52(6): 3742-3752, 2014. 

[64] J. Zabalza, J. Ren, Z. Wang, H. Zhao, J. Wang and S.  Marshall, “Fast implementation of singular spectrum analysis for effective feature extraction in 

hyperspectral imaging,” IEEE Journal of Selected Topics in Earth Observation and Remote Sensing, 10.1109/JSTARS.2014.2375932, to appear. 

 

 

http://remotesensing.usgs.gov/gallery/gallery.php?cat=7#145
https://engineering.purdue.edu/~biehl/MultiSpec/hyperspectral.html
http://www.ehu.es/ccwintco/index.php?title=Hyperspectral_Remote_Sensing_Scenes
http://aquador.vovve.net/IEMD/
http://www.mathworks.com/matlabcentral/fileexchange/28761-bi-dimensional-emperical-mode-decomposition-bemd
http://www.csie.ntu.edu.tw/~cjlin/libsvm

