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Abstract: This paper addresses three problems in the field of hyperspectral image segmentation: the fact
that the way an image must be segmented is related to what the user requires and the application; the lack
and cost of appropriately labeled reference images; and, finally, the information loss problem that arises
in many algorithms when high dimensional images are projected onto lower dimensional spaces before
starting the segmentation process. To address these issues, the Multi-Gradient based Cellular Automaton
(MGCA) structure is proposed to segment multidimensional images without projecting them to lower
dimensional spaces. The MGCA structure is coupled with an evolutionary algorithm (ECAS-II) in order
to produce the transition rule sets required by MGCA segmenters. These sets are customized to specific
segmentation needs as a function of a set of low dimensional training images in which the user expresses
his segmentation requirements. Constructing high dimensional image segmenters from low dimensional
training sets alleviates the problem of lack of labeled training images. These can be generated online
based on a parametrization of the desired segmentation extracted from a set of examples. The strategy
has been tested in experiments carried out using synthetic and real hyperspectral images, and it has
been compared to state-of-the-art segmentation approaches over benchmark images in the area of remote
sensing hyperspectral imaging.

Keywords: hyperspectral image classification; cellular automata; evolutionary algorithm; hyperspectral
image segmentation; differential evolution; remote sensing

1. Introduction

Even though quite a few methods have been proposed in the last two decades for hyperspectral image
classification, addressing this task continues to be a challenging problem. There exist some particular
aspects of the segmentation and classification of hyperspectral images that complicate the partitioning
or labeling of the data. The first concern emerges when answering the question of what is considered
a homogeneous region or a class? Images may be segmented or classified in different ways as a function
of what the user wants to see or highlight. That is, a hyperspectral image may be segmented into
regions corresponding to fields, urban areas and water or into more detailed regions such as different
types of vegetation, distinguish roads from buildings or even separate different types of water bodies.
This introduces a level of subjectivity linked to the interpretation of the data that needs to be contemplated

Sensors 2019, 19, 2887; d0i:10.3390/s19132887 www.mdpi.com/journal/sensors


http://www.mdpi.com/journal/sensors
http://www.mdpi.com
http://www.mdpi.com/1424-8220/19/13/2887?type=check_update&version=1
http://dx.doi.org/10.3390/s19132887
http://www.mdpi.com/journal/sensors

Sensors 2019, 19, 2887 2 of 32

in the process of implementing automatic classifiers. As a consequence, classification algorithms should
display the capability of adapting to meet the classification needs of different users or final applications,
but this is not usually the case.

Furthermore, methodological problems arise when processing hyperspectral data. The high
dimensionality of the images and the very limited availability of reliably labeled images complicate
the spatial partitioning. Increasing the number of spectral bands in hyperspectral images requires that
the number of labeled training pixels grow exponentially in order to preserve statistical integrity for
supervised classification purposes [1]. Additionally, hyperspectral images are highly correlated in the
spatial and spectral dimensions. It is essential to construct spectral-spatial segmentation/classification
techniques that can consider within their processing dependencies that may exist among neighboring
pixels. This complicates the design of new algorithms and compromises their efficiency.

Finally, practical and operational problems also arise when processing hyperspectral data. First,
and related to the first methodological problem, acquiring hyperspectral data and building reliable labeled
datasets are costly in terms of economics, time and resources. There are very few publicly available labeled
hyperspectral datasets. When they exist, they are often of dubious reliability with respect to their labels.
Therefore, it is difficult to produce training sets reflecting the desires of the user in terms of classification.
Moreover, the acquisition process is likely to be corrupted by distortions and noise. Atmospheric and
illumination variations may spoil the dataset, making it necessary to design robust methods to segment
and classify hyperspectral images. Finally, most current algorithms typically require expert knowledge in
order to provide an initial parameter set-up to adapt them to a particular problem or application, limiting
their practical usability.

To address these issues, in this work, we propose a complete methodology for conducting a multi-stage
classification procedure based on a segmentation step followed by a subsequent classification stage.
Here, we concentrate on the segmentation step and use off the shelf classifiers (SVMs) just as a means to
produce final classification results that can be compared to other approaches in the literature. The objective
is to make the segmentation more adapted to user needs and simpler to obtain by providing a general
methodology that starts with a process for easily constructing low dimensional training sets that reflect
the type of segmentation the user desires over a given type of high dimensional images. These training
data sets are used within an evolutionary segmenter generator, called ECAS-II to produce Cellular
Automata (CA) based segmenters that conform to a type of structure we have called Multi-gradient based
Cellular Automata (MGCA). MCGAs are able to segment multidimensional images without any projection
onto lower dimensions. The conjunction of all of these steps leads to a workflow that allows obtaining
hyperspectral image segmenters using very small training sets. These segmenters conform to the user
needs in terms of how she wants the image to be segmented, making use of all of the information available
in the images.

The remainder of the paper is structured as follows. The next section provides a brief review of
related work on hyperspectral image segmentation. The MGCA Cellular Automata structure considered
in this paper is presented in Section 3. Section 4 is devoted to the detailed description of the operation
of the ECAS-II algorithm. Then, in Section 5, we introduce how the training sets are constructed and,
in Section 6, the classification algorithm that will be used for the purpose of comparing the results obtained
to those found in the literature is described. Experimental results of the proposed classification algorithm
are presented in Section 7, including a performance comparison to other existing methods. Finally,
some concluding remarks and perspectives are discussed in Section 8.
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2. Related Work

The earliest hyperspectral image classification methods address the problem from a pixel-wise
perspective. This means that each pixel is processed independently without considering contextual
(spatial) information. Among these traditional classification methods, which have been used since the
1990s, we may find maximum-likelihood (ML) based methods [2], multinomial logistic regression based
techniques (MLR) [3], Fisher’s linear discriminant analysis (LDA) [4], Linearly Constrained Discriminant
Analysis (LCDA) [5], shape filtering [6], Artificial Neural Networks (ANN) [7] and fuzzy methods [8].
In [9], a Support Vector Machine (SVM) technique was applied to hyperspectral data for the first time.
The SVM algorithm seeks the optimal separation surface between classes. It does this by identifying
the most representative training sample of each class, called support vector. SVM has shown very good
performances for classifying high-dimensional data in situations with small training sets. Furthermore,
a feature selection step to reduce the dimensionality of the image cube is not required [10-13]. In [14,15],
a K-nearest neighbor method is applied. These well-known types of methods seek a predefined number
of training samples that are close to the test sample and assign a label to the test sample that reflects the
majority category label of these k-nearest training samples.

The aforementioned methods consider hyperspectral data as a set of spectral measurements without
meaningful arrangement. This means that each spectral vector will be classified in the same manner
regardless of its spatial position within the hyperspectral cube. This is the reason why pixel-wise
classifiers often produce classification maps with “salt and pepper” noise. However, taking into
account correlations between spatially or temporally neighboring pixels may significantly improve the
performance of the classification algorithm. Methods that follow this methodological line are called
spectral-contextual techniques [16].

The design of spectral-contextual methods, hereafter spectral-spatial methods when considering
spatial correlations, as is the case in this paper, normally entails the application of a multi-stage classification
procedure. There are mainly two ways to include spatial information. The first one processes each pixel
using spatial information within a window of fixed /adaptive size centered on the pixel under analysis.
The second approach first segments the image into homogeneous regions, and then assigns a classification
label to each of the regions.

One of the earliest methods to follow the first approach employed Markov Random Fields (MRF)
in conjunction with an adaptive ML [17]. Markov random fields imply that the conditional distribution
of a point in the field only depends on its neighbors. Different order neighborhoods can be defined,
from the first-order neighborhood of a pixel, usually defined as the four pixels surrounding it, to any other
order by adding corner pixels to a given order neighborhood system. In [17], the authors show that this
method improves the performance of an ordinary ML technique. In addition, in [18], a Markov random
field regularization is applied to the result of a pixel-wise classification of hyperspectral images using
a probabilistic support vector machine. In addition, in [19], an iterative procedure is applied with the
objective of introducing spatial relaxation while preserving an accurate representation of the edges of class
boundaries of a first-local neighbors approach, both as a preprocessing step and to post process the result
of an MLR model. However, using a standard neighborhood may not be sufficient to contain enough
spatial information on the structures present in the image and increasing the size and shape of the spatial
window is, in most cases, computationally intractable.

The extraction of spatial and spectral features has also been addressed by the application of
N-dimensional filters to principal-component subspaces. They have been proven efficient when
two-dimensional [20] and three-dimensional [21] Gabor filters are considered, or a three-dimensional
discrete wavelet transform (3DDWT) [22,23] is applied to the hyperspectral data, providing robustness
against additive white Gaussian noise.
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Additionally, a number of techniques have used a local binary pattern (LBP) [24] to encapsulate the
spatial structure of local image texture information for rotation invariant texture classification. In a further
step, the authors of [25] couple an LBP-driven class-conditional probability with an MRF-driven prior
probability in a maximum a posteriori (MAP) Bayesian formulation, which leads to high classification
accuracy while being robust under a small training sets and Gaussian-noise conditions.

Several proposals based on mathematical morphology have been widely addressed in the literature.
These techniques are focused on image structural information, which is obtained through the application
of morphological operators (erosion/dilation, opening/closing, top-hat/bot-hat, rank filters, etc.).
Morphological operators are applied to each pixel using a multi-scale approach, thus obtaining what
is called Morphological Profiles (MP), which serve as inputs to a posterior classification step. The first
works based on MP were applied over panchromatic images [26,27]. Afterwards, in [28-30], the approach
was extended to hyperspectral images by building Extended Morphological Profiles (EMP) from several
first components of a Principal Component Analysis (PCA) [31] applied to the data cube. Later, in [32],
the same procedure of reducing the dimensionality of hyperspectral images through a PCA or a Minimum
Noise Fraction (MNF) transform is followed. In [33-36], the concept of MP and EMP was enhanced by
extracting additional spatial features, leading to the notion of Attribute Profiles (AP).

Another related technique makes use of SVM with composite kernels (SVM-CKs). A pixel-wise
classification is performed in which spatial information is introduced through an operation involving
spatial and spectral kernels as well as combined spatial-spectral kernels. In SVM-CKs, the spatial feature is
usually expressed as the mean or standard deviation of the gray value distribution of pixels in a fixed spatial
neighborhood [37,38]. A framework for generalized-composite-kernel-based classification is proposed
in [39]. It differs from the previous ones in that it relies on a Sparse Multinomial Logistic Regression
(SMLR) classifier to produce the final classification results and in modeling the spatial information using
Extended Multi-attribute Profiles (EMAPs).

Generally, mathematical morphology based approaches provide good classification accuracy results,
but most of the methods still struggle with the high dimensionality of the data. Morphological
operators were initially created for single-band images, and, generally, their extension to hyperspectral
multidimensional data has been addressed by independently extracting and processing one or a few
representative grayscale images, leading to significant information loss. Furthermore, the features extracted
with these operators usually imply a great deal of tuning to adapt them to a particular data set.

An alternative to the extraction of handcrafted features is to train a data structure so that it can
then obtain relevant features straight from the pixels [40]. Training deep convolutional neural networks
(CNNs) [41,42] is a popular example of this. The main drawback of CNNss is that they require very large
labeled data sets for training, which is a problem taking into account the lack of labeled hyperspectral data.
To tackle this issue, authors in [43] use unsupervised learning to train two models based on multiscale
independent component analysis (MICA) and a stacked convolutional autoencoder (SCAE). They extract
features from large sets of unlabeled data, and, as is mostly the case for these types of approaches,
they assume that the features produced by the learned models can be generalized.

The second procedure for the inclusion of spatial information in spectral-spatial classification methods
starts with a preliminary spatial/spectral clustering/segmentation stage over which an area-fusion stage is
performed based on supervised criteria. Segmentation is defined as an exhaustive partitioning of an image
into non-overlapping regions. Each of these regions is taken to be homogeneous in terms of some criterion
of interest. Thus, a segmentation step provides regions of connected pixels that share particular properties.
Afterwards, the classification is carried out for the regions using any of the multiple classification methods,
such as SVM. The key to this approach lies in the segmentation step, which is basically where the
spectral-spatial integration is performed. This step has been addressed through different techniques:
ECHO [44], partitional clustering methods [45], watershed transformation [46], hierarchical segmentation
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(HSeg) or region growing [47]. The classification accuracy of the previously cited works is conditioned by
the performance of the selected segmentation approach, which is normally highly sensitive to the measure
of region homogeneity and the inherent parameters of the segmentation algorithm [48].

The above-mentioned spectral-spatial classification methods have been shown to improve on the
performance of pixel-wise techniques and provide more homogeneous classification maps. However,
some of the approaches are based on fixed rules, or, at best, need extensive hand tuning of parameters in
order to adapt the segmentation detail to the user needs. On the other hand, those algorithms that learn
useful features directly from the dataset require large labeled datasets or project the high-dimensional
image onto a lower dimension, leading to the possible loss of valuable information.

In this work, we propose a complete methodology for conducting a multi-stage classification
procedure that adheres to this last approach that is, it uses a segmentation step followed by a subsequent
classification stage. The main objective of this methodology is to provide a means to make the segmentation
step more adapted to user needs and simpler to obtain as well as to improve it. To this end, we will
introduce the ECAS-II evolutionary segmenter generator as well as a Cellular Automata (CA) based
segmenter structure that we have called Multi-gradient based Cellular Automata (MGCA), which is able
to segment multidimensional images without any projection onto lower dimensions. ECAS-II provides the
transition rule set for the Cellular Automata based segmenters adapted to particular segmentation needs
as a function of a set of low dimensional training images in which the user expresses the segmentation
requirements of the application. This approach differs from the algorithms presented above in that it
does not provide as an output a labeled segmentation map or classification. Instead, it performs an image
“regularization” or segmentation that is adapted to the particular segmentation level required by the user.
Thus, its function is to adapt the hyperspectral image to a particular classification purpose. Once the
original hyperspectral image is transformed by the ECAS-II generated CA and thus fitted to a particular
type of segmentation, any pixel-wise classification algorithm can be applied to label the regions of the image
and, consequently, finalize the classification process. For the examples in this particular paper, we have
selected for this classification stage a multi-class pairwise (one versus one) SVM classification algorithm,
which is directly applied to the segmented data cube. Nevertheless, for this classification step, other
suitable algorithms could be considered, such as, for instance, Extreme Learning Machines (ELM) [49,50].

Using ECAS-II and the CAs it generates for segmentation improves on previous approaches in that it
is capable of simultaneously fulfilling the following aspects:

It can adapt to the particular segmentation grain or detail required by the user.
The training procedure is performed without a need for large training or labeled sets of real images.
It makes use of a methodology that simplifies the training process by using low dimensional reference
samples. This methodology also reduces expert knowledge requirements.

o It works with the whole spectrum of the images. As it uses a dimensionality independent spectral
distance measure, it does not need to project the spectral information onto lower dimensional spaces.

o Its low-level processing operations are intrinsically parallel, making it attractive for concurrent
implementation on hardware such as GPUs.

e It is very competitive, as compared to other approaches found in the literature, in terms
of performance.

3. Multi-Gradient Based Cellular Automata

3.1. Cellular Automata

Von Neumann and Ulam [51] proposed CAs as a biologically inspired distributed computing
paradigm. A CA is implemented as a regular uni or multidimensional grid of cells, each characterized by
a cell state. The CA is iteratively executed so that all cell states are repeatedly updated according to some
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transition rules. The particular rule to be applied to each cell in a given iteration is selected, taking into
account the current state of that cell and the states of the cells in its neighborhood.

The goal of this approach is for the CA to converge to the desired state after its execution for N
iterations. The key to taking advantage of the great potential of CAs to achieve a particular purpose is
to conform its set of transition rules adequately. Unfortunately, the determination of the appropriate
rules for the automata is far from straightforward, posing a great challenge to the algorithm designer.
It would thus be desirable to be able to automate the process of determining the appropriate transition
rules for a particular purpose. This automatic rule selection has been addressed from many different
perspectives by the cellular automata community [52], and evolutionary techniques have turned out to be
a very popular approach to obtaining the transition rule set [53,54].

Regarding the application of CAs to hyperspectral images, their potential has still hardly been
explored. Some authors have designed CA structures to segment low dimensional images [53-55],
and some work has been carried out in the high-dimensional image processing area in terms of edge
detection [56] or image segmentation [57]. However, in these cases, the set of transition rules were hand
created ad hoc and, in order to run them over hyperspectral data, the spectral information was usually
projected onto a lower dimension using a PCA or MNF transformation.

3.2. General Operation of MGCA

Focusing now on the particular CA implementation proposed in this paper and denoted as
Multi-Gradient based Cellular Automata (MGCA), let us start by saying that each pixel of the hyperspectral
image is handled by one cell of the automaton. The state of the cell (s;) is expressed as an N-element
vector, taking values in the range [0, 1] that correspond to the intensities of different bands of a spectrum.
These cells are initialized with the spectra present in their assigned pixel. We will indistinctly talk about
cells or pixels when describing the operation of the CA. As a consequence, the state space is continuous
and it is represented by the positive RN vector space.

In what follows, we will describe the procedure for gradually and iteratively updating the state of all
the cells of the CA so that they converge towards a segmented image. The objective is to homogenize the
state vectors, which are basically spectra, corresponding to the cells (pixels) of each one of the different
regions into a narrow band of spectra so that any classification algorithm can then easily classify the
different regions. It should be noted here that the strategy contemplated for the CA operates over the
whole pixel spectrum, thus avoiding the need for dimensionality reductions or projections.

3.3. Spectral Distance Measure

Like any cellular automaton, the state of every cell must be updated every iteration. This implies that
for each cell one particular rule out of the set of transition rules available to the automaton to control its
behavior must be chosen and applied. This choice is made as a function of the state vector (spectrum) of
the particular cell and that of its Ng,,,x X Ngpax closest neighboring cells, Ng, being the maximum size
of the spatial neighborhood window centered on the cell that will be considered.

The comparison of spectra obviously requires a spectral distance measure. For this algorithm, we have
chosen the popular normalized spectral angle (SA) distance measure. The advantage of using the SA is
that it makes the measurements independent of the number of spectral components, allowing for the
use of the same CA over different images regardless of their spectral dimensionality. Moreover, the SA
is also invariant to changes of scale, which makes the method insensitive to changes in illumination.
Thus, the normalized spectral angle, «; ; between the spectrum of a cell i and a cell j is defined as:
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3.4. Deciding on the Appropriate Update Rule

M

As commented on in the previous section, every iteration of a particular transition rule is chosen
for application to each cell depending on the spectra of its neighborhood. However, to do this when
there are several neighborhood pixels, several spectral angle measures must be somehow combined.
Thus, to enhance the descriptive power of the approach, we propose combining neighboring spectral
measurements by means of the calculation of spatial gradients, Gy, ,. More concretely, to perform the
calculation of the gradients, we chose to take into account the pixels within three different Ng x Ng cell
windows, with Ng = {3,5,7} (in other words, we have used the closest 8, 24 and 48 neighboring cells).
Thus, each gradient represents information on spectral change intensity and direction for three resolutions
leading to a multi-gradient based decision process.

Two 2D masks, M Xng and MYNS , are considered for obtaining the spatial gradients in each of the
Ng x Ng windows:
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where M Xng. and MYNS, correspond to the jth components of gradient masks My, and MYNS' G, 1s the

j j
gradient vector calculated for a window of size Ng x Ng located at cell i.
A gradient vector can be expressed using its modulus, |Gy |, and an angle value, ¢y , defined as:
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Gy, 5)

The modulus |Gy | provides an indication of the amount of change of the spectrum in the direction
given by angle, ¢ , for a window size of N s. To illustrate this, Figure 1 depicts an example of extracting
the modulus and a]ngle values for a cell from an RGB image. In this CA implementation, the values of
the three moduli and angles, (G3,, Gs;, G7;, ¢3,, ¢5,¢7,), represent the information the CA collects from the
neighborhood of a cell i in order to decide on the transition rule to apply.

— 3i
=
|Gs;l |Gzl
Ps;i b(1371

Figure 1. Extraction of the three gradient vectors, Gy,,, with Ng = {3,5,7}, for a pixel from a RGB image.

On the other hand, the transition rule set that governs the behavior of the cellular automaton is made
up of M rules, each one of them represented by a 6-parameter vector. The first five parameters correspond
to the condition upon which the decision is made and the last one to the action to be applied:

1

Gu,|  [Ges| (Gen|  ¢rs, 0 6

CA= |Gr3k | |Gl‘5k | |G1'7k | (Prsk (Pr7k Grk (6)

Grsy | [Grsy | Gy | P Py Or

Notice that the encoding of the transition rules is a direct representation of three vector gradients.
To make things clear, here subindex r is used to prevent confusions between rule parameters and the
values of the gradient vectors that were extracted from the neighborhood information of a cell. Now,
if we select a representation where these three vector gradients are independent of angle rotations and
reflections, only five parameters are required to represent the three vector set. One of the angles, in this
case, ¢r, , will always be taken as equal to 0. Figure 2a (left) shows a geometrical representation of the
condition parameters of a rule.

For each iteration, only one out of the M possible rules is applied to each cell. The decision of
which one is based on comparing the neighborhood information vector (Gs;, Gs;, G7;, ¢3,, ¢5,¢7,) and the
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condition parameters (the first five parameters) of each one of the M rules (|Gr3k |, |Gr5k |, \Gr7k |, <p,5k, 4>r7k ).
For this comparison, the group of three gradient vectors represented by the condition parameters of that
rule is rotated and reflected to minimize the Euclidean distance among the three pairs of gradient vectors.

To produce the distance between the two sets of gradient vectors (neighborhood and rule gradient
vectors), the sum of the L2 norms of the vector differences are calculated after rotating and reflecting the
rule gradient vectors:

di, = |Gs, — Gl || +1Gs, — Gly || +1G7, ~ G, || )

where {G3,, Gs;, Gy, } correspond to the gradient vectors of the pixel and {Gy, , G;Sk , G’r7k } are the
gradient vectors of rule k after undergoing a rotation of ¢ and a reflection if required (Figure 2b).
Thus, selecting a rule involves obtaining the minimum distance d;, for each rule and then choosing

the one, s, leading to the smallest distance value:

§ = argminye 15, M i 8
Rule k
|G1‘3k|
:""""") ‘:::"""')
““, b7k s “‘ ~~~~~~~~ Ok
I G r7k I“\ \‘-‘ \"“A
“‘ I GrSkl ‘\
Y N
(a)
gmmmmmmnnaD
G7i ‘\‘ Gr3k
G3i “\‘ Gr5k
Gs; 57k diy,7 diy3
N diy = dik‘g + dig s + dig 7
Neighborin .
. 5 . 5 Rule k Calculation of di
information
(b)

Figure 2. (a) Rule representation: (left) condition parameters and (right) action parameter; (b) comparison
between the neighborhood information of a cell i and the condition parameters of a rule k.

3.5. Updating the State of the CA

As indicated above, the last parameter of the rule vector represents the action that allows updating
the state of cell i. This state is updated by modifying its representative spectrum through a weighted
average with the spectrum of some of its neighbors. The neighbors that participate in the average are
chosen by following the direction ¢ + 0, for a distance of one pixel up to point P;, (Figure 3). The spectra
of the set of points located at a distance of no more than one pixel from P; will contribute to the weighted
average together with the spectrum of i, leading to the updated state of cell i, s{. Here, ¢ corresponds to
the rotation angle of the rule, s, employed in the calculation of the distance d;, . 6 , on the other hand,
is the action parameter of rule s. Thus:
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where s; denotes the updated spectrum and s; the original one for cell i; s;; represents the spectrum of
a neighboring cell j; 7 is the number of neighboring cells considered for the state update; r; is the distance
between cell j and P;; w;; corresponds to the weight for the spectrum of cell j; w; is the weight for the
spectrum of cell i and, finally f,(r;) represents a function that assigns weights depending on the distance
between the points, 7;.

Figure 3. Selection of neighboring pixels for updating the state of cell i.

Following this procedure, which is summarized in Algorithm 1, the CA produces a new hyperspectral
cube every iteration through its iterative application to the whole image. Therefore, if the transition
rules are appropriately chosen, the final hyperspectral cube provided by the composition of the CA cell
states (cell spectra) should be a segmented version of the image where each region comprises a narrow
spectral range.

4. ECAS-II: Evolving the Cellular Automata

4.1. Introduction

ECAS, version I [58] and II [59,60], are evolutionary approaches for the generation of Cellular
Automata (CA)-based segmentation algorithms. They provide the parameters or transition rules that
govern their operation and behavior.

There are several reasons for choosing EAs as the method for the creation of the optimal transition
rule set. First, EAs do not make strong assumptions regarding the underlying fitness landscape. Second,
EAs work on a population of solutions instead of a single point. This makes them less likely to be misled
by local optima when searching for the optimum set of transition rules.

As indicated, EAs operate over a population of encoded possible solutions to the problem. A new
population of possible solutions is generated every generation by means of the selection and variation of
the members of the population as a function of their evaluation according to a fitness function. This process
is iterated until an individual with sufficient fitness (candidate solution) is found or when a previously
selected computational limit is reached.
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Algorithm 1 MGCA

Input: X: image of m x n pixels and N bands

Output: Y: segmented image of m x n pixels and N bands
1: for p < 1to K do

> K iterations

2: fori < 1ton-mdo

3: Calculate |Ggs, |, |Gs, |, |Gz, |, ¢3,, ¢5,, ¢7, using the spectral angle values, ajj

4: Select rule, s, by comparing the neighboring information |Gs, |, |Gs, |, |G7,|, ¢3;, ¢5;, ¢7, with the first five parameters
of the transition rules |Gy, |, ‘Grsk l, \Gr7k l, Prs, s Pr,
> Image rotation and reflection are considered

5: Update the state of the cell i using the last parameter of the selected rule
> A weighted spectral average of the spectrum of cell i and that of some of its neighbors is performed considering
all the spectral bands

6: end for

7: end for

4.2. Differential Evolution

In particular, the evolutionary algorithm chosen in this implementation of ECAS-II to create the

set of transition rules governing CA behavior has been a Differential Evolution Algorithm (DE) [61].
DE has proven to work efficiently for minimizing non-continuous, noisy, non-differentiable, nonlinear,

flat objective functions, even when they are multi-dimensional or present many local minima.

The most important components of the DE algorithm are:

Representation (Definition of the Individuals): Each CA that makes up the DE population is encoded
asa D = 6 - M floating point value vector. These values are a direct representation of the parameters
shown in Equation (6). The values corresponding to |Gy, |, |Gr;, |, and |Gy, | belong to the [0, V2]
interval and those corresponding to 4>r5k, 4)’7k and 0,, are in the [0,27t] interval.

Population: NP D-dimensional parameter vectors x;;,i = 1,2,.., NP constitute the population
considered in each generation G. The initial vector population is chosen randomly and spread out
over the entire parameter space.

Variation Operators: Mutation

New individuals are generated in DE through the addition of the weighted difference of two vectors
(individuals) of the population to a third one. For each parameter vector, x;;,i = 1,2,.., NP,
a mutated individual is created as: v; 11 = X, + F - (%r,,c — X1,,c) With random, integer, mutually
different indexes r1, 12,73 € {1,2, ..., NP} and where F > 0. F is a real constant € [0, 2] controlling the
differential variation gain (x,, G — X1, G)-

Variation Operators: Crossover

With the objective of increasing diversity in the new population, a crossover operator is proposed
that constructs new individuals #; gy1 = (41iG+1, U42i,G+1/ -+ UDi,G+1) S:

0 _ vjig+1 i (randb(j) < CR) orj = rnbr(i), . _ 12 D
JLG+1 Xjic  if (randb(j) > CR) and j # rnbr(i), J= 58 ™

where randb(j) is the jth result from a uniform random number generator with outcomes € [0, 1].
CR is the crossover parameter € [0, 1], provided by the user; rnbr(i) is a random value € 1,2, ..., D to
ensure that at least one parameter from Vi G+1 is sent to u; gy1.
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e Selection: To decide if a potential parameter vector should be included in generation G + 1, uji g1
is compared to x; . If the fitness value of uj; 1 is smaller than x; g, then x; 1 is set to uj;G+1;
otherwise, the old value x; g is retained. More details of this DE implementation can be found in [61].

The key to the versatility of ECAS-II lies in how the individuals are evaluated and how the training
image set is created. This is presented in the following two subsections.

4.3. Evaluation of Individuals and Fitness Function

In order to evaluate each individual (each CA and here each MGCA), or calculate its fitness, we have
chosen to determine how apt it is at segmenting a set of images that are provided together with the desired
segmentation (ground truth). These images will be considered the training set and, as mentioned later,
should reflect the segmentation level desired by the user. To evaluate a CA, it is applied to the training
image and its state is compared to the ground truth after a set number of iterations. Different images
are used for the evaluation of each individual in order to improve generalization and prevent circularity.
These images can come from a pre-generated collection, or they can be generated online.

The cost function to be minimized in ECAS-II is related to the maximum value of two error
measurements: intra-class (e;,,t;;) error and inter-class (e;;s.,) error:

e = max<eintmreinter)' (10)

In order to make the description of these error measurements clearer, we will introduce some notation.

First of all, let Z = {xp};;:? be a training image of size P x Q, where x, is an N-dimensional vector.
Let L= {lp}iig be the ground truth of Z with I, € S, being S = {1, 2,...,sk, ..., M} the set of labels

in L. Let R = {rp}f:i? with 7, € {0,1} be a binary image that defines every pixel L as a border
{0}, or an interior {1} pixel,. Z can also be taken as the merging of regions associated with the same
label, T = UII{VL 1 B, where By = {x, |I, =s;}. Using the labeling in £, By includes two subsets,
one containing only interior pixels and another one containing border pixels. Therefore, By = I} U F,
where I = {x, |l =s¢ A rp=1} and F, = {x, |l, =s; A r, =0}. F can be divided into M — 1
subsets, F, = Ukj\,/I:1 F,, with k" # k, with F,, comprising the pixels located in the borders between By and
By (Figure 4).

Now, taking into account this notation, two types of errors may be defined. An intra-class error
indicates how homogeneous the different regions of the image are. A region is defined as an area of the
ground truth of the training image whose pixels display the same label. Calculation of this error consists
of obtaining the maximum value of two associated error measures: the local intra-region error (€51 —intra)
and the non-local intra-region error (e;,u10ca1—intra):

€intra = Max (elocalfintmr enonlocalfintm) ’, (11)
with the local intra-region error being;:

o

M 8 '
oM [T, (T )]
Z[ivi1 #1j
where a; is the normalized spectral angle when comparing a given pixel x, to its neighbor x;. #I; denotes
the cardinality of subset Ii. This ej,.51—intrq €rror provides an estimation of the spectral similarity of

neighboring pixels that display the same label in £. This similarity or local homogeneity is defined for
each I as:

, (12)

Clocal—intra =
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o

e Ly el (E?:l %)
k= #I ‘

(13)

Conversely, in order to define e,,,,,10ca1—intra, V pixel pairs are randomly selected for each I; subset,
{xkv' ]/kv} € I with v = {1/ 2. V}' €nonlocal —intra €an then be expressed as:

M Vo g
Yi—1 [szl %} #Iy
M
Zk:1 #Ik
where ay, is the normalized spectral angle obtained from xy, and yy,. Thus, e,oni0cai—intra pProvides
a measure of how spectrally homogeneous are the pixels, located in the same region, but not
necessarily neighbors.

Finally, the inter-region error measure, €;,,,;, represents an estimation of how dissimilar the different
regions in the segmented image are. To define e;,,1.,, a set of U pairs of pixels are randomly selected for
each Fj,, UF/,,, {x;,,, yu}, with xp, € F'io xp0,, € ', and v = {1,2,... V}.

M M fo:fa !y Hk/ H/ #B/
Zk:] |:Z 1 ( kk k) K #Bk

, (14)

€nonlocal —intra =

k=1 uyM #p,
o D ) (15)
Zk:1 #Bk
L if agey < He+ Hp,
7 H 7 H/ = 7 1 16
f (g, Hi, Hyr) { 0, if otherwise, 1o

where ayy, is the normalized spectral angle in the case of xi,, and yy,,.

J L R

Figure 4. Synthetic RGB image, ground truth and edge image.
5. ECAS-II: Creating the Training Image Dataset

As a first approximation, it may seem advantageous to select real hyperspectral images as training
images for optimizing the transition rules of the CA in the evolutionary process. However, what happens
in practice is that publicly available hyperspectral image sets are not common and the number of images
they contain is very limited, forcing us to perform the training process always using the same images.
Furthermore, the reliability of the labeling of the available hyperspectral images is often questionable,
especially in borders between areas, leading to skewed evaluations of the CAs. This makes a good case
for making use of synthetic datasets that reflect the segmentation the user requires. Furthermore, as the
spectral distance measure used in ECAS-II is the spectral angle, this makes the algorithm independent of
the dimensionality of the image over which it is applied. This can be exploited to speed up and simplify
the evolutionary process. In this case, to make the generation of training sets more straightforward,
we propose using low dimensional (RGB) training images during the evolutionary process. This way,
computational complexity is reduced and, as long as the Spectral Angle behavior is preserved, the CA
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resulting from ECAS-II should be valid for any dimensionality. Schematic diagrams of how ECAS-II and
the MCGA+SVM classification process work are displayed in Figures 5 and 6).

: " Minimum cost
Evoluﬁonary Algorlthm (DE) | function after
b ‘ CA; CA, CA; CA, | Kgenerations
P | CAs CAs CA; CA CA
' CAy CAy, .. CAs
Training image Evolved CA, which
data set (RGB can be applied to
and associated Automatic rule selection RGB or HS images

Ground Truth)

Figure 5. Diagram of the ECAS-II training process.

TV EL (R c>

CA | |8

»(x\v\*‘;

I AR

Evolved CA
Segmented image Classification
(regularization process) map

Figure 6. Diagram of the MGCA + SVM classification process.

The use of synthetic RGB images as the training set for the DE algorithm entails the following benefits:

Each synthetic RGB image is created with an associated fully reliable ground truth. This guarantees
that the cost function output only depends on the evaluated CA.

The creation of synthetic RGB images may be made completely automatic. This allows for evaluating
each individual with a different image created online, or by previously creating a large collection of
synthetic RGB images and just picking one of them randomly at run-time.

The controlled creation of synthetic RGB images together with appropriate ground truth values makes
it feasible to train the CA in order to achieve any desired specialized segmentation algorithm.

With a view to adapt the behavior of the segmenting CA to the required type of segmentation in terms

of grain or detail, it is necessary to control and adjust the features of the RGB images used as a training
set in the evolutionary algorithm and their associated ground truths. To this end, we have developed
a new tool (The tools used in this work for the creation of synthetic RGB images and the estimation
of the image feature parameters from real hyperspectral images are available through downloadable
MATLAB code at http://gii.udc.es/gii_hyperspectral_repository) that creates synthetic RGB images and
their corresponding ground truths based on four image feature parameters that characterize their spectral
and spatial properties:

rmax: Related to the averaged intra-class spectral distances between neighboring pixels,
[SminSmax): Minimum and maximum values related to averaged inter-class spectral distances,
N: Related to the density of different classes in the ground truth,

Djax: Related to the ruggedness of the borders that delimit different classes.
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Figure 7 depicts how these parameters affect the geometric and spectral features of synthetic
RGB images. Thus, depending on the type of segmentation one is looking for, different values for
these parameters can be chosen in order to create the training set. More details on this image feature
parameterization can be found in [62].

Dmax

v

v

rmax

| -

[Smin/ Smax] >

Figure 7. Synthetic RGB images created with the proposed tool. The influence of N, Dyax, "max and
[Simin, Smax] Over the geometric and spectral aspects of the images can be appreciated.

Nevertheless, sometimes choosing the appropriate parameters for the type of segmentation a user
requires may not be obvious. To solve this problem, a second auxiliary tool has been developed. This tool
is provided with a very small number of images and their ground truths that correspond to the type of
segmentation the user desires, and it automatically estimates the appropriate values for N, Dy;ax, max and
[Smin/ Smux} .

Summarizing, in the proposed methodology, ECAS-II can modulate the MGCA transition rules
depending on the features of the synthetic training images that are created, which have been constructed to
represent the type of hyperspectral images that will be processed and the characteristics of the segmentation
that is required.

6. Classification Step Using SVM

Comparing the results of segmentation algorithms usually implies performing a posterior
classification process, that is, a labeling process over the segmented regions, as this is how the results
are usually presented in the literature. In the case of the approach presented here, to produce a final
classification image from the segmented data, any pixel-wise classifier can be used. In the examples
presented in this paper, we have applied a direct SVM based pixel-wise classification to the ECAS-II
generated MGCA segmentation results (Figure 6). This step is carried out using a multi-class pairwise
(one versus one) SVM classification with the specific implementation found in [63]. For all the experiments,
a Gaussian Radial Basis Function (RBF) kernel is used, and the parameters C and y were determined by
five-fold cross-validation.
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7. Application of ECAS-II Generated MGCAs + SVM to Hyperspectral Images

To test the performance of the ECAS-II generated MGCA based segmentation algorithms, the whole
strategy was first applied to synthetic hyperspectral images to clearly demonstrate its validity in
well-controlled images. As a second step, the strategy was then applied to well known real benchmark
hyperspectral images and to recently acquired real hyperspectral images extracted from a new online
public repository to compare its results to those of other algorithms found in the literature.

This section is organized as follows: in Section 7.1, the ECAS-II generated MGCA (for simplicity,
we will refer to it as just ECAS-1I ) + SVM method is applied to synthetic hyperspectral images. This part is
devoted to the demonstration of the impact of applying the ECAS-II method prior to the classification step
over perfectly labeled multidimensional images. Section 7.2 is focused on comparing the classification
performance of the multistage ECAS-II + SVM algorithm to that of other existing techniques when it is
applied to real benchmark hyperspectral images. Finally, in Section 7.3, the proposed algorithm is tested
using real hyperspectral images from the GII-HSEG repository in order to consider images with spatial
and spectral characteristics different than those usually considered in the literature.

The quality of the classification results was computed using the following commonly used
quantitative metrics:

1.  Overall Accuracy (OA): percentage of correctly classified pixels.

2. Average Accuracy (AA): mean of the percentage of correctly classified pixels for each class.

3. Kappa coefficient (x): percentage of agreement (correctly classified pixels) corrected by the number of
agreements that would be expected purely by chance.

4.  Class-specific accuracy: percentage of agreement of each class.

7.1. Application to Synthetic Hyperspectral Images

This section is devoted to quantitative analysis in order to demonstrate the capabilities of the ECAS-II
method, when applied to perfectly labeled and controlled multidimensional images. For this purpose,
several images have been created synthetically. These test images were created starting from five 64-band
base spectra, which were corrupted by noise, spectral mixtures and artifacts.

Figure 8a shows the 13th band of a synthetic image in which the pixels have been corrupted by a high
level of random noise. An MGCA obtained using the ECAS-II algorithm is applied for 10 iterations to
the noisy synthetic image and the resulting 13th band is shown in Figure 8b. The CA that was applied in
this case was evolved using the parameters shown in Table 1. The SVM method has been trained using
an extremely low number of reference samples, approximately 1 percent of each class. These training
samples are marked with green dots in Figure 8c. Additionally, Figure 8d shows the classification map
provided by the SVM method applied to the original synthetic image, and Figure 8e the classification map
when the SVM is applied to the segmented output provided by the CA. For both cases, misclassified pixels
are marked with red dots. Figure 9 displays the detail corresponding to a small area of the image and
includes a representation of the spectra of the pixels. Table 2 shows the improvement in terms of accuracy
metrics introduced by the CA stage over the classification results using the raw SVM method.

For the next experimental test, instead of adding random noise to corrupt the pixel spectra, we have
created a synthetic 64-band image in which several spectra from a spectral database have been mixed
to conform each pixel’s spectrum. This situation is much more common, especially in remote sensing
images, as it corresponds to endmember mixtures in pixels. The visual results for this test are presented
in Figure 10 and the accuracies obtained for the classification are indicated in Table 2. The best values
are shown in bold typeface. To improve the understanding of the operation of the CA over this synthetic
image, Figure 11 depicts the effect of applying the CA over the spectra of pixels from a detailed area in
which four different regions intersect. Figure 11e displays the original spectra before the application of
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the CA. Figure 11f represents the pixel spectra after 35 iterations of the CA. Figure 11f shows how the
CA gradually modifies the pixel spectra. These final pixel spectra converge to some spectral clusters.
As a consequence of this, as reflected in Figure 11 and Table 2, the application of the CAs obtained using
the ECAS-II algorithm simplifies the posterior classification stage and makes it more effective.

(b) (d)

Figure 8. (a) 13th band of a very noisy synthetic 64-band image. (b) 13th band of the ECAS-II output,
(c) Ground truth (green points represent training samples), (d) Classification produced by the SVM alone
(red points represent misclassified pixels), (e) Classification produced by ECAS-II + SVM.

Reflectance

o

()

Figure 9. (a) 13th band of a very noisy synthetic 64-band image, (b) Detail (marked with a yellow square
in Figure 9a) of the associated ground truth, (c) 13th band of the detailed area, (d) 13th band of the
ECAS-II output over the detailed area, (e) Spectra of pixels shown in Figure 9c¢, (f) Spectra of pixels shown
in Figure 9d.

(b)

Figure 10. (a) 13th band of a highly spectrally mixed synthetic 64-band image. (b) 13th band of the ECAS-II
output (c) Ground truth (green points represent training samples), (d) Classification produced using the
SVM by itself (red points represent misclassified pixels), (e) Classification produced by ECAS-II + SVM.
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Figure 11. (a) 13th band of a highly spectrally mixed synthetic 64-band image, (b) Detail (marked with a
yellow square in Figure 11a) of the associated ground truth, (c) 13th band of the detailed area, (d) 13th band
of the CA output over the detailed area, (e) Spectra of pixels shown in Figure 11c, (f) Spectra of pixels

Reflectance
Reflectance
=

shown in Figure 11d.

Table 1. Differential Evolution (DE) parameters.

Number of parameters: 180 (30 rules x 6 parameters/rule )
NP (Population Size): 100

CR (Crossover): 0.7

F (Mutation): 0.8

Stopping criterion: Max. number of generations OR
Min. cost

Minimum cost: 1x107°

Table 2. Classification accuracies (%) for the raw pixel-wise SVM and the ECAS-II + SVM algorithm applied
to the synthetic images shown in Figures 8 and 10.

Image No of Training Samples No of Test Samples Metric ECAS-II+SVM (%) SVM (%)

OA 96.96 84.25

Figure 8 30 6370 AA 93.02 77.29
K 96.65 82.74

OA 98.56 84.40

Figure 10 309 6091 AA 98.26 80.73
K 98.47 83.24

The results of this section validate the potential of the proposed methodology. These CAs were
produced using simple synthetic RGB image datasets for the training step of the ECAS-II method
and produce structures that when directly applied to multi-dimensional images result in satisfactory
segmentations considering hyperspectral images with different spatio-spectral characteristics.

7.2. Application to Real Benchmark Hyperspectral Images

After testing the segmentation capabilities of the ECAS-II generated MGCAs, this section aims to
verify their behavior in terms of segmentation over real images and seeks to compare the performance
of the proposed approach to that of other methods found in the literature. To this end, three benchmark
hyperspectral scenes were considered. The first hyperspectral image is the Pavia University scene,
which was recorded by the ROSIS-03 satellite sensor. This 610 x 340 pixel image includes 115 spectral
bands. The second one is from the AVIRIS sensor over Salinas Valley, CA, USA. It is a 512 x 217 pixel
image with 224 spectral bands. Finally, the third image we have used corresponds to the well-known
145 x 145 pixel and 200-band Indian Pines (Indiana) image recorded by the AVIRIS sensor.
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In order to produce segmenters for each scene using the ECAS-II algorithm, three different MGCAs
were trained using synthetic RGB images with similar feature parameters to those of the corresponding
hyperspectral images. All the CAs were evolved using the parameters shown in Table 1. The process
involved first normalizing the hyperspectral images in terms of intensity and then applying the SVM.
The SVM parameters (C and 7y) used, obtained by means of a five-fold cross validation procedure, are also
indicated in Table 3.

The class-specific accuracies for the ECAS-II + SVM and the raw SVM algorithms using in the training
procedure 25 samples of each class for the Pavia, Indiana and Salinas scenes, respectively, are presented
in Table 3 and the best results are shown in bold typeface. The number of samples per class for the
training process will also be limited to 80% of the samples in each class. The quantitative results show
accuracy improvements for most of the classes. In some cases, as for the shadows class in the Pavia image,
the accuracy is degraded by the application of ECAS-II. However, the classification of shadow classes is
very controversial. They do not represent a particular material (or spectral signature) by themselves as the
class may include many different spectra. This class is just a representation of pixels with lower spectral
intensity than the regular pixels in their corresponding classes.

Next, to quantitatively compare the classification results obtained for these scenes to other approaches,
a total of six methods were extracted from the literature: two pixel-wise classification techniques that
do not include spatial correlations in their processing (SVM and MLR [19]); two methods that use
local relationships among first-order neighboring pixels to correct spectral and spatial distortions as
a preprocessing step of a MLR model (ppMLR) [19], reducing noise and improving the class separability in
the spectral domain, and, as a postprocessing approach, working on the label image or class probabilities
obtained from a MLR classifier (MLRpr) [19]; and a collaborative representation-based nearest neighbor
(CRNN) algorithm [15], where the CR is computed by an [2-norm minimization with a Tikhonov
regularization matrix.

Figures 12a, 13a and 14a show a 2D angular transformation of each original hyperspectral image.
In these images, the value of each pixel corresponds to the spectral angle between its spectrum and
a reference one with all of its bands saturated. Figures 12b—g, 13b—g and 14b—g represent the final
classification results for the MLR, ppMLR, MLRpr, CRNN, SVM and ECASII-SVM algorithms when the
algorithm was trained using 3% of the samples of each class for the Pavia, Indiana and Salinas scenes.
In these figures, we have indicated the pixels that were misclassified using red dots. It can be clearly
appreciated that the classification methods that introduce contextual (spatial) information in the processing
of the images result in lower classification errors. In particular, the ECASII-SVM is the method with the
best performance for these images. Moreover, these visual results reveal that the application of the ECAS-II
MGCA prior to the SVM algorithm leads to a reduction of the misclassified pixels and that errors tend to
take place in concentrated areas.

For each hyperspectral scene, the classification algorithms under consideration were trained using
different percentages of samples for each class. The results with respect to overall accuracy, average
accuracy and kappa coefficient are plotted in Figures 15-17 showing that ECAS-II CAs followed by
an SVM pixel-wise classification stage provide very competitive results when compared to the selected
state-of-the-art classification algorithms.
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(b) (o) (d) (e)
. 1: Asphalt
2: Meadows
. 3: Gravel
4: Tree
. 5: Metal sheets
6: Base soil
7: Bitumen
. 8: Bricks
9: Shadows
() (8

Figure 12. 2D angular transformation of the original hyperspectral image (a) and the results of the
application of MLR (b); ppMLR (c); MLRpr (d); CRNN (e); SVM (f); and ECAS-II-SVM (g) classification
methods to the Pavia scene. Misclassified pixels are marked with red dots. The classification methods have

been trained using 3% of the samples of each class.

1: Alfalfa 2: Corn-notill

3: Corn-mintill 4: Corn

5: Grass-pasture 6: Grass-trees

7: Grass-mowed 8: Hay-windrowed

9: Oats 10: Soybean-notill

11: Soybean-mintill 12: Soybean-clean

13: Wheat . 14: Woods

15: Buildings-Grass 16: Stone-Steel-Towers

Figure 13. 2D angular transformation of the original hyperspectral image (a) and the results of the
application of MLR (b); ppMLR (c); MLRpr (d); CRNN (e); SVM (f); and ECAS-II-SVM (g) classification
methods to the Indiana scene. Misclassified pixels are marked with red dots. The classification methods
have been trained using 3% of the samples of each class.
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1: Weeds_1
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12: Lettuce Swk
13: Lettuce 6wk
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16: Vinyard trellis

21 of 32

Figure 14. 2D angular transformation of the original hyperspectral image (a) and the results of the
application of MLR (b); ppMLR (c); MLRpr (d); CRNN (e); SVM (f); and ECAS-II-SVM (g) classification
methods to the Salinas scene. Misclassified pixels are marked with red dots. The classification methods

have been trained using 10% of the samples of each class.

Table 3. Class specific accuracies (%) for the raw SVM and the ECAS-II + SVM algorithm in the case of

segmenting the Pavia, Indiana and Salinas Scenes.

No. of Total Samples

No. of Training Samples

Class-Specific Accuracies (%)

ECAS-II + SVM SVM
PAVIA SCENE (SVM parameters: C = 783.99, v = 3.70)

1: Asphalt 6631 199 97.65 90.27
2: Meadows 18,649 560 99.94 96.67
3: Gravel 2099 63 94.74 73.28
4: Tree 3064 92 91.55 92.36
5: Metal sheets 1345 41 98.54 99.46
6: Base soil 5029 151 99.45 87.27
7: Bitumen 1330 40 95.50 81.47
8: Bricks 3682 111 99.02 83.84
9: Shadows 947 29 53.92 99.89
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No. of Total Samples

No. of Training Samples

Class-Specific Accuracies (%)

ECAS-II + SVM SVM
INDIANA SCENE (SVM parameters: C = 512 ¢ = 0.5)
1: Alfalfa 46 2 88.64 34.09
2: Corn-notill 1428 43 86.86 62.53
3: Corn-mintill 830 25 82.98 54.78
4: Corn 237 8 69.43 34.06
5: Grass-pasture 483 15 89.53 80.34
6: Grass-trees 730 22 95.48 87.99
7: Grass-mowed 28 1 70.37 62.96
8: Hay-windrowed 478 15 99.78 96.11
9: Oats 20 1 100.00 31.58
10: Soybean-notill 972 30 76.54 64.86
11: Soybean-mintill 2455 74 93.74 74.97
12: Soybean-clean 593 18 82.96 45.04
13: Wheat 205 7 98.48 81.82
14: Woods 1265 38 99.92 90.46
15: Buildings-Grass 386 12 80.21 30.48
16: Stone-Steel-Towers 93 3 77.78 86.67
SALINAS SCENE (SVM parameters: C = 512 7 = 8)

1: Weeds 1 2009 61 100.00 96.66
2: Weeds 2 3726 112 99.94 99.78
3: Fallow 1976 60 100.00 99.01
4: Fallow plow 1394 42 99.48 99.04
5: Fallowsmooth 2678 81 99.50 98.84
6: Stubble 3959 119 99.79 99.51
7: Celery 3579 108 99.63 99.39
8: Grapes 11,271 339 94.77 89.22
9: Soil 6203 187 99.70 99.42
10: Corn 3278 99 96.45 93.08
11: Lettuce 4wk 1068 33 99.32 97.00
12: Lettuce 5wk 1927 58 100.00 99.73
13: Lettuce 6wk 916 28 97.18 97.75
14: Lettuce 7wk 1070 33 89.30 93.06
15: Vinyard untrained 7268 219 85.69 69.27
16: Vinyard trellis 1807 55 99.83 98.29

Finally, it is important to note that one of the most interesting features of Evolutionary and CA-based
approaches is that their concurrent calculation is straightforward. Therefore, implementations can be
provided that can achieve very good processing times over GPUs or other distributed processing platforms.
To provide some numbers on performance, as an indication of computational performance for this
approach, we have tested the algorithm both on a CPU based system using OpenMP and a GPU based
system with shared memory using CUDA. In the first case, the algorithm was run on a quad-core Intel
Core i5-3470 PC at 3.20 GHz with 8 GB of RAM using gcc 4.8.4 with OpenMP 3.0 support under Linux
14.04. The execution times in seconds were 206.57 for the Pavia image, 29.69 for the Indiana scene and
275.16 for the Salinas image. In the second case, we made use of a Kepler NVIDIA GeForce GTX Titan
with 14 SMXs and 192 CUDA cores each. The execution times here were much better, achieving 13.31 s for
the Pavia image, 3.21 for the Indiana scene and 15.72 for the Salinas image.
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Figure 15. Classification accuracies (%) for different algorithms applied to the Pavia scene using different
numbers of training samples.

0, 0, 0,
100 OA (%) 100 Kappa (%) 100 AA (%)
1]

” % " 90 [ /// g o MLR

§ g 805/ —&— MLRpr
80 =4 80 ~

o - - —w— ppMLR

70¢ £~ _ .4 70 -e” Y

’ T == A ! —a— ECASII + SYM
60 eof _e-==

) P —&— CRNN

50 50 40

2 4 6 8 10 2 4 6 8 10 2 4 6 8 10

Training samples Training samples Training samples
per class (%) per class (%) per class (%)

Figure 16. Classification accuracies (%) for different algorithms applied to the Indiana scene using different
numbers of training samples.

0, 0, 0,
100 OA (%) 100 Kappa (%) 100 AA (%)
1) n H
v v d -0~ MLR
9 9 98
957 954 4 ) —=&— MLRpr
re— =% e — ¢ : -
oo = _ o=~ 96 _ -7 —%— ppMLR
SN 5 - © ) i -0 SVM
90¢ © 90 === - - 5 = - —-- - =4
i 945~ —&— ECASII + SVM
L i —&— CRNN
85 85 92
2 4 6 8 10 2 4 6 8 10 2 4 6 8 10
Training samples Training samples Training samples
per class (%) per class (%) per class (%)

Figure 17. Classification accuracies (%) for different algorithms applied to the Salinas scene using different
numbers of training samples.

7.3. Application to Real Hyperspectral Images from the GII-HSEG Repository

This last experimental subsection has been included here to validate ECAS-II over hyperspectral
images with different spatial and spectral parameter descriptors to those of the Salinas, Pavia and Indiana
scenes. This would ensure that the ECAS-II strategy is valid independently of the type of hyperspectral
images to which it is applied.

The images from the GII-HSEG repository (Real hyperspectral images from the GII-HSEG repository
are available at http://gii.udc.es/gii_hyperspectral_repository) cover different types of scenarios: isolated
low-textured objects on a light background, isolated highly-textured regions on a light background,
adjacent highly-textured regions without a common background and objects half-buried under materials
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of great heterogeneity and profuse texture. Figure 18 graphically shows the spectral variations between
different scenes, by representing the image feature parameters in terms of the averaged intra-class distance
of each class vs. the averaged inter-class distance between each class and the rest of the classes in terms of
normalized spectral angle (between 0 and 1) for the Pavia, Indiana, Salinas scenes and some images from
the GII-HSEG repository (Figure 19). In this graph, it is easy to see that the hyperspectral image labeled as
real_texture_ID7 exhibits high intra-class distances (r;x,) keeping the inter-class distances (s;) low. On the
other hand, image real_fruit_ID1 presents low spectral distances between pixels belonging to the same
class, but the spectral distance between pixels from different classes is quite high. The idea here was to
select images aiming to complement the spectral parameter space. It can be noticed that there are no points
in the spectral parameter space for which 7,5, > s;. This is because of the difficulty of setting up a scene
in which pixels belonging to the same class are more spectrally heterogeneous than the spectral differences
between pixels from distinct classes. For a better grasp of Figure 18, in Figure 20, the spectra of some pixels
belonging to the real_texture_ID7, real_texture_ID12, mosaic_texture_ID15 and mosaic_texture_ID20 scenes
are shown. For each graph, the spectra of randomly selected pixels belonging to a certain class from the
corresponding scene are plotted in color following the legend of Figure 18, while the spectra from the
remaining classes for the same scene are plotted in black. It is worth noting that, for example, in the case
of the real_texture_ID7 scene, the spectral distances between pixels belonging to the same selected class are
almost the same as the ones with respect to pixels from the remaining classes, which is in line with a high
value of 7,5y, and a low value of s;.
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Figure 18. Averaged inter-class distance (y-axis) between each class and the rest of the classes vs. averaged
intra-class distance (x-axis) of each class in terms of normalized spectral angle between 0 and 1 for the
Pavia, Indiana, and Salinas scenes and selected images from the GII-HSEG repository.
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Figure 19. RGB false-color composition of hyperspectral images used in Figure 18.
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Figure 20. Spectra of pixels from the real_texture_ID7, real_texture_ID12, mosaic_texture_ID15 and
mosaic_texture_ID20 scenes. For each graph, spectra of randomly selected pixels belonging to certain
classes from the corresponding scene are plotted in color following the legend of Figure 18, while spectra
from the remaining classes for the same scene are plotted in black.

From these twelve hyperspectral scenes, we have selected five images in order to assess the validity of
the ECAS-II method. These images have been classified using an SVM algorithm with the specific C and
parameters shown in Table 4, which were selected through a five-fold cross-validation procedure. The SVM
algorithm has been applied pixel-wise to the original data cube and the segmented image provided by the
ECAS-II CA. The SVM method has been trained and applied 10 times using different training samples.
The averaged accuracy performances obtained are shown in Table 4.

In this section, the segmentation step has been carried out using three different evolved MGCAs,
the first one to segment image real_fruit_ID1, the second one to segment image real_pasta_sepiolite_ID3 and
the third one to segment images real_texture_ID7, real_texture_ID9 and real_texture_ID12.

Visual results for all the images are displayed in Figure 21. The images of Figure 21a show the RGB
false-color composition for each scene. Figure 21b,c depict a 2D transformation of the original scenes and
the segmentation results provided by ECAS-II. The ground truths are presented in Figure 21c and their
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legends are displayed above the row corresponding to each scene. Figure 21e,f represent the SVM based
classification applied to both the original scene and the segmented one provided by ECAS-IL. In these last
images, only the labeled areas are colored in gray and misclassified pixels are colored in red of varying
intensity (a brighter red pixel means that it has been misclassified more times when the SVM algorithm
has been repeatedly applied 10 times).

All of the SVM results applied to the original or segmented scenes demonstrate that the selected
use cases (discrimination between types of fruits, degree of ripeness, etc.) are appropriate to benefit
from hyperspectral technology. The improvement that the ECAS-II segmentation step introduces in the
accuracy performances depends on the spatial and spectral characteristics of the scene. When the regions
exhibit high levels of spatio-spectral textures, the inclusion of spatial information is highly relevant in
order to obtain better classification performances. This is more noticeable in the real_pasta_sepiolite_ID3
and real_texture_ID12 images, where the increase in the accuracy measurements is Ax = 20.13%,
AOA = 14.97%, AAA = 12.68% and Ax = 32.33%, AOA = 19.07%, AAA = 24.61%, respectively.
In the real_pasta_sepiolite_ID3 image, the difference between sepiolite and perfumed sepiolite classes is
an added purple-colored component of much lower granularity that gives off the smell of the perfumed
sepiolite and is responsible for the salt-and-pepper noise in the classification result of directly applying the
SVM to the original scene. In image real_texture_ID12, the fact that objects are half-buried poses a further
difficulty for the classification task, and the reason for the worst result in terms of accuracy performances
for the SVM applied to the original image. However, the inclusion of spatial information by means of the
ECAGS-II segmentation step significantly improves the classification accuracies for these cases.

Table 4. Classification accuracies (%) for the raw SVM and the ECAS-II + SVM algorithm applied to real
hyperspectral images from the GII-HSEG repository.

C v No. of Training Samples No. of Test Samples « (%) OA (%) AA (%)
real_fruit_ID1:
SVM 82.76 87.41 86.18
SVM + ECAS-II Sz 00312 103 o884 87.47 90.85 89.31

real_pasta_sepiolite_ID3:

SVM 71.60 78.86 81.24
SVM + ECAS-II o12 05 408 19,886 91.73 93.83 93.92

real_texture_ID7:

SVM 88.44 91.06 81.37
SVM + ECAS-II >12 05 803 39,197 91.24 93.18 90.78

real_texture_ID9:

SVM 82.31 86.30 85.02
SVM + ECAS-II S12 0.0312 804 39,196 92.38 94.10 93.95

real_texture_ID12:

SVM 46.07 68.03 43.92
SVM + ECAS-II 32 2 51 908 78.40 87.10 68.53
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Figure 21. RGB false-color composition (a); 2D transformation of the original scene (b) and of the segmented
image provided by ECAS-II (c); ground truth (d); SVM based pixel classification applied to the original
scene (e); and to the segmented image provided by ECAS-II (f) showing only the labeled areas and marking
misclassified pixels with red dots (a brighter red pixel means that it has been misclassified more times after
applying the SVM algorithm 10 times).
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8. Conclusions

This paper has addressed a series of issues present in hyperspectral, or generally multidimensional,
image segmentation processes, such as the lack of appropriately labeled reference images,
the user/application dependence of the required segmentation, or the use of all the information provided
by the high dimensionality of the images. To this end, the paper describes a strategy involving a specifically
designed dimension independent Cellular Automata based structure we have called Multi-Gradient based
Cellular Automata (MGCA) and an evolutionary approach, called ECAS-II, that is able to generate the
appropriate transition rules for MGCAs from low dimensional synthetic training images. These images
are created online from the parametrization of certain characteristics of the real images to be processed.
The combined approach has been tested over synthetic and real images, demonstrating the segmentation
capabilities of the MGCAs obtained using the ECAS-II algorithm.

A series of application conclusions can be derived from different points of view. First, and regarding
general issues, ECAS-II segmenters can operate over multi-dimensional images with different numbers of
spectral bands. In this work, the MGCAs used have been evolved using RGB images. After that, they have
been applied to synthetic images consisting of 64 bands, as well to hyperspectral images with different
numbers of bands (115, 200 and 224 bands). In all cases, the performance results verify the applicability of
the method to multi-dimensional images.

It is also important to note that the segmentation MGCAs obtained this way avoid projecting
information onto lower dimensionalities during the segmentation process, which could lead to information
loss in some cases. They work by modifying the whole spectrum, as shown in Figure 9 and Figure 11,
which illustrate that the effect is indeed a gradual spectral modification of pixels that belong to the same
region, achieving this way spectral homogenization.

On the other hand, and regarding image dependent issues, the methodology followed to tune the
transition rules of the MGCA makes it possible to obtain CA segmenters that can adapt to images with
different spectral and spatial features. In all the test cases, the inclusion of the ECAS-II segmenters in the
processing chain improves the classification accuracy results. The amount of improvement produced by
the application of the ECAS-II generated MGCAs depends on the intrinsic characteristics of the images,
as well as on the type of noise or artifacts present in the hyperspectral image being processed. In this line,
ECAS-II MGCA segmenters will be more efficient when spatial information is key to performing a more
robust classification. This can be appreciated in Figures 15-17 and Table 3 (benchmark images) and in
Table 4 (images captured with our own imager). From the benchmark hyperspectral images, the Indiana
scene is the noisiest and lowest-resolution image considered in the experimental section and, consequently,
for this image, the inclusion of spatial information is crucial to perform an accurate segmentation and
classification. Concerning the images selected from the GII-HSEG image repository, images labeled
as real_pasta_sepiolite_ID3 and real_texture_ID12 exhibit highly-textured regions and consequently the
inclusion of the segmentation step provided by the ECAS-II algorithm results in a AOA = 14.97% and
AOA = 19.07% increase, respectively.

Additionally, the non-uniformities present in a hyperspectral image can derive from artifacts and
noise in the acquisition process, changing lighting conditions or spectral mixtures. These non-uniformities
are also highly relevant to the performance of the segmentation and classification process. In Section 7.1,
the ECAS-1I method was tested using synthetic hyperspectral images created with a high level of random
noise and with a high level of spectral mixtures. In both cases, the classification performance (Table 2)
is higher (AOA =~ 14%) when the ECAS-II MGCA step is introduced. These initial data indicate that
performance is better in the case of spectral mixtures.
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Finally, the algorithm was compared to state-of-the-art classification methods by means of its
application to the segmentation of real hyperspectral images. In this respect, it has been shown that
the ECAS-II + SVM algorithm provides very competitive results.

Author Contributions: B.P. and R.J.D. contributed to the design and implementation of the research, to the analysis of
the results and to the writing of the manuscript.

Funding: This research was funded by the MINECO and MCIU of Spain and European Regional Development Funds
under grants TIN2015-63646-C5-1-R and RT12018-101114-B-I00 as well as by the Xunta de Galicia under grant ED431C
2017/12.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hughes, G.P. On the mean accuracy of statistical pattern recognizers. IEEE Trans. Inf. Theory 1968, 14, 55-63.
[CrossRef]

2. Jackson, Q.; Landgrebe, D. An adaptive classifier design for high-dimensional data analysis with a limited
training data set. IEEE Trans. Geosci. Remote Sens. 2001, 39, 2664-2679. [CrossRef]

3. Krishnapuram, B.; Carin, L.; Figueiredo, M.A.; Hartemink, A.J. Sparse multinomial logistic regression:
Fast algorithms and generalization bounds. IEEE Trans. Pattern Anal. Mach. Intell. 2005, 27, 957-968. [CrossRef]
[PubMed]

4. Du, Q; Chang, CI A linear constrained distance-based discriminant analysis for hyperspectral image
classification. Pattern Recognit. 2001, 34, 361-373. [CrossRef]

5. Li, W,; Prasad, S.; Fowler, J.E.; Bruce, L.M. Locality-preserving dimensionality reduction and classification for
hyperspectral image analysis. IEEE Trans. Geosci. Remote Sens. 2012, 50, 1185-1198. [CrossRef]

6. A, CM. Using vegetation reflectance variability for species level classification of hyperspectral data. Int. J. Remote
Sens. 2000, 21, 2075-2087. [CrossRef]

7. Guilfoyle, K.J.; Althouse, M.L.; Chang, C.I. A quantitative and comparative analysis of linear and nonlinear
spectral mixture models using radial basis function neural networks. IEEE Trans. Geosci. Remote Sens. 2001,
39, 2314-2318. [CrossRef]

8.  Bardossy, A.; Samaniego, L. Fuzzy rule-based classification of remotely sensed imagery. IEEE Trans. Geosci.
Remote Sens. 2002, 40, 362-374. [CrossRef]

9. Gualtieri, J.A,; Cromp, R.F. Support vector machines for hyperspectral remote sensing classification. In Proceedings
of the 27th AIPR Workshop: Advances in Computer-Assisted Recognition, Washington, DC, USA, 14-16 October
1998; pp. 221-232.

10. Gualtieri, J.; Chettri, S. Support Vector Machines for classification of hyperspectral data. In Proceedings of
the IEEE 2000 International Geoscience and Remote Sensing Symposium, Honolulu, HI, USA, 24-28 July 2000;
Volume 2, pp. 813-815.

11. Mercier, G.; Lennon, M. Support vector machines for hyperspectral image classification with spectral-based
kernels. In Proceedings of the 2003 IEEE International Geoscience and Remote Sensing Symposium, IGARSS’03,
Toulouse, France, 21-25 July 2003; Volume 1, pp. 288-290.

12.  Camps-Valls, G.; Gémez-Chova, L.; Calpe-Maravilla, J.; Martin-Guerrero, ].D.; Soria-Olivas, E.; Alonso-Chord4,
L.; Moreno, J. Robust support vector method for hyperspectral data classification and knowledge discovery.
IEEE Trans. Geosci. Remote Sens. 2004, 42, 1530-1542. [CrossRef]

13. Camps-Valls, G.; Bruzzone, L. Kernel-based methods for hyperspectral image classification. IEEE Trans. Geosci.
Remote Sens. 2005, 43, 1351-1362. [CrossRef]

14. Ma, L.; Crawford, M.M.; Tian, ]. Local manifold learning-based k-nearest-neighbor for hyperspectral image
classification. IEEE Trans. Geosci. Remote Sens. 2010, 48, 4099-4109. [CrossRef]

15. Li, W,; Du, Q.; Zhang, F; Hu, W. Collaborative-representation-based nearest neighbor classifier for hyperspectral
imagery. IEEE Geosci. Remote Sens. Lett. 2015, 12, 389-393. [CrossRef]


http://dx.doi.org/10.1109/TIT.1968.1054102
http://dx.doi.org/10.1109/36.975001
http://dx.doi.org/10.1109/TPAMI.2005.127
http://www.ncbi.nlm.nih.gov/pubmed/15943426
http://dx.doi.org/10.1016/S0031-3203(99)00215-0
http://dx.doi.org/10.1109/TGRS.2011.2165957
http://dx.doi.org/10.1080/01431160050021303
http://dx.doi.org/10.1109/36.957296
http://dx.doi.org/10.1109/36.992798
http://dx.doi.org/10.1109/TGRS.2004.827262
http://dx.doi.org/10.1109/TGRS.2005.846154
http://dx.doi.org/10.1109/TGRS.2010.2055876
http://dx.doi.org/10.1109/LGRS.2014.2343956

Sensors 2019, 19, 2887 30 of 32

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Lu, D; Weng, Q. A survey of image classification methods and techniques for improving classification
performance. Int. . Remote Sens. 2007, 28, 823-870. [CrossRef]

Jackson, Q.; Landgrebe, D. Adaptive Bayesian contextual classification based on Markov random fields.
IEEE Trans. Geosci. Remote Sens. 2002, 40, 2454-2463. [CrossRef]

Tarabalka, Y.; Fauvel, M.; Chanussot, J.; Benediktsson, J.A. SVM-and MRF-based method for accurate
classification of hyperspectral images. IEEE Geosci. Remote Sens. Lett. 2010, 7, 736-740. [CrossRef]

Li, J.; Khodadadzadeh, M.; Plaza, A; Jia, X; Bioucas-Dias, ].M. A discontinuity preserving relaxation scheme for
spectral-spatial hyperspectral image classification. IEEE |. Sel. Top. Appl. Earth Obs. Remote Sens. 2016, 9, 625-639.
[CrossRef]

Huo, L.Z.; Tang, P. Spectral and spatial classification of hyperspectral data using SVMs and Gabor textures.
In Proceedings of the 2011 IEEE International Geoscience and Remote Sensing Symposium (IGARSS), Vancouver,
BC, Canada, 24-29 July 2011; pp. 1708-1711.

Shen, L.; Jia, S. Three-dimensional Gabor wavelets for pixel-based hyperspectral imagery classification.
IEEE Trans. Geosci. Remote Sens. 2011, 49, 5039-5046. [CrossRef]

Ye, Z.; Prasad, S.; Li, W.; Fowler, J.E.; He, M. Classification based on 3-D DWT and decision fusion for
hyperspectral image analysis. IEEE Geosci. Remote Sens. Lett. 2014, 11, 173-177. [CrossRef]

Tang, Y.Y; Lu, Y;; Yuan, H. Hyperspectral image classification based on three-dimensional scattering wavelet
transform. IEEE Trans. Geosci. Remote Sens. 2015, 53, 2467-2480. [CrossRef]

Li, W.; Chen, C.; Su, H.; Du, Q. Local binary patterns and extreme learning machine for hyperspectral imagery
classification. IEEE Trans. Geosci. Remote Sens. 2015, 53, 3681-3693. [CrossRef]

Ye, Z.; Fowler, J.E.; Bai, L. Spatial-spectral hyperspectral classification using local binary patterns and Markov
random fields. J. Appl. Remote Sens. 2017, 11, 035002. [CrossRef]

Pesaresi, M.; Benediktsson, J.A. A new approach for the morphological segmentation of high-resolution satellite
imagery. Geosci. Remote Sens. IEEE Trans. 2001, 39, 309-320. [CrossRef]

Benediktsson, J.A.; Pesaresi, M.; Amason, K. Classification and feature extraction for remote sensing images
from urban areas based on morphological transformations. IEEE Trans. Geosci. Remote Sens. 2003, 41, 1940-1949.
[CrossRef]

Benediktsson, J.A.; Palmason, J.A.; Sveinsson, J.R. Classification of hyperspectral data from urban areas based on
extended morphological profiles. IEEE Trans. Geosci. Remote Sens. 2005, 43, 480—491. [CrossRef]

Fauvel, M.; Benediktsson, J.A.; Chanussot, J.; Sveinsson, ].R. Spectral and spatial classification of hyperspectral
data using SVMs and morphological profiles. IEEE Trans. Geosci. Remote Sens. 2008, 46, 3804-3814. [CrossRef]
Ghamisi, P.; Souza, R.; Benediktsson, J.A.; Zhu, X.X,; Rittner, L.; Lotufo, R.A. Extinction profiles for the
classification of remote sensing data. IEEE Trans. Geosci. Remote Sens. 2016, 54, 5631-5645. [CrossRef]
Rodarmel, C.; Shan, J. Principal component analysis for hyperspectral image classification. Surv. Land Inf. Sci.
2002, 62, 115-122.

Plaza, J.; Plaza, A.].; Barra, C. Multi-channel morphological profiles for classification of hyperspectral images
using support vector machines. Sensors 2009, 9, 196-218. [CrossRef]

Falco, N.; Benediktsson, J.A.; Bruzzone, L. Spectral and Spatial Classification of Hyperspectral Images Based
on ICA and Reduced Morphological Attribute Profiles. IEEE Trans. Geosci. Remote Sens. 2015, 53, 6223-6240.
[CrossRef]

Dalla Mura, M.; Atli Benediktsson, J.; Waske, B.; Bruzzone, L. Extended profiles with morphological attribute
filters for the analysis of hyperspectral data. Int. J. Remote Sens. 2010, 31, 5975-5991. [CrossRef]

Marpu, PR.; Pedergnana, M.; Mura, M.D.; Benediktsson, ].A.; Bruzzone, L. Automatic generation of standard
deviation attribute profiles for spectral-spatial classification of remote sensing data. IEEE Geosci. Remote Sens.
Lett. 2013, 10, 293-297. [CrossRef]

Ghamisi, P.; Benediktsson, ]J.A.; Cavallaro, G.; Plaza, A. Automatic framework for spectral-spatial classification
based on supervised feature extraction and morphological attribute profiles. IEEE ]. Sel. Top. Appl. Earth Obs.
Remote Sens. 2014, 7, 2147-2160. [CrossRef]


http://dx.doi.org/10.1080/01431160600746456
http://dx.doi.org/10.1109/TGRS.2002.805087
http://dx.doi.org/10.1109/LGRS.2010.2047711
http://dx.doi.org/10.1109/JSTARS.2015.2470129
http://dx.doi.org/10.1109/TGRS.2011.2157166
http://dx.doi.org/10.1109/LGRS.2013.2251316
http://dx.doi.org/10.1109/TGRS.2014.2360672
http://dx.doi.org/10.1109/TGRS.2014.2381602
http://dx.doi.org/10.1117/1.JRS.11.035002
http://dx.doi.org/10.1109/36.905239
http://dx.doi.org/10.1109/TGRS.2003.814625
http://dx.doi.org/10.1109/TGRS.2004.842478
http://dx.doi.org/10.1109/TGRS.2008.922034
http://dx.doi.org/10.1109/TGRS.2016.2561842
http://dx.doi.org/10.3390/s90100196
http://dx.doi.org/10.1109/TGRS.2015.2436335
http://dx.doi.org/10.1080/01431161.2010.512425
http://dx.doi.org/10.1109/LGRS.2012.2203784
http://dx.doi.org/10.1109/JSTARS.2014.2298876

Sensors 2019, 19, 2887 31 of 32

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Camps-Valls, G.; Gomez-Chova, L.; Mufioz-Mari, J.; Vila-Francés, J.; Calpe-Maravilla, J. Composite kernels for
hyperspectral image classification. IEEE Geosci. Remote Sens. Lett. 2006, 3, 93-97. [CrossRef]

Camps-Valls, G.; Bruzzone, L. Kernel Methods for Remote Sensing Data Analysis; John Wiley & Sons: New York,
NY, USA, 2009.

Li, J.; Reddy Marpu, P,; Plaza, A.; Bioucas-Dias, ].M.; Atli Benediktsson, ]J. Generalized composite kernel
framework for hyperspectral image classification. IEEE Trans. Geosci. Remote Sens. 2013, 51, 4816-4829.
[CrossRef]

Mirzapour, F.; Ghassemian, H. Improving hyperspectral image classification by combining spectral, texture,
and shape features. Int. ]. Remote Sens. 2015, 36, 1070-1096.

Ma, X.; Geng, ].; Wang, H. Hyperspectral image classification via contextual deep learning. EURASIP . Image
Video Process. 2015, 2015, 20. [CrossRef]

Tao, C.; Pan, H.; Li, Y;; Zou, Z. Unsupervised spectral-spatial feature learning with stacked sparse autoencoder
for hyperspectral imagery classification. IEEE Geosci. Remote Sens. Lett. 2015, 12, 2438-2442.

Kemker, R.; Kanan, C. Self-taught feature learning for hyperspectral image classification. IEEE Trans. Geosci.
Remote Sens. 2017, 55, 2693-2705. [CrossRef]

Landgrebe, D.A. Signal Theory Methods in Multispectral Remote Sensing; John Wiley & Sons: New York, NY, USA,
2005; Volume 29.

Tarabalka, Y.; Benediktsson, J.A.; Chanussot, ]. Spectral-spatial classification of hyperspectral imagery based on
partitional clustering techniques. IEEE Trans. Geosci. Remote Sens. 2009, 47, 2973-2987. [CrossRef]

Tarabalka, Y.; Chanussot, J.; Benediktsson, J.A. Segmentation and classification of hyperspectral images using
watershed transformation. Pattern Recognit. 2010, 43, 2367-2379. [CrossRef]

Tilton, J.C.; Tarabalka, Y.; Montesano, PM.; Gofman, E. Best merge region-growing segmentation with integrated
nonadjacent region object aggregation. IEEE Trans. Geosci. Remote Sens. 2012, 50, 4454—4467. [CrossRef]

Fauvel, M.; Tarabalka, Y.; Benediktsson, J.A.; Chanussot, J.; Tilton, ].C. Advances in spectral-spatial classification
of hyperspectral images. Proc. IEEE 2013, 101, 652-675. [CrossRef]

Huang, G.B.; Zhu, Q.Y.; Siew, C.K. Extreme learning machine: Theory and applications. Neurocomputing 2006,
70, 489-501. [CrossRef]

Lépez-Fandifo, J.; Quesada-Barriuso, P.; Heras, D.B.; Argtiello, F. Efficient ELM-Based Techniques for the
Classification of Hyperspectral Remote Sensing Images on Commodity GPUs. IEEE . Sel. Top. Appl. Earth Obs.
Remote Sens. 2015, 8, 2884-2893. [CrossRef]

Neumann, J.V; Burks, A.W. Theory of self-reproducing automata. IEEE Trans. Neural Netw. 1966, 5, 3—14.
Ganguly, N.; Sikdar, B.; Deutsch, A.; Canright, G.; Chaudhuri, P. A Survey on Cellular Automata; Technical Report
9; Centre for High Performance Computing, Dresden University of Technology: Dresden, Germany, 2003.
Wang, D.; Kwok, N.; Jia, X.; Fang, G. A cellular automata approach for superpixel segmentation. In Proceedings
of the 2011 4th International Congress onlmage and Signal Processing (CISP), Shanghai, China, 15-17 October
2011; Volume 2, pp. 1108-1112.

Kauffmann, C.; Piché, N. Seeded ND medical image segmentation by cellular automaton on GPU. Int. ]. Comput.
Assist. Radiol. Surg. 2010, 5, 251-262. [CrossRef] [PubMed]

Gallego, J.; Hernandez, C.; Grafia, M. A morphological cellular automata based on morphological independence.
Log. J. IGPL 2012, 20, 617-624. [CrossRef]

Lee, M,; Bruce, L.M. Applying cellular automata to hyperspectral edge detection. In Proceedings of the 2010
IEEE InternationalGeoscience and Remote Sensing Symposium (IGARSS), Honolulu, HI, USA, 25-30 July 2010;
pp. 2202-2205.

Quesada-Barriuso, P.; Argtiello, F.; Heras, D.B. Efficient segmentation of hyperspectral images on commodity
GPUs. KES 2012, 243, 2130-2139.

Priego, B.; Souto, D.; Bellas, F.; Duro, R.J. Hyperspectral image segmentation through evolved cellular automata.
Pattern Recognit. Lett. 2013, 34, 1648-1658. [CrossRef]


http://dx.doi.org/10.1109/LGRS.2005.857031
http://dx.doi.org/10.1109/TGRS.2012.2230268
http://dx.doi.org/10.1186/s13640-015-0071-8
http://dx.doi.org/10.1109/TGRS.2017.2651639
http://dx.doi.org/10.1109/TGRS.2009.2016214
http://dx.doi.org/10.1016/j.patcog.2010.01.016
http://dx.doi.org/10.1109/TGRS.2012.2190079
http://dx.doi.org/10.1109/JPROC.2012.2197589
http://dx.doi.org/10.1016/j.neucom.2005.12.126
http://dx.doi.org/10.1109/JSTARS.2014.2384133
http://dx.doi.org/10.1007/s11548-009-0392-0
http://www.ncbi.nlm.nih.gov/pubmed/20033502
http://dx.doi.org/10.1093/jigpal/jzr003
http://dx.doi.org/10.1016/j.patrec.2013.03.033

Sensors 2019, 19, 2887 32 of 32

59.

60.

61.

62.

63.

Priego, B.; Bellas, F.; Duro, R.J. ECAS-II: A hybrid algorithm for the construction of multidimensional image
segmenters. In Proceedings of the 2015 International Joint Conference on Neural Networks (IJCNN), Killarney,
Ireland, 12-17 July 2015; pp. 1-8.

Priego, B.; Bellas, F.; Duro, R.J. Evolving Cellular Automata to Segment Hyperspectral Images Using Low
Dimensional Images for Training. In Bioinspired Computation in Artificial Systems; Springer: Cham, Switzerland,
2015; pp. 117-126.

Storn, R.; Price, K. Differential evolution—A simple and efficient heuristic for global optimization over continuous
spaces. J. Glob. Optim. 1997, 11, 341-359. [CrossRef]

Priego, B. A Comprehensive Approach for the Efficient Acquisition and Processing of Hyperspectral Images and
Sequences. Ph.D. Thesis, Universidade da Corufia, Corufia, Spain, 2017.

Chang, C.C; Lin, C.J. LIBSVM: A library for support vector machines. ACM Trans. Intell. Syst. Technol. (TIST)
2011, 2, 27. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution (CC

BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1023/A:1008202821328
http://dx.doi.org/10.1145/1961189.1961199
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Related Work
	Multi-Gradient Based Cellular Automata
	Cellular Automata
	General Operation of MGCA
	Spectral Distance Measure
	Deciding on the Appropriate Update Rule
	Updating the State of the CA

	ECAS-II: Evolving the Cellular Automata
	Introduction
	Differential Evolution
	Evaluation of Individuals and Fitness Function

	ECAS-II: Creating the Training Image Dataset
	Classification Step Using SVM
	Application of ECAS-II Generated MGCAs + SVM to Hyperspectral Images
	Application to Synthetic Hyperspectral Images
	Application to Real Benchmark Hyperspectral Images
	Application to Real Hyperspectral Images from the GII-HSEG Repository

	Conclusions
	References

