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Abstract: Classification is an important topic in synthetic aperture radar (SAR) image processing
and interpretation. Because of speckle and imaging geometrical distortions, land cover mapping is
always a challenging task especially in complex landscapes. In this study, we aim to find a robust
and efficient method for polarimetric SAR (PolSAR) image classification. The Markov random
field (MRF) has been widely used for capturing the spatial-contextual information of the image.
In this paper, we firstly introduce two ways to construct the Wishart mixture model and compare
their performances using real PoISAR data. Then, the better mixture model and two other classical
statistically distributions are combined with MRF to construct the MRF models. In order to improve
the robustness of the models, the constant false alarm rate (CFAR)-based edge penalty term and
an adaptive neighborhood system are embedded into the MRF energy functional. Classification is
implemented in two schemes, i.e., pixel-based and region-based classifications. Finally, agriculture
fields are used as the test scenario to evaluate the robustness and applicability of these algorithms.

Keywords: polarimetric synthetic aperture radar; image classification; statistics; Markov random
field; mixture model

1. Introduction

Due to the all-weather and all-day high-resolution imaging capability, synthetic aperture radar
(SAR) is widely favored in the field of remote sensing and has become an indispensable and important
branch of remote sensing information acquisition technology. The SAR system acquires the scattering
characteristics of ground targets in a specific transmitting and receiving polarization, which is a
single channel system. Polarimetric SAR (PolSAR) offers multichannel information, and the fully or
quad polarimetric SAR systems allow the complete backscattering characterization of scatterers [1,2].
Polarimetric information greatly improves the application capabilities of satellite SAR systems [3,4].
Classification is an important step in image analysis and interpretation, which is also a research hotspot
in many applications. However, polarimetric SAR data acquired from different terrain types have
different statistics, which causes difficulties in PoISAR image classification.

In 1988, Kong J A et al. [5] developed a systematic approach for PolSAR image classification.
They proposed that land cover classification aims to assign pixels into different classes. Since then,
many researchers continued the research, and many classification algorithms have been proposed.
According to the different features used, polarimetric SAR image classification methods can be
summarized into two categories: classification based on statistical properties and classification based
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on polarization scattering mechanisms [6,7]. The classification based on statistical properties is derived
from the statistical models of PolSAR data. Statistical properties have an indispensable effect on
classification tasks. In 1994, Lee ] S et al. [8] proposed the Wishart distribution-based maximum
likelihood (ML) classifier, which is the most widely used statistical model-based method for PolSAR
images. However, this distribution only applies well to homogeneous regions. For the textural regions,
the product models were developed. The earliest study of the product model was the K distribution
proposed by Jao J [9]. Then, Lee J S et al. [10] proved that multi-look PolSAR data also obey the K
distribution. In 2005, Freitas C C et al. [11] proposed the G-distribution, which has a better description
for the heterogeneous regions. In addition to using a single distribution model for the heterogenous
areas, many mixture models have also been proposed [12], in which the Wishart mixture model is a
widely used and effective finite mixture model for PolSAR data [13,14]. The superiority of mixture
models has been verified by many studies [12-15]. However, these methods do not consider the spatial
information of the image.

The Markov random field (MRF) [16] is a representative algorithm framework that can fully
consider spatial contextual information. MRF has long been used for both optic and SAR image
classification. In 1995, Yamazaki et al. [17] developed a hierarchical Markov random field (MRF) model
that consisted of the observed intensity process and the hidden class label process for remote sensing
images and textured images. Deng H et al. [18] developed an anisotropic circular Gaussian MRF
(ACGMRF) model for image classification. This model has proven to have statistical improvement.
Dong Y et al. [19] first applied MRF to PolSAR image classification. Then, Wu et al. [20] combined
the region-based over-segmentation with MRF to implement the PolSAR image classification. For the
limitations of the auxiliary label field, Liu et al. [21] proposed the triple Markov field (TMF) and its
improved model for PoISAR data. Shi] et al. [22] proposed an adaptive MRF framework based on a
polarimetric sketch map, which can preserve image details. In 2016, Masjedi A et al. [23] related the
Markovian energy-difference function to the SVM classifier. It has been proven that the speckle effect
on the classified map is greatly reduced when using the contextual classifier. Li et al. [24] proposed a
Gaussian mixture model (GMM)-MRF method, which combines GMM with the spatial-contextual
information of images modeled by MRF, where the GMM serves as a likelihood classifier in the
MREF framework. Song et al. [25] proposed a mixture WGI'-MRF (MWGI'-MRF) model for PolSAR
image classification. By introducing the MRF model into each component of the WGI'MM model, the
spatial-contextual information of images can be better captured.

In this study, we focus on the MRF-based models for PolSAR image classification. The Wishart,
K-Wishart, and mixture distributions are considered, and the mixture strategies are compared. In order
to improve the robustness and effectiveness of the method, we employ the adaptive neighborhood
system in the MRF model, as well as the edge penalty term used to locate the image edges accurately.
Finally, the MRF-based methods are implemented in both pixel-based and region-based classifications.

The remainder of this study is organized as follows. Section 2 introduces the statistical models
and the MRF model. In Section 3, we introduce two classification schemes, which are the pixel-based
classification and the region-based classification. In Section 4, classification is performed and evaluated
on data of agricultural field areas. We conclude this study in Section 5.

2. MRF-Based Classification Models

2.1. Statistical Models

Statistical modeling is a key problem in random field models. Constructing an accurate statistical
distribution has been the research focus in the field of polarimetric SAR image processing. Many statistical
models have been proposed for polarimetric SAR data, in which the Wishart distribution is an efficient
and widely used model.
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For homogeneous regions in multi-look PolSAR images, the polarimetric covariance matrix
C = {Cy, Cy,...Cn} obeys the Wishart distribution [26],
LM Ci|" exp{-LT#(Z71C;)}

PY(c -
R(L,q)IZ|

i / @
where Tr(-) stands for trace of a matrix, L denotes the number of looks, ¢ is the number of channels,
and X is the mean covariance matrix. R(L,q) = n99-D/21(L)...T(L —q + 1) is the scaling function
with a Gamma function T'(+).

The complex Wishart distribution is simple and easy to calculate. In 1994, Lee J S et al. [10] used
the Gamma distribution to derive the K distribution for the covariance matrix and then combined it
with the Wishart distribution to derive the K-Wishart distribution. The K-Wishart distribution is better
at modeling textural areas, which combines the Gamma distribution as the texture component and the
Wishart distribution as the speckle component,

L= a+Lg oL
PK(C;) = #’(;w(m)z (T(=710)) T Kooag2yLoTo(z ), @

where K(-) is the second modified Bessel function with order p and « is the shape parameter.

The K-Wishart distribution is not only suitable for describing homogeneous areas, but also applied
well for heterogeneous areas, for which the probability distribution is not fitted well by the complex
Wishart distribution. It has a better fitting agreement with the real data even for the extremely
heterogeneous regions.

2.2. Mixture Strategies

Sometimes, the data we are trying to model are complex, in which case the mixture distribution is
usually used. Mixture models can better describe heterogeneous regions in polarimetric SAR images.
The Wishart distribution is widely used to model the fully developed speckle. For areas with less
developed speckle, we use a mixture of Wishart distributions to fit the statistics. In this section,
we consider two strategies to form the mixture models. One is to model the whole image by using a
Wishart mixture model, and the other is to model a class by using a Wishart mixture model. Real data
are used to evaluate the performance of mixture strategies. Then, the better mixture strategy will be
combined with MRF to develop the spatial-contextual classifier.

2.2.1. Mixture Wishart for a Whole Image

The finite mixture model [12] was proposed to consider the polarimetric information and the
spatial context fully. Compared to the traditional Wishart distribution, a mixture of Wishart models
can better model the heterogeneous regions [12-15,27].

Each component of the mixture model corresponds to a specific cluster. Then, the number of
components equals the number of classes, i.e.,

K
PY(C) = k§l mp™ (Ci)

K LGt expl-LTr(Z71C;
s
k=1 R(L,g)|Z]

®)

where Xy, k = 1,2,...,K is the mean covariance matrix of each cluster. my is the weight of each

K
component, which should satisfy }, m; = 1and m; > 0. The expectation-maximization (EM) algorithm
k=1
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is adopted to update the variables Xy and m;. According to the EM algorithm, the parameters can be
estimated by maximizing the log-likelihood function as follows:

Zl\il KﬂkPW(Ci) i
Zk _ = Zk:1 nkpw(ci) (4)
N upW(C)
=1 K mpW(C)

N W
1 e C;
T = N E %, (5)

where N is the number of pixels of the whole image.

2.2.2. Mixture Wishart for a Class

The method mentioned above is to model the whole image by using a mixture model, with each
mixture component corresponding to a cluster. Therefore, each class is essentially described by a single
component distribution. Gao W [14] proposed another way to form the mixture distribution, which
uses a set of components to present the distribution density for a single class. For class k, the Wishart
mixture distribution is generated by M Wishart components,

M
P(C) = X mhp"(C)

_ % ok LLq|ci|L*ﬂexp[—nTr(Eﬁf\Ci)}
e R(Lg)[2h["

(6)

where Z’,‘n, m =1,2,...,M denotes the centroids of each Wishart component for class k. Each component

M

is associated with a weight 7, which should satisfy Y. =¥, = 1 and 7%, > 0. The EM algorithm is
m=1

employed to determine the mixture model parameters for the mixture Wishart for a class (MWC)

strategy. Classification is based on the maximum likelihood criterion.

The number of mixed components M is difficult to determine. Theoretically, the overall accuracy of
classification improves when the number of mixture components increases, but the cost of computation
also increases. In this study, to consider the trade-off between the computational burden and
classification accuracy, the value was set to six. For each class, the centroids are firstly initialized
by randomly selecting Cy,, from training samples, and 7%, are initialized as 7%, = 1/M. Then, these
parameters are iteratively updated by the EM algorithm. After that, the distribution of each class can
be expressed by the weighted sum of the Wishart components. The classifier labels a test sample with
the class that has the largest likelihood value.

2.2.3. Comparison of the Two Mixture Strategies

In order to compare which model is better to present the multi-look fully polarimetric SAR
data, RADARSAT-2 data acquired over the San Francisco Bay area, USA, were used to evaluate
the performance of the two mixture strategies. The Pauli color-coded image is shown in Figure 1a.
The PolSAR image was filtered using the refined Lee filter with a 9 X 9 window.

The classification steps for the mixture Wishart for a whole image (MWW) algorithm are as follows:

1.  Initialize parameter Xj by randomly selecting one covariance matrix from each class of the image.
7% is initialized as 1/K.

2. Compute posterior probabilities using X and 7y, then update the class labels based on the
maximum a posteriori decision rule.

3.  Update Xy and mt; using (4) and (5).
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4. Check if the classification result has converged. If not, go back to Step 2. Otherwise, the
iteration ends.

Class 1 Water
Class 2 Vegetation
Class 3 Low_density urban

Class 4 High_density urban

Class 5 Rotated urban

© @

Figure 1. Classification results of the two mixture algorithms. (a) Pauli color-coded image. (b) Mixture
Wishart for a whole image (MWW). (¢) mixture Wishart for a class (MWC). (d) Class legend.

The classification steps of the MWC algorithm are different from those of MWW. For the
MWW algorithm, it is the EM algorithm that performs the classification. MWC only uses the EM
algorithm to estimate the parameters for each class, and the classification is based on the ML criterion.
The classification steps are as follows:

1.  Randomly select m covariance matrices from the training samples of each class as the initialization
of K. 7k, is initialized as 1/M.

2. Update the parameters using (4) and (5). Note that in MWC, the parameter N denotes the number
of training samples of each class.

3. Construct the mixture model for each class.
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4.  Classify the image based on the ML criterion.

From Figure 1b,c, we can see that compared with MWW, the classification map of MWC was better
by visual inspection, especially for water and urban areas. We can see from the classification results
that on the right side of the image, the MWW model was affected greatly by the strong backscatter of
the offshore buildings, resulting in misclassification. According to the exiting literature, we divided
urban areas into three classes, which were low density urban, high density urban, and rotated urban.
The MWC model could differentiate among the three types of urban areas better than the MWW model.
The classification result of the rotated urban area based on the MWC model was relatively complete.
Experiment results showed that using a mixture distribution to model a single class was more precise
and could improve the land cover classification accuracy.

2.3. MRF-Based Classification Model

2.3.1. MRF

The Markov random field theory provides a convenient and consistent way of modeling
context-dependent entities such as image pixels and correlated features.
Let S denote an image on a 2D lattice,

S:{sxy,lngm,1§ySn}, )

where s, is the value for site (x, y) and m and n are the number of rows and columns of the image.
We assume that X = {x;, i € S} is a random field defined on S. We call X an MRF with respect to a
neighborhood system 7;, if and only if the following two conditions are satisfied:

p(x;) > 0 (positivity)

p(xi|x5\l-) = p(xi|xm) (Markovianity) ®)

where S\i is the set containing all sites in S except i. The Markovianity implies site i in S is related
to its neighborhood system. Hammersley and Clifford [28] proved the equivalence between Markov
random fields and Gibbs distributions, which provides a mathematically tractable means of specifying
the joint probability of an MRFE. A Gibbs distribution takes the form:

P(x) = %exp(—%ll(x)), 9

where T is the shape parameter. In practice, T is usually taken as a constant. Let T = 1. Then,
Z= Zfl _; exp{=U(x;)} is a normalization coefficient. U(x) = }.cc¢ Vc(x) is an energy function. Cis a
clique. & denotes all the cliques of 1. V(x) is a potential function. The energy function is defined as:

Ux) = ~pY_ . dxi=x)) (10)

where >0 is a spatial smoothness parameter, and it encourages neighboring pixels to have the
same region label. According to [29], we set the value of § to 1.4 in all our experiments. §(-) is the
Delta function.

2.3.2. Adaptive Neighborhood System

MREF takes advantage of the spatial information, so that the noise effect in the classification can be
alleviated. A fixed neighborhood could result in blurred-structure details. In order to solve this problem,
the adaptive neighborhood [30] is proposed to preserve the details of the image. The neighborhood
system has five candidates, i.e., n = {11,...,15}, as shown in Figure 2. Each shape of the five
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candidates is related to a different terrain situation. The most suitable candidate is selected by the
following criterion,
= i td ), 11
n=arg_min_std(span(r;)) (1)
where span(-) denotes the span values of pixels in 1; and std(-) denotes the standard deviation. By this
means, the MRF model is better to fit the real terrain backscatter.

u

771 772 773 774 775
Figure 2. Five candidates of the adaptive neighborhood.

2.3.3. Edge Penalty

Though the adaptive MRF can preserve the structure details of the image, it cannot identify
accurate edge locations. For PolSAR images with weak edges, MRF-based methods may cause
misclassification [31,32]. In order to improve the classification robustness, we introduce an edge
penalty term into the MRF model.

The CFAR edge detector [33] is used to calculate the edges, which was proposed by Schou ] in
2003. The edge detection is performed pixel-by-pixel. For each pixel, a set of filters that have different
orientations is applied. The filters estimate the mean covariance matrices of the two sides of the filter
window for the central pixel and test the equality of these two mean covariance matrices using the
Wishart likelihood-ratio as follows:

)q(LX""Ly) Ly

(Le+Ly
LabLfb 7, 4 Z,

L
1Z ™

Zy
Ly+Ly *

Q= (12)

where Z, and Z,, are the mean covariance matrices on each side of the central pixel and Ly and Ly are
the number of looks. Suppose the minimum Q of all filters is Qpin. Then, —2p log Qmin, is defined as the
strength of the edge. If —2plog Qmin, is larger than a threshold, an edge is detected. The parameter p is:

2q2—1(1 1 1 )
—1- — = 13
P 67 \Lx ' L, LitLy (13)

After extracting the edge information, the edge penalty function g(ei,ej) [18] is constructed,

~ei-e)

edge_c?

as follows:

g(ei, e]-) = exp (14)

where ¢; is the edge strength of the site i and edge_c is a constant, which is used to balance the
spatial-contextual information and the edge intensity. Adding this edge penalty term into the MRF
energy function in (10), we get:

Updge (xi) = —ﬁzjem 6(x1- —xj) . g(ei, ej). (15)
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3. Classification Schemes

Using the above MRF energy functional, in this section, we introduce two classification schemes,
which are the pixel-based classification and the region-based classification.

3.1. Pixel-Based Classification

For image classification, the mission is to estimate the class labels for pixels in an image.

Set Y = {y;, i € S} to be the observed image and X = {x;, i € S} to be the class label of Y. The maximum
a posteriori (MAP)-MRF framework is used for classification [34]. According to the Bayesian formula,
we have:
p(yilxi)P(x;)

P(y) '
P(y;) is independent of x;. Thus, when both the prior distribution and the likelihood function of a
pattern are known, x; is determined by maximizing the posterior,

P(xly;) = (16)

""" (P v
= arg max i) P(x;
B el P I
where K is the number of classes and P(xl-| yi) and P(x;) are the posteriori and the a priori probabilities
of the class label, respectively. p( yi|xl~) is the conditional probability of the observed data, which can
be obtained using the statistical models in Section 2. Combining (1) and (2) with (17), we can get the
Wishart-MRF (WMRF) model and the K-Wishart-MRF (KMRF) model as follows:

LG exp{Uegge (x1) — LTr(Z;1C)))

WMRF
p (xlC;) = (18)
R(Lr q)|zk|LZ£=1 exp{uedge(xi)}
21CiIE exp{Ueyge () otly
KMRF (3.1C;) = g Lo) 2
p (x | ) R(L,q)F(a)le|LZfl_:1 exp{uedge(xi)} ( G) . (19)

-(Tr();,;l ci))J_ZLqKG_Lq(z . /LaTr(zlglci))

For the MWC model, the MRF model is embedded into each component of the mixture distribution.
Then, the mixture Wishart-MRF (MWMRF) model is constructed as:

Mo plac|t exp{—nTr(Z’,‘n\C,-)} exp{Uedge(xi)}
WMRF ()} = k . . 20
P (G n;nm R(L,q)|}2ﬁ1(L Yh exp{uedge(xi)} 20

The pixel-based classification is implemented via the MAP criterion.

3.2. Region-Based Classification

In [20], a region-based method was proposed for MRF to segment the image. First, an image
is over segmented into a large amount of rectangular regions. Then, the WMRF model is used to
adjust the boundaries. Finally, a Wishart-based ML classifier is applied to these regions to get the
final classification map. However, in [20], during the boundary adjustment procedure, the posterior of
each pixel was compared to the pixels of the whole image, which costs much time. Thus, we made a
modification to improve this method.
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Following the work in [20], the image is firstly segmented into a large amount of r X r rectangular
regions, not overlapping with each other. Before building the MRF model, the adaptive MREF is firstly
employed to select the best neighborhood. Since for the region-based method, a region is taken as an
image unit, we only considered the WMRF and KMRF models. Suppose that X, = (ijil Ca,n) /Ny is
the average covariance matrix of region a, N,; is the number of pixels in region a, and C;,; denotes the
covariance matrix of the nth pixel in region a. The region-based WMRF and KMRF are defined as:

PWMRE (xC,) = Lol ex;;{u;dgg(xi)—LTr(z‘,;lC,')}
R(L,g)I|Zal Zx,:l eXp[Uedgg(x,')]

21CH" 1 exp{Uagge (x1)} oily @1)
R(qu)r(0)|za|LZ§:1 eXP[Uedge (xi)] (na)

-(Tr(Z;l ci))U_ZLqKG_Lq(z . /LaTr(z;l cl-)) |

Then, the MAP criterion and the iterative conditional mode (ICM) [20,35,36] algorithm are used
to adjust boundaries, which is called soft segmentation [20]. Note that in this step, at each iteration, the
a posteriori probability of pixel i is only computed and compared within the neighborhood ), where
the pixel belongs. The neighborhood system of a region is different from that of a pixel, as shown in
Figure 3. At the end of each iteration, we will check the segmentation results and assign the area that is
too small to the adjacent area. The purpose of this procedure is to reduce the computational cost and
avoid isolated pixels. According to (17) and (21), the region label of pixel I is estimated as:

pRURE (31C,) =

. LG exp{Ugge (x;)-LTr (£71C;)
%j = argmaxq ————¢ T
Xi€Ma ( ﬂ)l al inzl eXP{ edge(xt)}
2|Ci|L_q exp[uedge (xi)] (LG) (HiLq (22)
Ly K
551, = argmax R(qu)r(g)mtﬂ in:1 exp[uedge(xi)]

x;€n; -(Tr():;l Ci)) ! Ko—Lq(Z \/Im)

Note that Formula (22) is used to adjust the boundaries, not for classification. After the soft segmentation,
each region is taken as a basic unit of the image. Then, the ML criterion is used to get the final
classification result.

(a) (b)

Figure 3. Schematic representation for a region neighborhood. (a) Segmentation result. (b) The
neighborhood system for Region 5.
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The procedure of the region-based classification is as follows:

1.  Divide the m X n image into I = [m/r] X [n/r] regions, which are not overlapping with each
other. Let X = {x;,a =1, ..., I} denote the region labels.

2. Calculate the mean covariance matrix X, for each region.

3. Use (22) to update the region boundaries.

4. Check the segmentation result. If the region area is smaller than a threshold p, reassign it to the
adjacent region. The parameter p decides the smallest area of a region.

5. Check if the segmentation result is converged. If not, go back to Step 2. Otherwise, end the
iteration, and the superpixels are obtained.

6.  Calculate the mean covariance matrix X, of each region. Apply the ML classifier to get the final
classification result.

4. Experiments and Discussions

4.1. Test Data

Polarimetric SAR data collected over two agricultural areas and a city were used for the experiments.
The first were the L-band data from NASA/JPL AIRSAR collected over Flevoland Nederland in 1989.
The Pauli color-coded figure and the ground truth map are shown in Figure 4a—c, which have
400 x 280 pixels. There was a total of 8 crop classes. The second dataset was from RADARSAT-2
acquired over Wallerfing, Germany. The beam pattern of this dataset had a fine beam of 8 m. The
dataset was from an agriculture area, collected on May 28, 2014, with the incidence angle ranging from
40.2° to 41.6° on the descending pass. The size of the image was 920 x 500 pixels. This region had five
classes according to the ground measure. The Pauli color-coded image and the ground truth map are
shown in Figure 4d—f. The third dataset was from RADARSAT-2 acquired over Fujian Province, China.
The dataset was from Fuzhou Langgqi Island (center latitude: 26°03" N, center longitude: 119°35
W), collected on November 13, 2013. The resolution was around 8 m. The size of the image was
520 x 500 pixels. This region had 3 classes, including urban area, water, and forest. Because we did not
have the ground truth map, we only provided the Pauli color-coded image in Figure 4g. All POISAR
images were filtered with the refined Lee filter with a 9*9 window before performing the classification.
Our computer configuration was a Core i7 CPU clocked at 1.99 GHz, 1T hard drive, and 8G of memory.

The following methods were carried out in the experiments: the combination of the Wishart model
and MRF (WMREF) for pixel-based classification, the combination of the K-Wishart model and MRF
(KMREF) for pixel-based classification, the combination of the MWC model and MRF (MWMREF) for
pixel-based classification, the combination of the MWC model and MRF without the edge penalty term
(MWMRF/e) for pixel-based classification, the combination of the Wishart model and MRF (WMRF)
for region-based classification, and the combination of the K-Wishart model and MRF (KMREF) for
region-based classification.

4.2. Pixel-Based Classification

Classification results obtained by the pixel-based WMRE, KMRE, and MWMRF methods are shown
in Figure 5a—c, Figure 6a—c, and Figure 7a—c. MWMRF/e denotes the MWMRF model without the
edge penalty term, for which the experiment results are shown in Figure 5d, Figure 6d, and Figure 7d.
The overall accuracy (OA) and the Kappa coefficients are given in Tables 1 and 2, respectively, for the
Flevoland and Wallerfing datasets.
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Class 1 Bare soil

Class 2 Barley
Class 3 Lucerne

Class 4 Pea

Class 5 Potatoes
Class 6 Rape seed
Class 7 Beet

Class 8 Wheat

(©

Class 1 Barley

Class 2 Corn

Class 3 Potatoes

Class 4 Sugarbeat

Class 5 Wheat

(d) (e) )

Figure 4. Cont.
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- Class 1 Water
- Class 2 Forest

- Class 3 Urban

(8) (h)

Figure 4. Polarimetric datasets used for the experiments. (a) Pauli color-coded image of the Flevoland
data. (b) Ground truth map of Flevoland. (c) Class legend. (d) Pauli color-coded image of the
Wallerfing data. (e) Ground truth map of Wallerfing. (f) Class legend. (g) Pauli color-coded image of
the Fujian data.

(a) (b) (© (d)

Figure 5. Pixel-based classification results of the Flevoland data. The first row shows the classification
results, and the second row shows the corresponding classification results where the ground-truth
map exists. (a) Wishart-MRF (WMREF). (b) K-Wishart-MRF (KMRF). (c) Wishart-MRF (MWMRE).
(d) MWMRF model without the edge penalty term (MWMRF/e).
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According to Figures 5 and 6, we can see that the classification results by MWMRF were the
best and had the highest OA and Kappa coefficients by quantitative comparison. Compared with
other two models, MWMRF was better to fit the real PoISAR statistic. It was capable of capturing
the spatial-contextual information, which could greatly reduce the effect of noise on the classification.
As shown in Figure 5¢,d and Figure 6¢,d, there were more misclassified pixels around the edges
in the MWMRF/e classification results as compared to those in the MWMREF classification results.
In Figures 5c and 6c¢, it is observed by the black squares that the classification map obtained by MWMRF
was smoother, and the edge locations were more accurate. This proved that the edge penalty term had
a good effect on the classification. Furthermore, Tables 1 and 2 show that the classification results of
MWMREF for both the Flevoland and Wallerfing datasets were better than the others for all classes. The
OA and Kappa coefficients were 96.44% and 0.9580, respectively, for the Flevoland data, and 84.40%
and 0.7854, respectively, for the Wallerfing data. As for the Fujian dataset, we only analyzed the results
by visual inspection, since we did not have a real ground truth. According to Figure 7, the classification
result by the MWMRF model was still the best, especially for urban area. The classification result of
the MWMRF model had a better regional integrity and suffered less noise. Comparing Figure 7c with
Figure 7d, we can see that the coastline and the edges between forest and urban were more accurate in
Figure 7c. According to the above analysis, we can see that the MWMRF model was also effective for a
heterogeneous region with a complex shape. The computational cost was 3 min for WMREF, 17.5 min
for KMRE and 20.8 min for MWMRE. This shows that MWMRF was a robust and efficient pixel-based
classification algorithm for PolSAR images.

Figure 6. Cont.
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(d)

Figure 6. Pixel-based classification results for the Wallerfing data. The left column shows the
classification results, and the right column shows the corresponding classification results where the
ground-truth map exists. (a) WMRE. (b) KMRF. (¢) MWMRE. (d) MWMRF/e.

(@) (b)

Figure 7. Cont.
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(c) (d)

Figure 7. Pixel-based classification results for the Fujian data. (a) WMRE. (b) KMRF. (¢) MWMREF.
(d) MWMRFJe.

Table 1. Comparison of the pixel-based classification algorithms for the Flevoland data.

Method C]lsa;sel Class 2 Class 3 Class 4 Class 5 CIi:ss: Class 7 Class 8 OA Kappa
Soil Barely  Lucerne Pea Potatoes Ses d Beet Wheat PP

WMRF 97.56%  95.49% 93.83% 94.37%  92.51%% 87.88% 86.75% 90.30%  91.56%  0.9005
KMRF 97.58%  95.41% 94.10% 94.51% 92.39% 89.29% 88.35% 90.94%  92.12%  0.9071
MWMRF  97.59%  97.74% 95.64% 95.71% 95.49% 98.03% 93.25% 96.74%  96.44%  0.9580
MWMRF/fe 97.37%  97.62% 95.00% 95.47% 94.97% 97.33% 92.65% 96.35%  96.02%  0.9530

Table 2. Comparison of the pixel-based classification algorithms for the Wallerfing dataset.

Class1 Class 2 Class 3 Class 4 Class 5
Method Barley Corn Potatoes Sugar Beet Wheat 0A Kappa
WMRF 88.31% 73.44% 58.81% 79.95% 92.38% 82.25%  0.7563
KMRF 88.24% 74.27% 61.59% 79.76% 92.19% 82.47%  0.7609
MWMRF 90.47% 79.15% 63.30% 83.79% 92.72% 84.40%  0.7854
MWMRF/e 86.13% 79.12% 48.98% 84.24% 95.13% 84.04%  0.7783

4.3. Region-Based Classification

The classification results obtained by region-based methods are shown in Figures 7 and 8. We set
r =10 and p = 25 in this study. The image was firstly divided into many 10 x 10 rectangles, and
then, MRF models were used to adjust the boundaries. We assumed the area of a region to be no
less than 25 pixels. The segmentation results are in Figure 8a,b, Figure 9a,b, and Figure 10a,b. The
final classification maps were obtained based on the segmentation results using the Wishart-based ML
algorithm, which are shown in Figure 8c,d, Figure 9¢,d, and Figure 10c,d. Tables 3 and 4 give the OA
and the Kappa coefficients for the Flevoland and Wallerfing data classification results.
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(d)

Figure 8. Region-based segmentation and classification results of the Flevoland area. (a,b) Segmentation
results of the whole image. (a) WMRE. (b) KMREF. (c) Classification result with WMREF. (d) Classification
result with KMRE.
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(©) (d)

Figure 10. Region-based segmentation and classification results of the Fujian dataset. (a,b) Segmentation
results of the whole image. (a) WMREF. (b) KMREF (c) Classification result with WMRE. (d) Classification
result with KMRE.
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Table 3. Comparison of the region-based classification algorithms for the Flevoland data.

Method Class 1 Class 2 Class 3 Class 4 Class 5 Clgss: Class 7 Class 8 OA Kappa
Bare Soil Barely Lucerne Pea Potatoes Seg d Beet Wheat PP

WMRF 99.64% 95.35% 91.87% 90.77% 99.95% 93.00% 93.00% 88.59%  93.46%  0.9231
KMRF 97.01% 87.37% 84.69% 89.58% 89.41% 98.24% 87.63% 87.93%  90.45%  0.8879

Table 4. Comparison of the region-based classification algorithms for the Wallerfing data.

Classl Class 2 Class 3 Class 4 Class 5
Method Barley Corn Potatoes Sugar Beet Wheat OA Kappa
WMRF 86.41% 75.40% 70.91% 84.20% 89.29% 83.62% 0.7763
KMRF 86.03% 75.07% 70.10% 82.10% 89.57% 83.20% 0.7706

As shown in Figure 8c,d and Figure 9¢,d, the edges of the KMREF classification map were more
accurate, especially for the Flevoland dataset. As for the Fujian dataset, regions were irregularly shaped,
and the edges between different areas were not very clear. By visual inspection, the classification results
of WMRF and KMREF did not have much difference. However, by a close comparison, it can be seen from
the segmentation results in Figure 8a,b, Figure 9a,b, and Figure 10a,b that segmentation based on the
WMRF model was more homogenous and the edges of the region more complete. In comparison, the
segmentation results of the KMRF model were not smooth enough and were sensitive to image textures.
Since the classification result of the region-based algorithm largely depended on the segmentation
result, the classification maps of the WMRF model were better. The evaluations in Tables 3 and 4 also
prove this. The OA and Kappa coefficients of WMRF were 93.46% and 0.9231, respectively, for the
Flevoland data, and 83.62% and 0.7763, respectively, for the Wallerfing data, respectively. Although
the classification accuracy and Kappa coefficients of both models were close, the classification accuracy
of the WMRF model was robustly higher. Moreover, the K-Wishart distribution was more complex
than the Wishart distribution. The computational cost was 18 min for WMRF and 5.3 h for KMRFE.
The segmentation algorithm based on KMRF consumed more time.

4.4. Discussions

We compared the pixel-based and region-based classification algorithms based on the WMRF
and KMRF models. From visual inspection, it showed that the region-based algorithm was better
at classifying the Flevoland data. The misclassifications caused by image textures and speckle noise
were noticeably reduced. We also performed the McNemar test on the classification results of the
region-based algorithm and pixel-based algorithm. The test statistics was 8.85e-81 for pixel-based
and region-based WMRF and 7.55e-72 for pixel-based and region-based KMRE. The critical level was
set to 0.05. It was found that for both WMRF and KMRF methods, the region-based and pixel-based
classification results had different proportions of errors. As for the Wallerfing data, the results were
reversed. From Tables 2 and 4, it is shown that the OA and Kappa coefficients of the pixel-based
method were higher. That was because the fields in the Wallerfing dataset were small and irregularly
shaped, and the edges were weak, which made it difficult for image segmentation. The region-based
classification method took a region as the basic image unit. Therefore, inaccurate segmentation could
result in multiple classes within a region, which would cause misclassification. The Fujian dataset
had heterogeneous regions with irregular shapes. The weak edges between regions also increased the
difficulty in image segmentation. However, the area of different regions was relatively large, which
made it easier for image segmentation than that of the Wallerfing data. The classification maps of
the region-based algorithm also showed a higher region integrity than that of pixel-based algorithms.
For the time consumption, the region-based algorithms consumed more time than the pixel-based
algorithms. The equipment configuration we used in the experiment was a laptop, which took more
time. In actual applications, using better configuration equipment may solve the time consumption
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problem. Therefore, the region-based algorithm was more suitable for the Fujian dataset. In conclusion,
the pixel-based method was more suitable for the Wallerfing dataset, and the region-based method
was more suitable for the Flevoland and Fujian datasets.

5. Conclusions

This paper studied the MRF-based algorithms for PolSAR image classification. Three statistical
distributions, including the Wishart, K-Wishart, and mixture Wishart models, were combined with
MREF to implement the pixel-based and region-based classifications. A new mixture strategy was
proposed for the MRF model, with its performance evaluated based on real PolSAR images. It was
found that using a Wishart mixture distribution to model a class performed better than that to model a
whole image. The adaptive neighborhood and an edge penalty term were also employed in the MRF
energy functional for the better location of edges. The Wishart and K-Wishart distributions served
as the likelihood term in the MRF framework, while for the mixture model, MRF was embedded
into each component of the statistics to construct the MWMREF. Landcover classification is always a
challenging task. In experiments, real POISAR images acquired over an island and agricultural fields
with irregular shapes were used for demonstration. It was observed from the results that the MWMRF
model showed the best classification results in pixel-based methods. For region-based methods, the OA
and Kappa coefficients of the WMRF model were higher than those of KMRF. Moreover, WMREF had
time efficiency.

The pixel-based methods were better in preserving image details such as boundary locations.
However, there existed noise (isolated class labels or small groups of misclassifications) in the
classification maps. The region-based methods took region blocks as the classification unit, so the
results obtained by these kinds of methods have less noise in the classified maps. However, the final
classification results were largely dependent on the segmentation results. Experiments showed that
the pixel-based MWMRF model was suitable for small and irregularly shaped field classification,
and the region-based WMRF model could be used for classification of evenly distributed farmlands
and urban areas.
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