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ABSTRACT

Forest monitoring has become an important necessity nowadays for forest management authorities to
prevent deforestation, human encroachment and even for researchers to understand forest dynamics and
to develop advanced technology for monitoring forest ecology and resources with less effort. Radar
remote sensing employing polarimetric techniques has proved its capability in monitoring these aspects.
The high demand and stringent availability of the fully-polarimetric data from very few SAR sensors has
made researchers think about using low cost, low power dual-polarimetric systems to reproduce the
fully-polarimetric data through compact polarimetric techniques. The purpose of this research is to
explore the prospective of the compact polarimetric technique in (n/4) mode to detive and reproduce the
pseudo-quadrature polarized data from the dual-polarimetric scattering vectors, based on coherency
matrix approach, thereby using to study and assess the effect of volume scattering contribution of tree
leaves, trunk and ground from the Sal forests of Barkot, Dehradun and the ecologically important
Mangrove forests of the Sundarbans. The three-component scattering model was used to decompose the
reproduced coherency matrix to study the volume scattering information from the forest scatterers. The
data used for this study was ALOS PALSAR fully-polarimetric L-band data. The methodology applied for
this study used the polarization state extrapolation algorithm, developed for covariance matrix approach
which was modified to transform the reconstructed covariance matrix to coherency matrix for
compact polarimetric (1/4) mode. The reconstructed coherency matrix was then decomposed using the
Freeman and Durden decomposition model, and compared against the original fully-polarimetric data.
Different data analysis including entropy, total power, diagonal elements of the coherency matrices and
polarization signature were carried out to investigate and study the variation between the original and the
reconstructed data. The volume scatterer contribution from both the forested areas was validated against
the fully-polarimetric data using the cross-polarized multi look image as the reference data. The results
show the potential of the (n/4) mode to reconstruct the pseudo-quadrature polarized data using the
coherency matrix approach. The results show uneven variation in the volume scattering power from both
the forests, after reconstruction and decomposition procedure. The reasons behind this due to the
assumptions in the algorithm, was reported and discussed based on physical interpretation. Further
exploration of possibilities including modification of the algorithm for coherency matrix approach,
validation employing field data in the form of biomass and comparison of different hybrid polarimetric
modes based on coherency matrix approach has also been recommended.

Keywords: /4 mode, compact polarimetry, polarimetric decomposition, Polarimetric SAR, Volume scattering.
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RETRIEVAL OF VOLUME SCATTERER INFORMATION USING THREE-COMPONENT DECOMPOSITION MODEL BASED ON COMPACT POLARIMETRY

1. INTRODUCTION

1.1. Background

The need for understanding and monitoring forests has nowadays become an important research area in
scientific community. Forests are one among the most important vegetation cover when it comes to area
and volume. With the technological advancements in geosciences applications, remote sensing has
become an effective method for detection and investigating various factors concerning forests, like
estimating tree height, basal area, stem diameter, stem volume, aboveground biomass.

The science of remote sensing deals with the collection of images of features on the Earth surface without
having any physical contact with the objects. Radar remote sensing utilizes microwave region of
electromagnetic spectrum from 1 mm to 1.3 m [1] wavelengths. Radar is not only used for detection and
ranging applications but can also be used for imaging the earth surface. Radar antenna is used to transmit
the energy to the object on the ground and records the backscattered portion of the signal from the
object. The penetration capability of an electromagnetic wave depends on its wavelength. The high
penetration ability of radar waves enables the sensor to acquire information on sub-surface features
beneath the ground. The radar waves can penetrate through clouds, light rain, smoke with limited
attenuation and serves as an all-weather remote sensing system. Radar waves with longer wavelengths such
as L-band enables higher penetration capability through forest canopy making it very useful to measure
the bio-physical properties of forests.

Imaging of the earth surface using Real Aperture Radar (RAR) systems limits the resolution by the power
and size of the footprint of the radar beam, which depends on the aperture size and therefore RAR
systems are used only for few remote sensing applications [2]. In case of SAR system, a large antenna is
synthesized using Doppler Effect in the acquired data employing offline processing techniques. SAR uses
signal processing techniques and satellite orbital information which thereby provides a much higher
resolution in range (across-track) and azimuth (along-track) directions when compared to RAR systems.
Radar imaging through Synthetic Aperture Radar (SAR) systems has revolutionized and expanded the
technology of Microwave remote sensing especially in geosciences applications using different techniques
like SAR Polarimetry (PolSAR), SAR Interferometry (InSAR) and Polarimetric SAR Interferometry
(PolInSAR). SAR systems in general helps in understanding glacier and ice movement to give better
understanding on long term variation in climate, developing highly accurate and detailed elevation maps,
flood and oil spill monitoring, land use and land cover change, soil moisture and biomass estimation,
assessing the health of crops and forests and even in urban planning and development.

1.2, Polarization

An electromagnetic (EM) wave consists of two components-namely electric and magnetic field, which at
any moment of time and in any position in space, is orthogonal to each other. Polarization is defined as
the orientation of the electric field plane, whether it is horizontal or vertical or at some other angle, in a
plane perpendicular to the direction of propagation. The behaviour of the electric field of an
electromagnetic wave is described by polarization.
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o

Figure 1-1: Propagation of Electromagnetic plane wave. Source: [4]

The electric field vector has both vertical (blue) and horizontal (green) components, which in turn
combines to yield the net electric field vector (red). The vector sum of horizontal and vertical
components, which are orthogonal to each other, describes the electric field of a plane wave [3]. These
two components are characterized by their amplitudes and relative phase between them. When viewed
along the propagation direction, the tip of the electric field vector of a fully polarized wave traces out in an
elliptical pattern referred to as Polatization ellipse [4].
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Figure 1-2: Polarization Ellipse. Source: [6]

The semi-major and semi-minor axis of the polarization ellipse (figure 1-2) are represented by ‘a’ and b’
respectively. The otientation angle i of the EM wave is the angle between the semi-major axes from the
positive horizontal axis measured in counter clockwise direction. The orientation angle ranges from 0° to
180°. Ellipticity or eccentricity Y represents the shape parameter, which describes the degree to which the
shape of the polarization ellipse is oval and takes values between -45° to +45°. The magnitude and their
relative phase of the horizontal and vertical components govern the shape of the polarization ellipse [3].
When components are in phase with zero ellipticity and 45° otientation, the polarization is linear. As the
phase angle increases along with the orientation, the shape of the ellipse also changes. For example, when
the phase angle between the horizontal and vertical components become 90° with same magnitudes, the
ellipse becomes a circle. In this case, depending on the ellipticity value y = £45° the polarization can be
left circular or right circular.
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1.3. SAR Polarimetry

In SAR Polarimetry, the information about the target will be encoded or embedded in the polarization of
the electromagnetic wave. SAR system creates polarized waves by using antennas designed to transmit and
receive EM waves of specific polarization. Single-polarized SAR either transmits horizontal (H) or vertical
polarization (V) and correspondingly horizontal or vertical polarization will be received. However in case
of dual-polarized SAR, for H transmit, it can receive both H and V (HH, HV) and for V transmit, it can
receive both V and H (VV, VH). Here HH and VV are called co-polarized terms and HV and VH are
called the cross-polarized terms. Fully-polarimetric SAR data uses all four polarization channels which
means more information about the features which is not possible from dual-polarized SAR data. Basic or
operational SAR systems, for economy aspect tend to have one single polarization, while for research
systems tend to have multiple polarizations. Multiple polarizations help in distinguishing the physical
structure of the scattering structures.

Polarization has an important role in radar backscatter whose intensity depends on different factors like
surface roughness, moisture content, and orientation along with signal characteristics such as wavelength,
polarization and incidence angle. When radar signal interacts with different earth features, depending on
the size, shape, orientation and dielectric property of the features, it changes its polarization direction
which is referred to as scattering of the signal. This change affects the way in which the scene under study
appears in a polarimetric SAR imagery and thereby the type of the surface can be deduced from the image
at times [5]. When the entire signal incident is absorbed or transmitted, sensor receives no returns. If the
sensor receives a portion of the incident energy back from earth features, it is referred as backscatter. The
scattering data and information obtained from the earth features has to be preserved in a polatimetric
form. The measured complex information has to be stored using polatization synthesis in the form of
scattering matrix which can used to understand coherent or pure scatterers. Depending on the complexity
of the scatterers, the scattering matrix can be used as second order derivatives in the form of covatiance
and coherency matrices. These matrices can de decomposed using different decomposition techniques to
separate the polarimetric radar measurements to basic scattering mechanisms.

Polarimetry has proved to be an important tool to compute scattering matrix, polarization signature,
Stokes matrix for each pixel for all polarization channels. This in turn has made polarimetry, a powerful
classification tool for both visual as well as machine type classification. SAR polarimetry, using scattering
matrix helps in synthesizing radar return for any transmit/receive polatization. It also helps in
investigating the scattering properties of different earth surfaces [5].

14, Covariance and Coherency Matrix

When a horizontal or vertical polarized wave is incident on an earth feature, the backscattered portion of
the radar signal can have contributions in both horizontal and vertical polatizations. As these components
form a complete basis set to describe the electromagnetic, the backscattering properties of the earth
feature under study can de described using scattering matrix given by

S S
o= [ 3] =

The scattering matrix [S] is a 2X2 matrix, which consists of four complex elements, in which the diagonal
clements represent the co-polarized information while the off-diagonal elements represent the
cross-polarized information. Polarimetry, using scattering matrix can compute the strength, polarization
and polarization signature of a scattered wave for any polarization of an incident wave at every imaged
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pixel [3]. The complex elements of the scattering matrix are obtained from the magnitude and phase of
the four polarimetric channels HH, HV, VH and VV. The scattering matrix can be used to describe the
backscattering properties in case of coherent or pure targets. In case of distributed scatterers, where
partially polarized waves dominate, it is not possible to obtain information using just scattering matrix.
The second order derivative of scattering matrix which are the covariance and coherency matrices has to
used in case of distributed scatterers. In order to obtain the covariance and coherency matrices from the
scattering matrix, the vectorized form of scattering matrix has to be used in the form of lexicographic
basis and Pauli basis. The lexicographic format assuming reciprocity condition Syy = Syy is given by
SHH
K, = | V2 Suv (1-2)
Syy
The covariance matrix is obtained by multiplying the above vector with its complex conjugate transpose

represented by C = Kj. K, 1. Therefore the covariance matrix C becomes
Sur- Siin V2 Sun-Siiv  Suu- Svv
C=\V2Suy-Sin 2Swv-Siv V2 Suy-Spv (1-3)
Svv- Sim N2Sw.Siv  Sw. Siv

The Pauli format assuming reciprocity condition is given by

L[St Swv
Kp =% SH%.ST Syy (1-4)
HY

The coherency matrix is obtained by multiplying the Pauli basis vector with its complex conjugate

transpose represented by T = Kp. KpJr . Therefore the coherency matrix T becomes

. (1Sun + Syv %) (Suu + Syv) Sy — Syv)™)  2{(Syu + Syy) X Sfy)
T = 2 (Sun = Syv) Sy + Syv)*) (1Sun — Sy 1) 2((Suy — Svv) X Siy) (1-5)
2(Syy X (Suy + Syy)™) 2(Syy X (Sur — Syy)™) 4|Suy 1%)
1.5. Coherent and Incoherent Decomposition

The polarimetric information from an earth feature can give information on physical characteristics and
geometrical structure of the feature under study. The polarimetric decomposition theorems express the
total scattering mechanism from every imaged pixel as a sum of individual scattering mechanisms which
may be present in the pixel. The objective of coherent decomposition is to express the measured
scattering matrix synthesized by the radar as a combination of the scattering responses of simpler objects.
The decomposition of scattering mechanisms using scattering matrix is only possible when the incident
and the scattered waves are completely polarized and therefore coherent decomposition is only applicable
to point or pure or coherent features. The different coherent decomposition techniques preserve the
amplitude and phase, however gets exposed in the presence of speckle. Moreover, coherent
decomposition techniques cannot be applied in case of natural dynamic and variable features like
vegetation (e.g. forests).

The speckle noise must be reduced for decomposing individual scattering mechanisms present in every
imaged pixel. Therefore only the second order derivatives of scattering matrix such as the coherency or
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the covariance matrix can be used for analyzing distributed or incoherent targets. The main objective of
incoherent decomposition is to separate these second order derivatives of scattering matrix as a
combination of simpler scattering mechanisms for easier physical interpretation.

1.5.1. Freeman-lll component scattering model (Incoherent Decomposition)

It is a physically based, three component scattering mechanism based model to fit the Polarimetric SAR
observations, without utilizing ground truth. This model fit uses an equal number of parameters as input
and scattering contribution as output. Freeman and Durden in [6] modelled the second order covariance
matrix as a combination of three different scattering mechanisms. This model is used to describe the
backscattering from naturally occurring scatterers [6].

o Surface or single bounce scattering- modelled by first-order Bragg surface scatterer

o Double or even bounce scattering- modelled from a pair or orthogonal surfaces with different dielectric

constants.

o Volume scattering- where a canopy scatterer is modelled as a cloud of randomly oriented dipoles.

Figure 1-3: Scattering mechanisms (a) Single-bounce scattering (b) Double-bounce scattering and (c)
Volume scattering.

1.6. Problem Statement

The 2 X 2 scattering matrix obtained after processing the fully-polarimetric SAR system contains values
for all the four polarization channels and hence complete polarimetric scattering information at every
imaged pixel [7]. This allows the polarimetric synthesis of any combination of H and V. Dual-pol
polarization mode takes only half of the scattering matrix; thereby reducing the data processing
requirements and the information content in the imagery [7]. Even though complete pixel information
content is absent in dual-polarimetry, it collects a wider swath width (in case of ALOS PALSAR) when
compared to quad-pol and therefore greater area coverage. The implementation of fully-polarimetric
system requires the pulse repetition frequency (“transmission of interleaved polarizations”) to be doubled
which reduces the swath width [6], thereby reducing the area coverage. Another limitation of quadrature-
polarimetric mode is the complexity in system design, antenna technology, data downloading and the high
power consumption [8] which indeed has to be dealt critically when there is a high demand for fully-
polarimetric data. Polarimetry has become an important utility in geosciences applications. Even though
fully-polarimetric data is useful for characterizing point target, applications based on the analysis of
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features containing multiple scattering mechanisms (for example, in case of forests and vegetation cover
with their complex structure), yield redundant information from the scattering matrix [9]. The solution for
these above mentioned limitations was suggested by Souyris et al. [10], where they introduced a compact
dual-polarimetric mode named as Compact polarimetry, in which the transmitted polarization is either
right circular or left citcular (CLTR mode) with 90° phase angle between vertical and hotizontal
components and the ellipticity y = £45° or linearly polarized with an otientation angle of P = 45°
(n/4 mode) and both vertical and hotizontal polatizations were received simultaneously [8].

A Y
v Mode /2
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4 T2
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4
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h

Figure 1-5: Compact polarimetry (/4 mode). Figure 1-4 Compact polarimetry (n/2 mode)

Compact polarimetry involves the reconstruction of fully polarimetric quadrature polarized data from dual
polarized mode. Compact polarimetric systems use fixed transmitter polarization state, while the dual
channel coherent receiver configuration is maintained [4], whereas fully polarimetric systems allow
transmission and reception in dual channel. The limitations of using fully-polarimetric data like data
downloading, data volume, issue of pulse repetition frequency, complexity in system design and antenna
technology can be reduced by using compact polarimetry technique. Studies have already been catried out
in [10], [11], which reconstructs pseudo-quadrature polarized data from dual pol mode using the 2X2
covariance matrix obtained from the scattering vectors for compact polarimetry mode. The algorithm for
reconstructing the fully-polarimetric information using 3X3 covariance matrix has already been developed
in [11]. The complexity in the scatterer information present in a pixel, may lead to randomness in
scattering which is represented as entropy values. Entropy indicates the degree of disorder of the
polarimetric response. The value of entropy lies between 0 and 1. Entropy will be low, if there is a
dominant scatterer and entropy values will reach maximum when there are different scattering
mechanisms present in a single pixel and thereby making it difficult to extract a dominant fully polarized
signature from the measurements [1].

Studies have been carried out in retrieving information on volume, surface and double-bounce scatterers
from covariance matrix for compact polarimetry technique using different reconstruction algorithms and
thereby assessing the performance of SAR compact polarimetry mode [10]. The extraction of quad-pol
data using coherency matrix and its effect on volume scatterers from forest features like leaves, branches
and tree trunk using Freeman-III component decomposition model has not been implemented and
assessed. The coherency matrix accounts for local variations in the scattering matrix and it are suitable to
extract the different polatimetric parameters [12] for distributed complex scatterers in the presence of
speckle [13]. Moreover the coherency matrix is sensitive to orientation angle shift. These shifts produce
higher cross-polarization intensity and makes coherency matrix reflection asymmetric [14]. Hybrid
polarimetry technique can also be utilized for planetary science applications. Chandrayaan-1 mission
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launched by ISRO in 2008, used Miniature SAR (MiniSAR) as the payload with hybrid polatimetry (n/2
mode) option for detecting water ice in the permanently shadowed regions on the lunar poles [15]. From a
researcher’s point of view, this technique using the coherency matrix approach can become an important
subject of investigating the different aspects in forestry applications such as mapping of forest floods,
forest cover types, deforestation aspects, mapping of fire scars and extraction of multilayer topographic
information over forest areas using compact PolInSAR techniques.

1.7. Research identification

1.7.1. Research Objective

The prime focus of the present study is to explore the potential of compact polatimetry (n/4 mode)
technique, to derive pseudo quad polarimetric information from dual polarimetric mode, using coherency
matrix approach.

1.7.2. Sub-objectives

1. To reproduce 3%X3 pseudo quad polarimetric coherency matrix from dual
polarimetric mode using compact polarimetry techniques

2. To study and assess the backscatter contribution of volume scatterers (tree branches,
leaves and stem) decomposed from 3X3 coherency matrices of compact polarimetric
and fully polarimetric modes, using Freeman-111I scattering model.

1.7.3. Research Questions

The research objectives and the associated sub-objectives have to be answered from the research
questions framed below:

1. How, pseudo-quadrature polarimetric 3X3 coherency matrix can be derived and
reproduced from dual polarimetric mode using compact polarimetric technique?

2. What is the relation between the entropy obtained from the fully polarimetric data
and the entropy obtained from compact polarimetry mode?

3. How to validate the volume scatterer contribution of compact polarimetric data
against the fully polarimetric data?

4, What is the accuracy of the estimated volume scatterer contribution obtained from
compact polatimetry mode against to that obtained from fully polarimetric data,
using Freeman-III model?

1.8. Thesis Structure

The whole thesis has been divided into eight chapters. The first chapter gives an overview of the major
clements covered in this research work, problem statement, research objectives, sub-objectives and
research questions. The second chapter on literature review presents information on the related works
with respect to the research work. The third chapter gives information on the study areas chosen. The
data used and the methodology has been detailed in the fourth chapter. The fifth chapter has been
dedicated for explaining the modelling theory. The sixth chapter is devoted for explaining the results
obtained from the methodology through different data analysis. The detailed discussion on the results
obtained and observations from the research has been described in the seventh chapter. The thesis
concludes with recommendations in a capsule in the last chapter.
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2. LITERATURE REVIEW

21.1. Radar Remote Sensing

RADAR stands for Radio Detection and Ranging and it was developed to detect the presence of earth
features using radio waves and to determine their distance and angular position [16]. Radar remote sensing
utilizes microwave region of Electromagnetic spectrum from 1 mm to 1.3 m [1] wavelengths. The amount
of signal received by the radar system from a particular earth feature is given by the

Wi = () 7 ()4
R= \4nR2 o 4mwR2)°T

radar equation [1].

Here Wy is the teceived power, W, is the transmitted powet, G, is the gain of the transmitting antenna, R
is the distance from radar to the target, 0 is the effective backscatter co-efficient and A, is the effective
aperture of the receiving antenna. The parameters which affect the radar return are related to system and
target parameters [17]. The different target parameters are surface roughness, complex dielectric constant,
slope angle and orientation. The different system parameters which influence the radar return are
wavelength or frequency, look angle, look direction, polarization and resolution [4]. Among all the system
parameters, wavelength and polarization are the two important principle components which affect the

transmission characteristics.

Frequency or wavelength (Table 8 in Appendix I) is an important component since it influences the depth
of penetration of the EM wave. As the wavelength increases the penetration level increases and helps to
obtain information about the surface below the earth upto a particular depth [1]. When the wavelength
factor combines along with different target parameters such as dielectric constant of the object, surface
roughness, there will be variation in the radar backscatter depending on the remote sensing application

[18].

21.2. SAR Polarimetry

The importance and potential of radar polarimetry for problems in remote sensing with real and synthetic
aperture radar, inverse scattering, radar meteorology, target decomposition and classification were
understood and investigated in the past few decades [19]. Electromagnetic waves, due to its intrinsic
vector nature as its unique property, and which provides the complete description of propagation and
scattering phenomena, requires the concept of wave polarization.

SAR polarimetry (PolSAR) is the technique that is concerned with the acquisition, synthesizing and
analyzing the polatization state of an electromagnetic wave. Therefore, depending on the different modes
of polarization, matrix formulation (scattering matrix) can be generated which can be used to synthesize
the radar return with any transmit/receive polatizations and thereby measuring the complete information
of target. The concept of scattering matrix as a fundamental descriptor for characterizing a coherent
scatterer was developed by Sinclair [20], [21]. He studied the system properties which transmit polarized
waves of different ellipticity and orientation angles and devised methods for measuring and assessing the
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performance by defining a parameter which specifies the polarization specifications of the transmitting or
receiving polarized wave.

Kennaugh [22], [23] introduced the concept of optimal polatizations and formulated a theory based on the
backscattering of Eigen polarizations of the scattering matrix. Huynen [24] capitalized on exploited
Kennaugh’s optimal polarization concept developed in [23] and formulated the same concept to target
radar phenomenology. He also developed the concept of “orthogonal (group theoretic) target scattering matrix
decomposition” [24]. Boerner [25] pointed out the importance of polarization first in conceptualizing inverse
scattering property of electromagnetic vector. He analyzed the work done in 23], [24] and also extended
the theories formulated by them. Boerner et al. [26] summarized the concept formulation of the
2%2 coherent Sinclair matrix and the associated 4X4 Kennaugh power density matrix. Stokes introduced
the concept of Stokes parameters in [27], where he described the partially polarized waves in terms of

observable power instead of amplitude and phase

='c o ) 21
| 2Re{E,E,*} | | Sosin2iysin2y 1)

l21m{Eth*} So sin2y

Here Sy in equation (2-1) is a measutre proportional to the total intensity of the EM wave, E, and E}, are

So [E, % + |Ex1*] So

[Q‘ _ ||Eu|2 - |Eh|2|_ So cos 21 cos 2y
U

vV

the vertical and horizontal components of the electric field vector. Q is equal to the power in the
horizontal linear or vertical linear polatization components of the plane wave vector [28]. U is equal to the
power of the lineatly polarized components with an otientation angle (1) of 45° 0r135°. V is equal to the
power in the circular polarized component in the plane wave [28].

Look Direction A

S
e <

Figure 2-1: Polarization Ellipse- Rotation Sense

Pottier gave the concept of distinguishing characteristics of the polarization ellipse between right-handed
(clockwise) and left-handed (counter-clockwise) when viewed in direction of the travelling wave for
horizontal (H) and vertical (V) polarization states (figure: 2-1). Pottier also provided the conceptual idea of
linear, elliptical and circular polarizations based on the ellipticity and orientation angle values in
polarization ellipse.

10
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Figure 2-2: (a) Linear Polarization (b) Elliptical polarization (c) Circular polatization

The figures 2-2 (a) (b) and (c) represent linear, elliptical and circular polarizations, with the green arrow
indicating the rotation of the electric field vector. The red arrow indicates the electric field vector and the
locus traced by the tip perpendicular to the propagation direction represented by blue. The orientation
angle of the EM wave (polarization ellipse) is the angle between the semi-major axes from the positive
hotizontal axis measuted in the counter clockwise direction. The otientation angle ranges from 0° to 180°.
Ellipticity or eccentricity represents the shape parameter, which describes the degree to which the shape of
the polatization ellipse is oval and takes values between -45° to +45°. The polatization ellipse will become
a straight line (0 ellipticity and polarization “linear”), when the phase angle between the horizontal and
vertical components is 0 or n radians. If the otientation angle is 0° or 180° with 0 ellipticity, then the
polatization is hotizontal linear, while if the otientation angle is 90° with same ellipticity, then the
polarization is vertical linear with zero horizontal component [3]. If there is a 90° phase angle between
hotizontal and vertical components, then the ellipse becomes a circle. Here the ellipticity is 45° even
though the orientation angle is not defined. An ellipticity of +45° represents left circular polatization and
-45° represents right citcular polarization

In complex radar systems, the antennas are designed to transmit and receive EM waves for more than
single polarization [5]. Since the object under study after backscattering can change the polarization state
of the incident wave, radar systems are designed to receive different polarization components of the
EM wave at the same time. Therefore, a radar system using H and V linear polarizations can have four
different polarization channels [1].

e HH - Horizontal transmit, Horizontal receive
e VV - Vertical transmit, Vertical receive

e HYV - Horizontal transmit, Vertical receive

e VH - Vertical transmit, Horizontal receive

HH and VV combinations are referred to as like-polarized while HV and VH are referred to as
cross-polarized combinations. Based on the complexity, a radar system can be designed for different levels
of polarizations.

e Single Polarized - HH or HV or VH or VV

e Dual Polarized - HH and HV or VV and VH or HH and VV

e Quad Polarized - HH and HV and VH and VV

"
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2.1.3. Scattering Matrix, Covariance and Coherency Matrix

Fully-polarimetric radar transmits horizontal (H) and vertical (V) polarized waves which are orthogonal to
each other and receives the backscattered portion of the electromagnetic wave in four polarization
channels i.e. HH, VV, VH and HV where both the amplitude and relative phase values are measured. The
measured values from these four channels represent all the information in the form of a 2X2 scattering
matrix which is needed to measure the polarimetric scattering properties of the earth surface [1]. This
matrix can be used to synthesize the radar return with any transmit/receive polarizations and thereby
measuring the complete information of target. The scattering matrix is given by the expression

Eq| _ [Sun SHV] Ef;
Ey Svu Swl |E)

Here Ejj and Ej in equation (2-2) represents the horizontal and vertical components to describe the

(2-2)

backscatter properties of the target, whereasE}; and E} represents the same for an incident wave. The
elements of the scattering matrix are known as the complex scattering amplitudes. In case of monostatic
radar (system where the receiving antenna is co-located with the transmitting antenna), the reciprocal
property is assumed. This means that Syy = Syy . The scattering matrix now becomes symmetrical and
has only 3 independent elements [4]. The incident and the scattered wave field can be represented by the
scattering matrix [29]. The scattering matrix can only be used effectively to obtain information in case of
pure or coherent targets which doesn’t contribute in complex scattering mechanisms. In case of presence
of complex or multiple targets in a single resolution cell, the radar cross section which is the effective area
of backscatter is by contributed by complex scattering mechanisms [29]. Therefore the partially polarized
waves cannot be used for characterizing the information content in a scattering matrix. Thus the second
order derivatives [1] of scattering matrix - covariance matrix and coherency matrix has to be used [30].

In order to extract the physical information from the polarization description of the earth feature, a new
formalism was developed by constructing target vector of the scatterer which is the vectorized form of the
scattering matrix given by:

k =V([S]) = ;Trace ([Slp) (23)

Here V(.) is the vectotization operator, ¢ is a set of 2X2 complex basis matrices which are orthonormal
under a Hermitian inner product and Trace (.) is the sum of the diagonal elements of the argument.
Pauli and Lexicographic basis sets are two among the several basis sets which can be formulated using the
above principle. Lexicographic basis set is given by the expression

ol 302 91 6 0

Pauli basis set is given by the expression

op:V2 {[6:]},i =0,1,2,3

Where in
1 o0 1 o 0 1 _[0 —j
ol =[5 Ntar =[5 el =[0 te1=[] ] 29
The lexicographic format assuming reciprocity condition Syy = Syy is given by
SHH
K, = \/2_ Shy (2-6)
SVV
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The Pauli format assuming reciprocity condition is given by

. Sun + Syv
Kp =% SHfé g Syy 2-7)
HY

The covariance and coherency matrices are obtained from Pauli and Lexicographic basis scattering vectors
which are generated from scattering matrix [31]. The covariance matrix is generated by multiplying the
Lexicographic scattering vector form of scattering matrix with its transpose, while the coherency matrix
using Pauli basis vector form [32]. The covariance matrix can be converted to coherency matrix using a
unitary similarity transformation matrix [33]. These matrices represent the mathematical description of the
complex state of the scatterer and provide information about the geometrical characteristics of the earth
feature acquired by the radar [34]. The target vector is then used to generate the 3X3 Hermitian coherency
matrix [33]. The coherency matrix is obtained by multiplying the Pauli basis vector with its complex
conjugate transpose represented by T = Kp. Kp'.

24 C—jD H+jG
[T]=|C+jD By+B E+jF (2-8)
H-jG E—jF By,—B

Here Ay, By, B,C,D,E,F,G and H are the Huynen parameters which reflect the physical source of
correlation effects in the earth feature [13]. The nine parameters of the 3%X3 coherency matrix are essential
for general feature analysis without any model reference and are thereby useful for obtaining real physical
target information [24]. The parameters Ay, By + B and By — B called as the target generators. They are
directly related to the symmetry, irregularity and non-symmetrical physical characteristics in case of a pure
coherent scatterer or related to the surface, the double-bounce and the volume scattering mechanisms in
case of distributed scatterers present in natural media [13].

2.1.4. Compact Polarimetry

The different polarimetric configurations, the single polatimetric mode (HH or VV), dual (HH/HV or
VV/VH), alternating (HH/VV), and quadrature or full (HH/HV/VH/VV) polatimetric modes are
recognized as the dassical modes, since all the past and present SAR systems for earth observation purpose
have been operating in one or more of these modes. A more general concept of polatimetry has emerged
based on the transmission and/or reception of polarization states different from the usual H or V
state [11]. There are three classes defined for the new concept. The first class is referred to as
Hybrid polarimetry where the transmission is circular; with a linear reception [35]. The Hybrid mode
comprises of circular compact polarimetry and with interleaved left and right transmission, which leads to
the quad-hybrid mode reception [35]. The second class of this special case of compact SAR architectures
is the drenlar polarimetric mode, whose transmission and reception is circular polarized. The third class
referred to as Compact Polarimetry or Partial polarimetry, is a special case of dual polarized mode in which the
transmitted polarization is either right circular or left circular with 90° phase angle between vertical and
horizontal components and the ellipticity y = +45° or linearly polarized with an orientation angle of
1) = 45° and both vertical and horizontal polarizations were received simultaneously [8].

13
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Table 1: Compact SAR modes vs. Classical Modes

RECEPTION
H Y HV Linear | Circular | Circular
45° LR
H Single - Dual - - -
A% - Single Dual - - -
Z
o HV Alternating Full or Quad - - -
2 Linear - - Compact - - -
= 45°
n
E Circular - - Compact-Hybrid - - Dual-
&= Circular
Circular - - - - Quad-
LR Circular

Table 1 shows the classification of compact SAR modes in contrast with the classical SAR modes. The
classical modes are shown in cream colour, compact-polarimetry modes shown in green colour, hybrid
polarimetry modes shown in red colour and circular polarimetric modes shown in yellow colour. In Radar
meteorology, experiments involving inventive dual polarimetry started 40 years ago which included
transmitting “slant” linear polatization at an angle of 45° relative to hotizontal direction ot circular
polarization and receiving orthogonal linear polarizations [38].

The first impression of the compact polarimetry concept which appeared in SAR literature was in 2002
when Souyris and Mingot [11], assessed polarization duality in reception for a SAR which transmits only
single polarization. They developed an algorithm for reproducing the fully-polarized data using the
covariance matrix. A procedure was developed to estimate the fully polarimetric information of distributed
carth features using the compact polarimetric approach, where they assumed that the correlation between
co-polarized and cross-polarized terms is equal to zero.

The extent to which pseudo-quad pol data can be reconstructed from the covariance matrix using the
different compact polarimetry modes was studied by Souyris et al. [10]. They assumed reflection symmetry
and a mathematical relationship between linear coherence and cross-polarized (Syy ) ratio to teconstruct
the pseudo quad-polarized (Syy,Spy,Syy ,Syy ) data, using the polarization state extrapolation
algorithm. While comparing the performance of reconstructed data and the fully polarimetric data for
analysis of point targets in Landes forest area in France and Flevoland in USA using L-band SIR-C/XSAR
and JPL AIRSAR images, the classification accuracy of n/4 mode was found to be comparable with
fully-polarimetric mode. The study proposed future improvements including proper calibration scheme
which includes Faraday rotation, system channel cross-talk, amplitude imbalance corrections, refinement
of power budget and detailed signature studies for /4 mode [10].

Raney [35] proposed Hybrid-polarity architecture which consists of transmitting circular polarization and
receiving orthogonal linear polarizations on mutually-coherent channels, given a dual polarized antenna
and a spaceborne SAR. He suggested that using the resultant data from the system is sufficient to derive
all four Stokes parameters from which the circular-polarization ratio may be calculated along with several
other quantitative image domain characterizations. It also helps to characterize the backscattering
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mechanism under circular polarized condition completely. The hybrid polarity architecture proposed was
meant for planetary applications thereby leading to simpler and capable radar hardware in comparison
with contemporary dual polarized (circular) system. Through sensitivity analysis, he also showed that
circular-polarization ratio calculated from hybrid polarimetry was less sensitive to channel imbalance by a
factor of two when compared to traditional calculation. The architecture was characterized by several
advantages such as Stokes parameter data products, comparable signal levels, error sensitivity and less risk
of cross talk [36]. Raney also concluded that n/2 mode is advantageous over n/4 mode due to tatget
rotational invariance and system optimization factors.

Notd et al. [37] studied on reconstructing quad-pol data using n/2 mode (Circular transmit, linear receive).
They compared the performance of different compact polarimetric modes using the covariance matrix.
They also modified the reconstruction algorithm proposed in [11] to show enhancements in the generated
pseudo-quadrature polarised data. It was concluded that of the three compact polarimetric modes,
n/4 mode showed improved results in terms of relative error and standard deviation parameters [37]. The
data analysis from all the three compact polarimetric modes suggested that the assumption of reflection
symmetry removes all possibilities of estimating orientation angle of the scatterers. Compact polarimetry is
also useful for terrain classification roles where spatial averaging becomes a less difficult problem and the
results of the statistical properties of large homogeneous regions are desirable.

Lavalle [9] investigated the potential of the compact polarimetric and interferometric SAR for estimating
forest height. His main objective was to develop a general framework for comparison between full and
compact PolInSAR data over forest areas using fully polarimetric data. He demonstrated the RVoG
inversion model (two layer inversion model used for estimating the vegetation height using PollnSAR
data) using ALOS PALSAR data through a systematic approach starting from detailed processing of raw
data and then performing the complete basic SAR polarimetric and interferometric algorithms for
subsequent ingestion in model-based inversion procedures [9]. He debated that compact polarimetry may
not represent a substitute for fully polatimetric mode, especially not for all earth based applications. He
showed that the reconstruction of the HH, VV and HV polarimetric channels is almost well preserved
satisfying the reflection symmetry condition. He also investicated based on the increased accuracy of
height retrieval based on coherence region enlargement by PolInSAR reconstruction in the complex plane.

Ainsworth et al. [7] inter-compared the polarimetric content of dual-polarimetric imaging modes and
dual-polarimetric imaging extended by polarimetric scattering models. They compared Wishart
classifications [4] for both the partial polarimetric and the fully-polarimetric datasets. From the analysis of
different polarimetric modes, the study concluded that true quad-polarimetric data produced the most
accurate Wishart classifications, while standard linear dual-polarimetric data yielded the poorest results. In
between these two extremes are the compact polatimetric modes (the CTLR and n/4 modes) and the
pseudo-quadrature polarimetric data generated from polarimetric scattering models. The analysis of the
study done in [7] showed degradation of the method for mixtures of the volume, the dihedral and the
surface scattering mechanisms. It was found from the classification results that the hybrid dual-
polarimetric modes (CTLR and n/4 modes) perform better (not always) than the standard linear dual-
polarimetric modes.

Charbonneau et al. [38] evaluated the compact polarimetry mode configuration for different applications
such as soil moisture estimation, crop identification, ship detection, and sea-ice classification conducted by
Government of Canada. The implications of the results obtained after evaluation were also discussed for
future SAR missions such as the Canadian RADARSAT Constellation Mission, the American DESDynl,
and India’s RISAT [38]. From the study based on different scattering mechanisms affected by the compact
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polarimetric mode, the main conclusion drawn was that radar must transmit circular polarization, if the
backscattered field has to be rotationally robust related to the geometric aspects of the image scene under
study provided the objectives of the image analysis include feature discrimination between single and
double bounce scatterers that have random orientations. The data from quadrature-polarized radar can be
transformed to any form of compact polarization which follows directly from the fundamental principle
of polarization synthesis. The analysis revealed that the compact polarimetric combinations could not
achieve the accuracy of Cloude-Pottier or Freeman-Durden decomposition parameters, with Stokes
parameters as the exception. The four Stokes parameters produced eatly season crop classification
accuracy for any fully-polarimetric or compact polatimetric dataset [38]. The study from the crop
classification concluded that, a compact polarimetric mode capable data acquisition with large swath width
is able to produce accurate eatly season and end-of-season crop classifications [38]. For ship detection
application, the quadrature-polarimetric system provided the best detection among all the other systems
considered, while the dual-polarimetric and simulated left circular polarimetric mode provided better
detection than the single-channel systems. A dual-polarized system such as left circular-polarimetric mode
should provide wider swath coverage than a quad-polarized system for ship detection application.

Raney [39] obtained patent for synthetic aperture radar hybrid-quadrature polarity architecture and
method by transmitting both left and right circular polarizations with minimum Nyquist sampling rate,
orthogonal linear feeds simultaneously by two identical waveforms & 90° out of phase and receiving two
orthogonal linear polarizations [39]. He suggested that for /4 and circular polatization modes are useful
for important applications such as planetary geology including lunar surface characterization in which the
decomposition should be able to classify dihedral like scattering features irrespective of orientation. The
study added the advantages of the resultant hybrid polarity architecture, which included minimizing
sensitivity to relative errors and cross-talk, amplitude and phase calibration, simpler system with less RF
hardware, low mass and low power consumption, increased swath width when compared to the
fully-polarimetric system, minimized level of range ambiguities which helps in extending range swath and
incident angle of the system [39].

2.1.5. Polarimetric Decomposition

The polarimetric information from an earth feature may contain the geometric and physical characteristics
of the feature under observation. The polarimetric target decomposition theorems express the average
scattering mechanism as a sum of individual and independent scattering mechanisms [4]. These theorems
exploit the phase information contained in the data and may be used for classificaion and target
recognition purposes. The two types of decomposition techniques are coherent decomposition, which
deals with the scattering matrix and incoherent decomposition, which works on coherency or covariance
matrices [40].

The radiative transfer theory developed by Karam and Fung [41] assumed that the particles scatter
independently. The canopy was modelled as a two layered medium above the rough interface, where the
upper layer stands for forest crown with the leaves are modelled as randomly oriented distributed discs
and needles for deciduous and coniferous forests and the branches modelled as randomly oriented finite
length dielectric cylinders [41]. The lower layer which contained the tree trunks were modelled as vertical
cylinders, positioned randomly above the rough soil. The total backscattering coefficients were conveyed
in terms of the backscattering amplitude tensors of leaves, branches, trunks and soil [41].

Kroagager decomposition [4] which is another type of coherent decomposition, asserted that scattering
matrix, which is altered by a rotation operator to balance the misalignment between the antenna and the
target orientation, can be modelled as a combination of sphere, oriented diplane and a right or left wound

16



RETRIEVAL OF VOLUME SCATTERER INFORMATION USING THREE-COMPONENT DECOMPOSITION MODEL BASED ON COMPACT POLARIMETRY

helix [42]. The simulated feature consisted of uniformly spaced and evenly strong single scatterers in the
form of spheres, diplanes, wires and helices with different orientation angles [42].

Cloude and Pottier [43] employed Eigen value analysis of the coherency matrix and employed a three level
Bernoulli statistical model which generated the average target scattering matrix parameter estimates from
the radar data. The study assumed that there will always be a dominant average scattering mechanism
present in every imaged pixel and from there; the parameter estimation was carried out. The Eigen value is
basis invariant and therefore these estimates give the statistical independence between the target vectors
[43]. The advantage of this decomposition technique was that, it gave a formal connection between the
signal processing concepts and that the noise can be estimated from the covariance matrix [43].

Durden et al. [44] developed a model for L-band microwave backscattering from a forest area, where they
modelled the forest surface as rough dielectric surface above which, there was a layer of tree trunks
represented by vertical dielectric cylinders. The tree branches were represented by randomly oriented
cylinders and using these assumptions, several scattering mechanisms were identified and calculated the
corresponding Stokes matrices, which in turn combined to give the total Stokes matrix and resulting
polarization signature [44].

Freeman and Durden [45], [46] suggested that polarimetric radar backscatter models which were
developed for naturally occurring terrains and man-made features are highly complex and require large
number of input parameters such as tree height and diameters, tree density, leaf size and angular
distribution, ground roughness, trunk dielectric constants to predict the observed radar backscatter. The
study described a new technique which fit a model using three scattering mechanisms: the volume
scattering, modelled from a cloud of randomly oriented dipoles, the even or double-bounce scattering,
modelled from a pair of orthogonal surfaces with different dielectric constants and the odd or single
bounce scattering, modelled from a Bragg scatter from a moderately rough surface [45]. The new model
was able to estimate the overall contribution for each of the three scattering mechanisms for every SAR
imaged pixel. The number of input parameters (radar backscatter measurements) and the output
parameters (backscatter contributions from all the three scattering components and the two additional
parameters) were the same. It was assumed that for all the backscatter components, the co-polarized and
cross-polarized radar returns were uncorrelated and the backscatter is reciprocal. The model used in [45]
study predicted that, for upland forest areas, the dominant scattering mechanism was volume scattering
for P, L and C-band frequencies. There is only less than 20% contribution from double-bounce scattering
mechanism at P-band, none at L. and C-bands. In case of the surface scattering, it was found that it was
very low at P-band, but with ~20% contribution for C-band return. The model employed in [40] fitted
well for tropical rain forest over a wide range of incidence angles. The study showed that there is an
increase in the surface scattering contribution for L and P-band at lower incidence angles. There was a

slight decrease in the even-bounce scattering contribution at P-band for incidence angles cither side of
40°.

Yamaguchi et al. [47] extended the three component decomposition model proposed by Freeman and
Durden [45], [46], by adding a fourth component, the helix scattering to take in account of the
co-polarized and cross-polarized correlations which normally appears in complex urban scattering and
lacking for natural terrains. The reflection symmetry condition which was assumed for three component
model does not hold for helix scattering, since there is a major presence of the co-polarized and the
cross-polarized correlations in case of urban scattering,.
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Zhang et al. [48] proposed multiple component scattering model (MCSM) which was the expansion of
three and four component scattering model developed in [45], [46] and [47] desctibed the
single-bounce, the double-bounce, the volume and the helix scattering mechanisms. The MCSM was
developed by adding an additional scattering mechanism, the wire scattering. The wire scattering was
described by a characteristic scattering matrix of the canonical thin wire target represented as a function of
the orientation angle around the radar line of sight [48].

2.1.6. Polarimetric Scattering Entropy

The complexity in the scatterer information present in a pixel may lead to randomness in scattering which
is represented as entropy values. Entropy indicates the degree of disorder of the polarimetric response.
The value of entropy lies between 0 and 1. Entropy will be low, if there is a dominant scatterer and
entropy values will reach maximum when there are different scattering mechanisms present in a single
pixel and thereby making it difficult to extract a dominant fully polarized signature from the
measurements [1]. Entropy (H) provides a resourceful and appropriate basis-invariant parameter in order
to define the degree of statistical disorder of each distinct scattering mechanism present in the ensemble
and is given by [28].

N
H = —ZPkIOgNPk
k=1

Here Py, represents the pseudo-probabilities obtained from Eigen values A and N is the logarithmic basis
which depends on the polarimetric dimension (N=3 in case of monostatic and N=4 for bistatic case). If
polarimetric entropy H is low (H<0.3), then the system can be considered as weakly depolarizing and the
dominant scattering mechanism in terms of a specifically identifiable coherent scatterer may be found [28].
When entropy becomes high, the number of feature classes which can be distinguished from the SAR
observations get reduced and even the target scattering may become a truly random noise process.

2.1.7. Polarization Signature

The radar backscatter from a particular area may consist of superposition of number of waves from
different polarizations [49]. Since the incident wave can take up different polarizations and the scattering
matrix consists of complex numbers, it may be helpful to have a graphical or visual method to plot the
response of the earth feature as a function of incident and received polarizations. One such method is
using “polarization signature” of the earth feature.

The scattering power from the earth feature can be calculated as a function of incident orientation angle
and ellipticity ¥ and backscattered otientation angle ¥ and ellipticity y. In order to simplify this graphical
method using too many variables, the backscattered polarization was restricted to the calculation of
co-polarized and cross-polarized responses for each incident polarization, represented in two surface plots
called co-pol and cross-pol signatures [3]. The incident electromagnetic wave can have an electric field
vector with otientation angle Y between 0° to 180° and ellipticity between -45° to +45°. These variables
are plotted in a 3D graph with synthesized radar cross section as a function of orientation angle along the
y-axis and ellipticity along the x-axis [50]. For incident polatization with unit amplitude, the co-polarized
or cross-polarized power of the backscattered wave is represented along the z-axis. The polarization
signature plot is often normalized to a peak value of one.
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Figure 2-3: Polarization signature (a) Co-polarization channel (b) Cross-polarization channel

The figures 2-3 (a) and (b) represents an example for polarization signature for co-polarized and
cross-polarized channels from a SAR imaged pixel representing a particular earth feature. The values
represented in “Max” and “Min” tags shows the minimum and maximum received power useful for
calculating the co-efficient of variation parameter, which is the ratio of minimum received power to the
maximum received power. The polarization signature takes different shapes for different earth scatterers
depending on their complexity in scattering mechanism. The pedestal height is an important parameter
that is obtained from polarisation signature. It is defined as the minimum value of the backscattered
intensity, when the maximum response is normalized to unity [3]. The height of the pedestal indicates the
presence of unpolarized scattering component present in the backscatter. This can be related to degree of
polarization of the backscattered wave. If the radar backscatter is from a discrete scatterer with the
fully-polarized backscatter, then the value of the pedestal is zero or close to it. If there are more scattering
mechanisms present in a single pixel, then unpolarized component will be more and therefore the value of
the pedestal becomes non-zero.

Evans ef al. [49] studied that, small co-efficient of variation results in large difference between maximum
and minimum received powers and therefore the scattering mechanisms of the averaged pixels are
relatively similar and also the signal to noise ratio also becomes high. The presence of multiple scatterers
in a single pixel can also increase co-efficient of vatiation thereby increasing randomness in scattering
mechanism which causes a “pedestal” in polarisation signature [50]. The study also proved that, in forest
areas with high randomness, the co-efficient of variation increases with increase in vegetation height and
density, which happens due to increased scattering from randomly oriented vegetation.

2.2 Literature Review Conclusion

The past major study done on compact polarimetry has been reviewed in this chapter. The main works
involved reconstruction of the pseudo-quad polarized data from the dual-polarized mode based on
covariance matrix and various classification techniques employed on different study areas after
reconstruction procedure. Most of the works have not concentrated on decomposition techniques after
reconstruction. After reviewing the works done by eminent researchers on compact polarimetry, it was
found that there is still a research gap especially in exploring the possibility of reproducing the
pseudo-quad polarized data from the dual-polarized mode using coherency matrix approach. The potential
of compact polarimetry to reproduce based on coherency matrix will be explored in this research.
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3. STUDY AREA

3.1. Barkot Forest Area

3.1.1. Introduction

The first site chosen for the study swathes a part of Uttarakhand State, located in North India. The total
area of around 1800 km? lies between 30.45 Northern latitude, 29.81 south latitude and 78.34 east
longitude, 77.94 west longitudes. The major towns Haridwar, Rishikesh, Thano and Dehradun lie within
this extent. The other small towns Bulawala, Jwalapur, Lal Dhang etc. have their own contributory impact
for the overall development of the state.

3.1.2 Attributes and Scientific Importance of this area

This region falls under the Shivalik range of Himalayas. River Ganges emerges from the mountains to
touch this region. Hence, due to the presence of agricultural patches of wheat, sugarcane, maize and bajra,
the region has gained national importance due to their large scale crop production. The terrain of Rajaji
National park is almost hilly at an elevation range of 100 to 450 m. This park which is a part of Shivaliks
contains tropical and subtropical moist broadleaf forests. The area proposed for this study is embedded
with dense cover of Sal forests, sub-tropical pine forests, trees of West Gangetic plain which are moist and
dry northern Decidous and Kair-Sissoo forests, which makes up the Barkot forest range in the northern
slopes. The southern slopes consist of mixed vegetation including bamboo, grasses and shrubs. The
ecosystem of this atea is quite diverse and varied.

The presence of dense Sal forests in the forest area acts as a strong source for volume scattering. The
agricultural lands present in the area also contribute in volume scattering during crop growing season and
contributes for surface scattering during non-crop growing season. Water bodies having smooth surface
act as specular reflectors. Permanent scatterers like buildings and mountains act as cotner reflectors
responsible for double-bounce scattering. These all factors make this region a complete package for this
study. The proposed study concentrates in volume scattering from the forest features such as tree trunks,
leaves and branches.
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Figure 3-1: (a) India Map (b) Uttarakhand State map (c) Study area I - Geoeye-I Sensor,

Source: Google Earth
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3.2, The Sundarbans

3.21. Introduction

The second study area chosen covers a part of Sundarbans forest area, a part of West Bengal state, in
Eastern India. Sundarbans forest area which is located close to the meeting point of Ganges pure water
and salt water of Bay of Bengal is the largest block formation of mangrove in the world [51] and is the
world’s largest coastal wetland and covers an area of almost 5000 km?2. Formed by Ganges, Meghna and
Brahmaputra rivers, the Sundarbans are of a part of the World’s largest delta and also the World’s largest
estuarine mangrove forest, 40% in India and 60% in Bangladesh [52]. In 1997, UNESCO recognized the
Sundarbans as a World heritage site. The region lies between 22.02 North latitude 21.37 South latitude and
88.77 Hast longitude 88.40 West longitudes. The region is bounded by Bagerhat, Khulna and Satkhira
districts in the North and the Bay of Bengal in the south. The western region is bounded by Raimangal
and Hariabhanga rivers which forms the Bangladesh border with West Bengal in India.

3.2.2 Attributes and Scientific Importance of this area

3.2.21. Geography of the area

The region extends over almost 200 small islands separated by 15 distributaties of major rivers flowing
north-south and almost 400 tidal estuaries, canals and creeks, which are interconnected. These form an
impenetrable saltwater swamp reaching 100-130 km inland which supports the largest tidal mangrove
forest in the world [52]. The Sundarbans are an excellent example of Monsoon rain flooding, plant
colonization, tidal influence and delta formation [52]. The atea lies within a World Wildlife Fund (WWF)
Global Eco-region, and is contained by UNESCO Biosphere Reserve, which contains the Tiger reserve, a
National Park and three wildlife sanctuaries and a Ramsar Wetland [52]. The soil type of the region is clay
loam with alternate layers of sand, silt and clay.

3.2.22. Floraand Fauna

The dominant flora species are Sundari (Heritiera Fomes), Gewa (Exoecaria Agallocha), Goran (Cerigps
Decandra) and Keora (Sonneratia Apetala) [52]. The Sundarbans forest area is classified as moist tropical seral
forests, comprising of a mosaic succession of four types of tidal forest communities: low mangrove forest,
tree mangrove forest, freshwater Heritiera swamp forest and salt-water Heritiera forest [52].

The Sundarbans supports one of the largest populations of the famous Royal Bengal Tiger (Panthera Tigris
Tigris), in the sub-continent, which is famous for swimming and man-eating. 48 other mammal species
have been recorded including Leopard Cat, Jungle Cat, Indian spotted Deer and Wild Boar to name a few.
A total of 315 bird species have also been recorded from this area.

3.2.2.3. Reasons for Selection of area

The presence of dense Mangrove forests in the area acts as a strong source for volume scattering. The
agricultural lands present in human habitats also contribute in volume scattering Water bodies in the form
of canals, distributaries, tidal estuaries and creeks having smooth surface act as specular reflectors,
responsible for surface scattering. Permanent scatterers like buildings in townships act as corner reflectors
responsible for double-bounce scattering. The presence of swamps also contributes to significant variation
in scattering mechanisms due to surface roughness and moisture content.
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Figure 3-2: (a) India Map (b) Part of Sundarbans (c) Study area I - Geoeye-I Sensor, Source: Google Earth
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3.3. Why different Study Areas?

The first study area, Barkot forests contains tropical and subtropical broadleaf forests embedded with
dense cover of Sal and sub-tropical pine forests. Even though the forest canopy area is small, the size of
the tree leaves in tropical forests has bigger size (10-25 cm long and 5-10 cm broad) which makes the
radar waves to undergo volume scattering from multiple scatterers such as the large tree leaves, tree trunk
and the ground.

The second study area in Sundarbans is a coastal wetland, embedded with very dense cover of mangrove
forests such as Rhbizophora apicnlata, Rhizophora mucronata (Red Mangrove), Sundari, Gewa, Goran, Keora
etc., whose tree height is very small (3-5 m )when compared to Sal and Pine trees(~35 m). The forest
canopy area is very large when compared to the trees from Barkot area. Due to the moist and swampy
conditions, the backscatter reflectance may be higher when compared to that from Barkot forests. Even
though volume scattering may not be prominent from tree trunks due to low tree height, the effect of
large forest canopy area and moist ground shall influence volume scattering mechanism and may be
different when compared to that from the first study area.

The terrain of the two study areas also holds key importance for the research. Barkot forest range lie in a
hilly terrain for almost 75% of the total area at an elevation upto 300 m. Therefore the effect of volume
scattering may vary due to undulating slopes where the volume scatterers are physically located. On the
other side, Sundarbans lie in a relatively plain area where undulations are much less thereby reducing
variations in volume scattering from volume scatterers located in plain smooth surfaces.

Therefore in order to study the variations in volume scattering mechanism from different types of terrains
and forest areas and thereby affecting the volume scattering component after reconstruction of
pseudo-quadrature polarized data, these two study areas having different geographical features and climate
behaviour are selected for the research.
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4.  MATERIALS AND METHODOLOGY

This section is divided into two sub sections; the first subsection provides in-depth description on the
used datasets while the second subsection the method which has been adopted for this research work. The
explanation on the methodology will then give a detailed outline to the innovation carried out in this work
which will be explained in the following chapters. The figure 4-1 shown below shows the procedure to
derive pseudo-quadrature polarized data in the form of 3X3 coherency matrix, based on compact
polarimetric techniques followed by decomposing the volume scattering contribution using three
component incoherent decomposition model from both compact and fully polarimetric modes.

ALOS PALSAR L-band SLC
Fully-polarimetric data

A 4

Pre-processing-Multi looking

\ 4

Polarization synthesis-Scattering matrix

! !

Scattering vector for compact Pauli’s basis vector for
polarimetry mode fully-polarimetric mode
v VL
Reproduction of 3X3 coherency Generation of 3X3 coherency
matrix [T'mop] for compact mattix [Trurr] for
polarimetry mode fully-polarimetric mode
v v
Decomposition of the volume scatterer contribution using Freeman-III model

\ 4 \ 4
Validation of reconstructed Data analysis
pseudo-quad pol data against the e Diagonal elements of coherency
fully-polarimetric data matrices

e Volume scattering variation

e Exploratory analysis-Boxplots
e Entropy

e Total power

e DPolarization signature

Figure 4-1 Methodology Flow Diagram
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41. Data

The data used in this project is ALOS PALSAR fully polarimetric L-band SLC data. The Advanced Land
Observing Satellite (ALOS), a satellite developed by Japan Aerospace Exploration Agency (JAXA) uses
Polarimetric Phased Array L-band Synthetic Aperture Radar (PALSAR) as one of the remote sensing
instruments which operates in single, dual and full polarization modes [53], [54], [55].

The wavelength for this data is 23.5 cm. L-band data, due to its longer wavelength than C and X-bands,
has the capability to partially penetrate through the forest cover and can reach the ground. Therefore,
L-band data gives the volume scattering information from tree trunks, tree leaves and ground, double and
triple bounce scattering from corner reflectors, especially from man-made structures. L-band data also
gives surface scattering information from the ground, creeks, canals and distributaries especially for
Sundarbans study atea, depending on the surface roughness and soil moisture content. The proposed
study areas fall under tropical forest region. The size of the tree leaves in tropical forests has large size,
which is greater than the wavelength of C and X-band SAR systems. L-band wavelength is having the
capability to penetrate through tropical forest vegetation and ALOS-PALSAR is the only space-borne
SAR system, which has acquired fully polarimetric data in L-band. The dataset description and
characteristics (resolution, swath width and wavelength details) for both study areas is shown in table 9
and 10 in Appendix-I.

The data supplied was in single look complex (SLC), Level 1.1 format, in fully polarimetric mode. The
datasets were later converted in multi looked format (ML). The dataset used for the tesearch which was
provided in level 1.1, SLC format contains an ALOS product file in .txt format, 4 SAR image files in SLC
format and associated .PAR files of the corresponding image files of all four polatizations, one Meta file in
.meta format and a KML file of the dataset representing the area covered by the sensor on that date of
acquisition.

4.2, Method

The methodology is divided into four main steps. The first step involves pre-processing of SAR data
including conversion of slant range to ground range - multi looking process and polarization synthesis.
The latter step involves generating 2X2 scattering matrix which can be used to synthesize the radar return
with any transmit/receive polatrizations and thereby measuting the complete information of the earth
feature. From this stage, the work is carried out in two phases. In the first phase, the pseudo-quadrature
polarized data in the form of 3X3 coherency matrix is derived using the dual polarized scattering vectors,
based on polarization state extrapolation algorithm which works on the concept of compact polarimetry.
In the next phase, 3X3 coherency matrix from fully polarimetric mode is also generated using Pauli basis
vectors. After completion of this phase, both the coherency matrices from fully polarimetric and compact
polarimetric modes were decomposed for estimating the volume scattering contribution using
three-component incoherent decomposition model. After decomposition, detailed data analysis like
Entropy, polarisation signature analysis was carried out followed by the final step of validating the
reconstructed pseudo-quadrature polarized data against fully polarimetric mode.

4.21. Multi look setup
The SLC format of the dataset used in fully polarimetric mode contains information from all four

polarizations. The actual spatial resolution of a SAR system has two dimensions namely: azimuth
resolution and range resolution. Azimuth resolution is measured along track, while range resolution in
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across-track direction. Radar data is created in slant range geometry [5]. It has to be projected into ground
range plane. This is because the uncorrected radar image is displayed in slant-range geometry which is the
actual distance from the radar to the feature in the scene under observation. Due to the slant range
distortion, the earth objects which are in the near range appears to be compressive when compared to
objects at far range which results in different azimuth and range resolution. Therefore slant-range was
converted into ground range by multi looking process. The first step in multi looking process was to
calculate the pixel spacing in ground range which is done by dividing pixel spacing in slant-range by sine of
look angle (30° in this case). Here the pixel spacing in ground range after calculation becomes
18.737 m. After this step, pixel spacing in ground range is compared with pixel spacing in azimuth of
3.792 m. Therefore 6 looks in azimuth direction and 1 look in range direction is considered to obtain a
resolution of 18 m thereby increasing the resolution in azimuth direction and with equal range and
azimuth resolutions.

Figure 4-2: (a) SLC image-Study area I (b) Multi look image-Study area I (c) SLC image-Study area 11
and (d) Multi look image- Study area II.
Red channel: HH polarization, Green channel: HV Polarization and Blue channel: VV polarization

27



RETRIEVAL OF VOLUME SCATTERER INFORMATION USING THREE-COMPONENT DECOMPOSITION MODEL BASED ON COMPACT POLARIMETRY

4.2.2, Polarization synthesis-Scattering matrix

The next step was to obtain the scattering matrix which can be used to combine the radar return with any

transmit/receive polatizations and thereby measuring the complete information of the earth feature.

1= [ 5]

= 4-1
Svu  Swv “D

4.2.3. Target Vectors for fully polarimetric and compact polarimetric modes

The vectorized formulation of scattering matrix in the form of Pauli basis vector for fully polarimetric
mode and dual-polarimetric target vector for compact polatimetric (n/4) mode were generated for
deriving the pseudo-quadrature polarimetric information in the form of 3X3 coherency matrix for the
compact polatimetric (n/4) and the fully-polarimetric modes.

L[St Swv
Kp = —= |Sun — Swv (4-2)
1
Kn/a =7 [Sun + Suy Syv + Syul” (4-3)

Here Kp represents the Pauli basis vector for the fully polarimetric mode whereas K, /4 represents the

scattering vector for the compact polarimetric (n/4) mode.

4.2.4, Derivation of 3x3 coherency matrices from fully polarimetric and compact polarimetric modes

The scattering matrix and the basis vectors cannot give complete feature information on complex
distributed earth scatterers present in every imaged SAR pixel. This is because; presence of different
scattering mechanisms in each pixel, due to complexity of the features (e.g. forest features, man-made
features) makes it difficult to obtain information of individual features. Therefore, 3X3 coherency matrix
which represents a more expandable form of scattering matrix is derived from basis vectors of both the
fully polatimetric and the compact polarimetric (n/4) modes.

The 3X3 coherency matrix for fully polarimetric mode was reproduced by multiplying the Pauli basis
vector with its complex conjugate transpose represented by Tpy, = Kp X K er. Thetefore,

. (1Syu + Syv1?) (Syy + Svv)Syy — Svv))  2{(Syy + Syv) X Siy)
[TryrL] = 2 (Syy — Svv)Syy + Syy)™) (1Syn — Syv1?) 2((Sun — Syv) X Sqy)
2(Syy X (Suy + Syv)") 2(Syy X (Sug — Syy)™) 4(|Suy 1?)
(4-4)

The pseudo-quadrature polarimetric information in the form of 3X3 coherency matrix[Typ ], based on
the polarization state extrapolation algorithm for the compact polarimetric (1/4) mode was also derived.
The detailed theory and mathematical calculations are explained in the following chapter.
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4.2.5. Decomposition of the volume scattering contribution using three-component incoherent decomposition
model.

The coherency matrices reproduced for the fully-polarimetric and the compact polarimetric (n/4) modes
were then decomposed using three component incoherent decomposition model for estimating the
contributions of fundamental scattering mechanisms such as the single-bounce, the double-bounce and
the volume scattering. The coherency matrices derived from the both modes were decomposed into the
surface, the double-bounce and the volume scattering components and their respective contributions to
every imaged SAR pixel were estimated from both study areas.

4.2.6. Validation

The volume scattering contribution of tree leaves, tree trunk and from the ground estimated from the
reproduced compact polatimetric data was validated against the fully polarimetric data. For this research,
the multl looked single polarized imagesSyy, Syy ot Syy of the respective study ateas wete used as the
reliable reference data. The validation procedure was to use the concept of Pauli matrix basis of the
individual polarizations. This matrix basis was obtained as the elements of the resulting scattering vector
obtained from the vectorization of the scattering matrix which is associated with the theory of wave
scattering allowing the explanation of the three basic scattering mechanisms [3], [56]. These three
mechanisms are the odd-bounce, the double-bounce and the volume scattering. The Pauli matrix basis is
given by

Kp = % [Sur + Sy Sun — Swv 2Suy]" 4-5)

Here Syy + Syy gives physical interpretation on the odd-bounce scatteting, Syy — Syy on the
double-bounce scatteting and 2 Sy on the volume scatteting mechanisms respectively [3]. Therefore,
these matrix elements were calculated from the single polarized images from both study areas and used as
reference data for validation.

4.2.7. Sampling plan for data analysis and validation

In this study, the sampling plan employed is stratified random sampling which involves defining a
population which consists of number of units for a particular feature out of which a sample consisting of
fixed number of units shall be selected from the population using simple random sampling or systematic
random sampling. All the pixels representing the backscatter from the different features responsible for
the single-bounce, the double-bounce and the volume scattering mechanisms were considered as the
population. The population was then divided into three groups or strata representing pixels from these
three scattering mechanisms. The next step involves choosing the sampling size. Here, a sample size of
300 is taken, out of which 100 points are taken from areas responsible for the odd-bounce scattering, 100
points from areas responsible for the double-bounce scattering and 100 points are from areas responsible
for the volume scattering mechanisms. The selection of points also depends on the feature from which the
points are taken for every set of sample. Therefore to maintain homogeneity of features while selection
and for the ease of mathematical computation during data analysis, 100 points were randomly selected
from each set of sample for studying the performance of reconstruction of the pseudo-quadrature
polarized data against the fully-polarimetric data.
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4.2.8. Data analysis

Different data analysis was carried out to study the performance of the reproduced pseudo-quadrature
polarized data against the fully-polarimetric data. The

a) Boxplots or box and whisker plot is a type of graph used in exploratory data analysis used to show the
shape of the distribution of values along with descriptive statistics like median, upper and lower quartiles
and minimum and maximum values. The box part in the boxplot contains 50% of the values. That means
50% of the data values lies between the upper and the lower edges (hinge) of the box i.e. between the first
and the third quartiles. The vertical line inside the box represents the central value or the median of the
dataset sample. The boxplot also gives information on the inter-quartile range which is the difference of
the third quartile and the first quartile. It gives information on the spread of the 50% of the values which
are not affected by outliers. The whiskers or the dotted vertical lines of the boxplot extending from the
box edges represent the maximum and minimum power values of the sample data, excluding the outliers
which are present if the whiskers extend to a maximum of 1.5 times the inter-quartile range. The boxplot
also provides idea on the skewness depending on the concentration of dataset towards a particular
direction.

b) The entropy values calculated from the sampled points from the forested areas responsible for the
volume scattering, for both the modes are analyzed using graphical and modelling approaches to study the
variation in randomness from the forested areas after reconstruction.

©) The diagonal elements of the coherency matrix are related with the physical properties in terms of
symmetrical and non-symmetrical factors in case of discrete features, while more importantly it is related
to surface, double-bounce and the volume scattering in case of distributed scatterers especially in natural
media [13]. In case of the fully-polarimetric mode, the first diagonal elementTiq ={|Syy + Syv %) is
sensitive to surface or odd-bounce backscatter return while the second diagonal element
Too =(1Suy — Svv |?) represents the double-bounce scattering especially from corner reflectors. The third
diagonal elementT33=(|Syy |?) which is the cross-polarized power is sensitive to the volume scattering
especially from natural media such as forests. In order to achieve this, the first and second diagonal
elements are multiplied by a factor 2 and the third diagonal element of [Try; ] divided by 2. This is done
since the coherency matrix|[Try;; | contains a constant V2 as a multiplier the matrix elements.

d) The total power of the fully-polarimetric SAR system represents the total power from all the four
channels namely HH, HV, VH and VV. In terms of scattering matrix, the total power or span is
represented by the sum of [Sup 12, 1Suv 12, 1Sy 12 and |Syy 1%, In terms of coherency matrix, the total
power in the four channels is proportional to the sum of the diagonal elements or trace of the matrix [12].
Even though the total power or the span is polarimetrically invariable (i.e, it doesn’t contain any
polarimetric information), the total power symbolize the multi-polarized information from all the elements
of the scattering matrix into a single SAR image. The total power was calculated using the formula

Tp = T11 + TZZ + T33 (4-—6)

¢) Polarization signature analysis was done to study the backscattering behaviour of the earth feature
under study. Since this research used two study areas, it was imperative to understand the scattering
mechanisms from these areas and to infer the type of scattering which have taken place in the area. The
pedestal height is an important parameter that is obtained from polarisation signature. The height of the
pedestal indicates the presence of unpolarized scattering component present in the backscatter, which can
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be related to degree of polarization of the backscattered wave. The polarization signature also gives
information on the maximum and minimum received power, which useful for calculating the co-efficient
of variation parameter, which is the ratio of minimum received power to the maximum received power.

4.2.9. Accuracy assessment

The different measures used as parameters in the different data analysis, measures the accuracy of the
reproduction of the pseudo-quadrature polarized data when compared to the fully-polarimetric data. The
different measures employed in this study for accuracy assessment are

a) Relative error-It is defined as the ratio of the absolute error to the magnitude of the fully-polarimetric
data, where the absolute error is calculated as the difference between the backscattered power from the
fully-polarimetric data and the reconstructed pseudo-quadrature polarized data. The expression for the

relative error is given by
FP—-CP

FP

RE = 4-7)

Here FP represents the backscattered power from the fully-polarimetric data; CP represents the
backscattered power from the pseudo-quadrature polarized data. Therefore, in case of calculating the
relative error in single-bounce scattering occurred after reconstruction in the first diagonal element of the

coherency matrix, the relative error is calculated as
TN, Ty,

REq, = (4-8)

Ti1,
Here Tq1, represents the backscattered power in fully-polarimetric data from the first diagonal elementTyq,
while T11 yrepresents the same from the compact polarimetric mode. Similarly the relative errors from the
remaining diagonal elements were also calculated and interpreted. The median values from the relative
errors shows the bias in the pseudo-quadrature polarized values from the factual fully-polarimetric values,
expected for a perfect reproduction. Negative medians show that the reconstructed values are larger than
the fully-polarimetric values. Standard deviation from the relative errors measures the width of the relative
error distribution.

2) Correlation coefficient (r)-The linear correlation coefficient is used to measure the strength and
direction of linear relationship between the fully-polarimetric data and the reconstructed
pseudo-quadrature polarized data. Correlation explains how well both these data vary together, whereas
the correlation coefficient quantifies the direction and the magnitude of the correlation between them.
The value of the sample correlation coefficient is given by

= N 2% xy - (Ei5 0% y) 4.9)

NI ) ~(219% )7 N (512 y2)~(5199 )’

Here x represents the backscattered power from fully-polarimetric data and y represents the same from
the reproduced pseudo-quadrature polarized data. N represents the total number of observations in the
sample. The value of r ranges from—1 < r < +1, where + and — signs indicate positive and negative
linear correlations.

3) Coefficient of determination ( 72 )-This measure gives the amount of variation of the
pseudo-quadrature polarized data that was predicted from the fully-polarimetric data. It gives a measure of
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how well the regression line modelled using linear or non-linear models, represents the data. The value of
coefficient of determination ranges from0 < 72 < 1. The value is calculated using the formula

CP redicte
r? =1 — heded (4-10)

CP original

Here CPpyredicted  measures the deviations of the original pseudo-quadrature polarized values from their
predicted values obtained after regression analysis and CPgriging measures the deviations of the
pseudo-quadrature polarized values from their sample mean.

4) Root mean square error (RMSE)-In order to get the measure of the spread of the
pseudo-quadrature polarized values around that average, root mean square error is calculated. First, the
difference between the actual pseudo-quadrature polarized values and the predicted pseudo-quadrature
polarized values also called as residuals are calculated. This value can either be positive or negative as the
predicted value might over estimate or under estimate the actual values. The residual values are then
squared, averaged and then square root of this average is calculated. The RMSE of the regression line is
also known as the RMS error of the residuals. The final value obtained after this step gives the root mean
square error (RMSE). The value of RMSE is calculated using the formula

Y109 (y—x)2

RMSE = 100

(“4-11)
Here y represents the predicted pseudo-quadrature polarized values obtained from regression analysis,

while x represents the actual pseudo-quadrature polarized values obtained after reconstruction from the
fully-polarimetric mode.

5) Residual analysis-The regression analysis using linear and non-linear models has to be assessed for its
quality. Sometimes the regression line does not pass through all the data which entails some error in the
model fit. The vertical amount by which the regression model fit fails to fit the data is called a residual.
The graphical plot between the residuals and the fully-polarimetric data values is called as the residual plot.

4.3, Tools

This research work used different software tools such as PolSARpro v4.2.0, ENVI 4.8, MS Excel 2007
and R 2.14.1.

PolSARpro is a polarimetric data processing and educational tool [57]. The tool facilitates the provision of
processing and exploiting SAR datasets of multiple polarizations. The source code of this tool which is
made freely available by ESA made it even more useful in modifying the tool for this work.

ENVI 4.8 tool was used for data visualization, basic features like geo linking multiple data which is useful

for taking points from sample, for comparison of power values.

R 2.14.1 statistical tool and MS Excel 2007 were used for exploratory data analysis like Boxplots and for
quantification of results. The dataset processing, analysis and quantification of results, using the above

mentioned tools were implemented in a standard desktop PC.
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5. Derivation of 3x3 coherency matrix (/4 mode) and
three-component decomposition modelling theory

This chapter is divided into two main sections. The first section gives the flow diagram which derives a
pseudo-quadrature polarized data from a dual-polarimetric mode using the polarization extrapolation
algorithm, based on a coherency matrix approach. The second section describes the decomposition
process of 3X3 coherency matrices obtained from a fully-polarimetric mode and the reconstructed
pseudo-quadrature polarized data, using a polarization state extrapolation algorithm, for estimating the
individual contributions of the basic three scattering mechanisms - the surface-bounce, the double-bounce
and the volume scattering, which may be present as an individual contribution or a combination in an
imaged SAR pixel. The basic algorithm developed for compact polatimetry for (n/4) mode [10] is used
here. The pseudo-quadrature polarized data obtained represented by 3X3 coherency matrix after
derivation has been used for decomposing volume scattering contribution using three-component
incoherent decomposition model, which is explained in the ensuing subsection 6.1.

5.1. Polarization State Extrapolation Algorithm

Compact polarimetric techniques involve reconstruction pseudo-quadrature polarized data from
dual-polarized modes. The flow diagram shows the procedure for reproducing the pseudo-quadrature
polarized data from the dual-polarimetric mode using coherency matrix approach.

2X2 scattering matrix Target vector for compact polarimetry (n/4 mode)
Sun  Snv |::> 1
Sy SW] = [Sun + Swy - Swv + Syul”

{1

2X2 covariance matrix for n/4 mode

1o ISyx 1> Sy Sf?v] ! [lsm/lz |SHV|2] L1 [ 2Re (Syn Siv)  Sum Siv + Svv Suv

2 SVV SITIH ISVV IZ E |SHV |2 |SHV |2 E SZIH SHV + SVV S;IV ZRe(SVV S;;V)

Using Polarization State
Extrapolation algorithm

Estimates for fully-polarimetric quad-pol data in the form of 3X3 covariance matrix
Jin — X 0 Jjiz— X

[C] = 0 28 0
i =R® 0 - X®
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Conversion of covatiance matrix to coherency matrix using similarity transformation matrix [A]

1 1 0
N
[A] =10 0 1
1 _1
V2 V2

Twop] = [A1x [C]x 14T [ ]
Estimates for fully-polarimetric quad-pol data in the form of 3X3 coherency mattix [Tyop |

E (1 = X™) +Xgn) \/ii(]lz - X™) %(]11 —XM) - x%]

= | %(]12 — X)) Jyy — R \/%(]12 = (C)I 5-1)
l% U —X™) _Xgn) \/ij(]lz - Xm) %(]11 - X))+ X%J

[Tmop

The value of [Tyop ] in equation: (5-1) shows the 3X3 coherency matrix representing the reconstructed
pseudo-quadrature polarized data, derived using the polarization state extrapolation algorithm. The
technical explanation of the algorithm including explanation of the terms has been explained in
Appendix-11.

5.2. Three-component incoherent decomposition model

The main objective of incoherent decomposition is to separate these second order detivatives of scattering
matrix-covariance and coherency matrices as a combination of simpler scattering mechanisms for easier
physical interpretation.

Freeman and Durden [6] developed a physically based three component decomposition model to fit the
polarimetric SAR observations without utilizing reference data. They modelled the second order
covatiance matrix/coherency matrix as a combination of three different scattering mechanisms the
surface-bounce, the double-bounce and the volume scattering.

In case of volume scattering, it is assumed that the backscattered radar return, which occurs in forest
canopies, was modelled from randomly oriented thin cylinder like scatterers [6]. The coherency matrix for
ensemble of dipoles was given by

f 2 0 0
([TFULL])Volume = :VX 0 1 0 (6‘1)
0 0 1

Here f;, represents the volume scattering contribution to the |Syy |2 component (VV cross-section).

The double-bounce scattering component is modelled by scattering from dihedral corner reflector, made
from a pair of vertical and horizontal surfaces of different dielectric constants [6]. The coherency matrix
for double-bounce scattering was given by

la]? a 0
([TryrL Doouwble = fa X [a* 1 0] (6-2)
0 0 0
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Here « is given by
Rgn Ry,

a = ejz(yh _yv)
Ry Rey

Here Ry, and Ry, represent Fresnel reflection co-efficients of vertical surface (e.g. tree trunk) for
horizontal and vertical polarizations respectively and Rg, and Ry, represent Fresnel reflection
co-efficients of horizontal surface (e.g. ground) for both horizontal and vertical polarizations respectively.
Additional term f; represents the double-bounce contribution to the [Syy|? component
(VV cross-section).

The single-bounce or surface scattering component, which is the direct backscatter from earth surface is
modelled by a first-order Bragg surface scatterer [6]. The coherency matrix for single-bounce scattering is

given by
1 8 0
([Tryrr Dsurtace = fs X |8 |BI? 0] (6-3)
0 0 0

Here f; represent the surface scattering contribution to the |Syy |2 component (VV cross-section).

For all these backscattering components, under assumption of reciprocity condition and there is a
complete decorrelation between the co-polarized and the cross-polarized terms. Along with these
assumptions, it is assumed that there is no correlation between the surface-bounce, the double-bounce and
the volume scattering mechanisms. Therefore the total second-order statistics is equal to the sum of the
total of the individual scattering mechanisms. As a result the three-component decomposition model
expresses the coherency matrix for fully-polarimetric mode [Tryyy ] as

(Truie] = ({Trure Dvotume + {[Trurr Daowvte + {[Trurr Dsurface 6-4)

Substituting values of ([Trure Dvorume > {[TrurrDdaouste and ([Trurr Dsurface from equations: (6-1), (6-2)
and (6-3) in (6-4), [Tryrr ] becomes

(1Sun + Syv %) (Suu + Syv)Sun — Svw)™)  2{(Suu + Syv)-Si)
> (Sun — Syv)(Sun + Syv)™) (Sun = Svv %) 2((Sun — Svv)-Siv) | =
2(Spy . Sy + Syy)™) 2(Syy - Spu — Syv)™) 4(1Syv %)
2 00 la|> a 0 1 g~ 0
%x[o 1 0+fd><[a* 1 o+f5><[[; |B|? 0] (6-5)
0 0 1 0 0 0 0 0 0

From equation: (6-5), the volume scatteting contribution is estimated directly and the value of f;, was
used for simplifying the other equations, making it three equations and four unknowns. The values of «
and B were also assumed to be @ = —1 and f = 1, depending on whether the sutface scattering or the
double-bounce scattering are dominant [6]. With the help of these assumptions, fg, fs and @ or f were
estimated [0]. In the last step, the contribution of all the three scattering mechanisms can be estimated to
the span or the total power, which is equal to the sum of diagonal elements Ty1, T, and T33 of the 3%3
coherency matrix[Tryyy ]. Therefore the total power Py is

PT=PS+PD+PV
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Hetre Py,Pp and Ps represents the scattering powers with respect to the volume scattering, the
double-bounce scattering and the surface scattering respectievely.

Therefore, Ps = f,(1+181%)
PD = fD(l + |0(|2) and
Py=f,

The estimates of the volume scattering contribution for the fully-polarimetric mode has been derived
above. In the similar way the pseudo-quadrature polarized data, dervied using the polarization state
extrapolation algoirthm was decomposed for estimating the single-bounce, the double-bounce and the
volume scattering contributions. Therefore the three-component decomposition model expresses the 3X3
coherency matrix, decribing pseudo-quadrature polarized data, for compact polatimetric mode [Tyop ] as

[TMOD] = ([TMODDvolume + <[TM0D])d0uble + <[TM0D])surface (6-6)

In a similar way for the fully-polarimetric mode, substituting the values of
<[TM0D]>v0lume '<[TM0D]>d0uble and <[TM0D])surface from equations: (6-1), (6-2) and (6-3) into (6-4),
[Tymop] leads to

1 ~ 1 1 ~ 1 ~ 1 1
E(Cn - X®) tem ﬁ(clz - X®) E(Cll - X)) 7o

1 . - 1 -
ﬁ(clz _X(n)) Cyy — XM E(Clz — X(n)) =

1

Ty Ti T13]
1 ~ 1 ~ 1 ~ 1
_5 (Cll _X(n)) _X*(n) _/7 (Clz _X(n)) E(Cll _X(n)) +W.

[Twmop] = [Tm Ty, Ty
T3; T3 T3

; 2 00 lal> a 0 1 B 0
TX|(0 1 0|+fax|a 1 O|+fX|B IBI> O (6-7)
0 0 1 0 0 0 0 0 O

The contribution of all the three scattering mechanisms can be estimated to the span or the total power,
which is equal to the sum of diagonal elementsTyq, Ty, and T33 of the coherency matrix[Tyop | -

Therefore the total power Py is
PT:PS+PD+PV <6—8)

Equating the total power Py with corresponding diagonal terms Ty1, Ty, and T3s,

PT:£+|0(|2fd + fs +%+fd +1BI1f; +

)2

2 4
After simplification,
Pp = fp(1+lal?)
Ps = £.(1+|B]%) and
Py = f, = 4T33 (6-9)

The equation: (6-9) was used to estimate the volume scattering contribution from the reproduced
pseudo-quadrature polatized data (3X3 coherency matrix[Tyop]) from both study areas, dervied based on
the polarization state extrapolation algorithm. The volume scattering contributions estimated from both
the modes from both study areas was then analyzed which are explained in Chapter 6.
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6. ANALYSIS, RESULTS AND VALIDATION

This chapter presents the results obtained from the method adopted for this research work. It starts with
the presentation of results, different data analysis used for studying the results obtained, followed by
discussions on interpreting the various results obtained.

6.1. Derivation of pseudo-quadrature polarized data, using Polarization state extrapolation algorithm
based on /4 mode.

(@) () ©

Figure 6-1: (a) Coherency matrix element T11 (b) T, (c) T33 - Study area 1
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@) (b) ©

Figure 6-2: (a) Area sensitive to Surface-bounce scattering (b) Double-bounce scattering (c) Volume scattering

Figure 6-3: (a) Coherency matrix element Ty (b) T2z () T33- Study area 11
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@) (b) ©

Figure 6-4: (a) Area sensitive to Surface-bounce scattering (b) Double-bounce scattering (c) Volume
scattering

The figures 6-1 (a),(b),(c) and 6-3 (a),(b),(c) represents the diagonal elements Tyq, Ty and T33 of 3X3
coherency matrix[Typp ] which represents the pseudo-quadrature polarized data for both study areas
reproduced using polarization state extrapolation algorithm, based on compact polarimetry (n/4 mode)
technique.

The next set of images (subsets) figures 6-2 (a), (b), (c) and 6-4 (a), (b), (c) in different colour borders
represent the areas contributing to the basic three scattering mechanisms. The locations selected from
figures: 6-1 (a) and 6-3 (a) represented (by yellow border) in subsets figure: 6-2 (a) and 6-4 (a) show high
backscatter from plain surface (Runway-Dehradun Airport) and calm sea surface (Bay of Bengal) which
gives clear understanding thatTj; is responsible for surface-bounce scattering, contributed by HH
polarization. The locations selected from figure: 6-1 (b) and 6-3 (b) represented (by red border) in subsets
Figure: 6-2 (b) and 6-4 (b) show high backscatter from urban scatterers (Haridwar city-Study area I) and
sea surface (Kishoripur Town-Study area II) which gives clear idea that Ty is responsible for
double-bounce scattering, contributed by VV polarization. The locations selected from figures: 6-1 (c) and
6-3 (c) represented (by green border) in subsets figures: 6-2 (c) and 6-4 (c) show high backscatter from
dense forests from both study areas which gives clear understanding that T33 is sensitive to volume
scattering, contributed by HV polarization.

6.2. Analysis of backscattered power on diagonal elements of 3x3 coherency matrices

The diagonal elements Ty1, T2, and T33 of the 3X3 coherency matrices for both the fully-polarimetric
[TryrL] and the compact polarimetric [Tyop ] modes contain information from different polarizations
separately and the addition of these elements give the total backscattered power which is important to
analyze the change in the total power for every imaged SAR pixel for both modes. In this analysis, in order
to identify and quantify the changes in the backscattered power which might have occurred after
reproducing the pseudo-quadrature polarized data using compact polarimetry technique, 100 points were
taken from a sample from Tj1, T, and T3 reproduced using fully-polarimetric and compact polarimetric
modes.
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6.2.1.

The figure 6-5 represents the variation of 100 values plotted from runway (road surface) of Dehradun
airport (figure: 6-6) responsible for the surface-bounce scattering from T7; element, for both the
fully-polarimetric and the compact polarimetric (n/4) modes. The line with squate markers represents the
backscattered power from the fully-polarimetric mode while that in circular markers from the compact
polarimetric (n/4) mode. From the graph, it is clear that there is reduction in sutrface scattering power in
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Analysis of T, elements
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Figure 6-5: Variation of T11 elements for Study area I:
The lines are added to assist interpretation

the reproduced pseudo-quadrature polarized data, when compared to the fully-polarimetric mode.
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Figure 6-6: Dehradun airport runway (Road surface)
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Figure 6-7: Regression analysis-Study area I - (a) Linear model (b) Residual plot
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The relative error was calculated using the formula shown in equation: (4-7). From the relative error
calculated for T1; sample, the median error was found to be 0.738, which is positive error, which meant
that the reconstructed values are lower than that of original fully-polarimetric values. The value of 7" was
found to be 0.985. The relationship between the compact polarimetric data reproduced and the
fully-polarimetric data was also analyzed using regression analysis using linear model to check for the best
fit model, shown in figure: 6-6 (a). A comparative analysis of coefficient of determination or R? value was

used from which it was found that the R? value of the model was 0.979 with RMSE value of 0.128.

It was observed that there is high correlation between the reconstructed pseudo-quadrature polarized data
and the fully-polarimetric data, using linear regression model, with low RMSE and the linear model fits
T11 elements. Even then the quality of the regression line has to be assessed. On analyzing the residual
graph (figure: 6-7(b)) plotted against the residuals with the fully-polarimetric values, the mean absolute
error of the residuals calculated from the residual plot was 0.12 and the correlation coefficient between the
residuals the fully-polarimetric values was 0.023, with a negative correlation. The residuals shown in the
plot appears to have a random structure without any fixed trend, which means in theory that the linear
model fits well for the data.
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Figure 6-8: Variation of Tq; elements - Study area II. The lines are added to assist interpretation

Figure 6-9: Portion of sea surface (Bay of Bengal)

41



RETRIEVAL OF VOLUME SCATTERER INFORMATION USING THREE-COMPONENT DECOMPOSITION MODEL BASED ON COMPACT POLARIMETRY

The figure 6-8 represents graph showing variations from a sample of 100 values plotted from sea surface
(Bay of Bengal) (figure: 6-9) responsible for sutface-bounce scattering, from Tj; element of second study
area for both the fully-polarimetric and the compact polatimetric (n/4) mode. The line with square marker
represents the backscattered power from the fully-polarimetric mode while that with circle marker from
the compact polatimetric (n/4) mode. From the graph it is cleatly evident that, there is a decrease in
surface scattering power in the reproduced pseudo-quadrature polarized data when compared to the

fully-polarimetric mode.
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Figure 6-10: Regression analysis-T; element-Study area 11-(a) linear model (b) Residual plot

The relative error of Tqq in compact polatimetric (n/4) mode was calculated and the median error was
found to be 0.7506, which is positive error, which meant that the reconstructed values are lower than that
of original fully-polarimetric values. The correlation coefficient was calculated and found to be 0.996. The
R? value for linear model (figure 6-10 (a)) came out as 0.992 with RMS error of 0.027. There is high
correlation and low RMSE between the reconstructed pseudo-quadrature polarized data and the
fully-polarimetric data using linear model, even though there is a decrease in single-bounce scattering
power in the compact polarimetric (n/4) mode. The mean absolute etror of the residuals (figure: 6-10 (b))
was found to b 0.01 with negative correlation of—1.9 X 10™% which proved that the regression equation
fits well for the data and the residuals showed a random trend with the fully-polarimetric values.

6.2.2. Analysis of T, elements
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Figure 6-11: Variation of Ty, elements for Study area I. The lines are added to assist interpretation
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The figure 6-11 represents graph showing variations from a sample of 100 values plotted from the urban
areas of Haridwar (figure: 6-12), responsible for double-bounce scattering from Ty, element, for both the
fully-polarimetric and the compact polarimetric (n/4) modes. The line with square matkers represents the
backscattered power from fully-polarimetric mode while that in circular marker from compact
polarimetric mode. It is visually evident from the graph that there is decrease in double-bounce scattering
power in the reproduced pseudo-quadrature polarized data when compared to the fully-polarimetric

mode.

Figure 6-12: Portion of Urban areas of Haridwar city

The median error calculated from the relative error was found to be 0.75, which is positive error. The
value of 7" was found to be 0.999. The relationship between compact polarimetric data reproduced and
fully-polarimetric data was analyzed using the regression analysis (figure: 6-13 (a)), with the coefficient of
determination calculated as 0.998 between the reconstructed pseudo-quadrature polarized data and the
fully-polarimetric data, with a very low RMSE value of 0.001. The residual plot was analyzed from
figure: 6-13 (b) for assessing the quality of the model fit. The mean absolute error of the residuals was
found to be 0.003, with a negative correlation coefficient of—5.34 X 107>, This meant that the regression
line plotted fits the data. The residual trend was reported to be a non-random trend, which according to
theory works well for a non-linear model.
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Figure 6-13: Regression analysis for T,, element-Study area I - (a) Linear model (b) Residual plot
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Figure 6-14: Variation of Ty, elements for Study area II. The lines are added to assist interpretation

The figure 6-14 represents graph showing variations from a sample of 100 values plotted from the
man-made features from Kishoripur town near Sundarbans (figure 6-16), responsible for double-bounce
scattering, from Ty, element, for both the fully-polarimetric and the compact polarimetric (n/4) modes.
The line in square markers represents the backscattered power from fully-polarimetric mode while that in
circular markers from compact polarimetric mode. It is visually evident from the graph that there is
decrease in the double-bounce scattering power in the reproduced pseudo-quadrature polarized data,
when compared to the fully-polarimetric mode.

Figure 6-15: Portion of Urban areas of Sundarbans
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Figure 6-16: Regression analysis for T,, element- Study area II - Residual plot
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The relative error of Ty, in compact polarimetric mode was calculated with the median error calculated as
0.751, which is positive error. The value of  was found to be 0.999. The correlation between compact
polarimetric data reproduced and fully-polarimetric data for the second study area was found to be similar
to that of the first study area with the coefficient of determination to be 0.999 between the reconstructed
pseudo-quadrature polarized data and the fully-polarimetric data and a very low RMSE value of 0.001.
Using residual analysis from figure: 6-16 (b), the mean absolute error of the residuals was calculated and
found to be 0.001 with a very low positive correlation of 9.673 X 10715 which means that the linear
model used for regression analysis fits well for the T22 data. The residual error from the plot through
visual interpretation was also found to be very low close to zero, but with a linear trend throughout the
residuals and with a random trend at the end.

6.2.3. Analysis of T35 elements
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Figure 6-17: Variation of T33 elements for Study area I. The lines are added to assist interpretation

Figure 6-18: Portion of Barkot forest area

The figure 6-17 represents graph showing variations from a sample of 100 values plotted from the Barkot
forest area (figure: 6-18), responsible for the volume scattering, from T3z element, from the
fully-polarimetric and the compact polarimetric modes. The line in square markers represents the
backscattered power from the fully-polarimetric mode while that in circular markers from the compact
polarimetric mode. It is visually evident from the graph that there is an uneven decrease in volume
scattering power in the reproduced pseudo-quadrature polarized data, when compared to the
fully-polarimetric mode.
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The relative etror of T33 in the compact polarimetric mode was calculated and the median error was found
to be 0.692, which is positive error, which meant that the reconstructed values are lower than that of the
original fully-polarimetric values. The standard deviation of the volume scattering power in the compact
polarimetric (n1/4) mode was also calculated as 0.087 while that of the fully-polarimetric mode was 0.049.

The value of correlation coefficient was found to be 0.231.
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Figure 6-19: Regression analysis for T33 element Study area I-(a) Linear model (b) Residual plot

Using linear model, shown in figures: 6-19 (a) it was found that there is extremely low correlation
(R? = 0.053) between the reconstructed pseudo-quadrature polarized data and fully-polarimetric data,
with RMSE value of 0.048. The high variation in the volume scattering power in both the
fully-polarimetric and the compact polarimetric modes might have caused the correlation to decrease. The
residual plot for the linear model represented in figures: 6-19 (b) show random trend in the distribution of
residual errors. The mean absolute error of the residuals was calculated and found to be 0.039, with a low
positive correlation of 0.017. Therefore, taking residual plot to assess the quality of the regression line, it
can be concluded that the regression line fits using the linear model fit well for the T33 data from Barkot

area.
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Figure 6-20: Variation of T33 elements for Study area II. The lines are added to assist interpretation
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Figure 6-21: Portion of Mangrove forests, Sundarbans

The figure 6-20 represents graph showing variations from a sample of 100 values plotted from Mangrove
forests of Sundarbans (figure 6-21), responsible for volume scattering from T33 element, from both
modes. The line in square markers represents the backscattered power from the fully-polarimetric mode
while that in circular markers from the compact polarimetric (n/4) mode. Even for this area, there is an
uneven decrease in volume scattering power in the reproduced pseudo-quadrature polarized data, when
compared to the fully-polarimetric mode.
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Figure 6-22: Regression analysis - T33 element Study area II - (a) Linear model (b) Residual plot

The relative error of T33 in the compact polarimetric mode was calculated and the median error was found
to be 0.06, which is positive error, which meant that the reconstructed values are lower than that of the
original fully-polarimetric values. The value of  was found to be 0.006. The relationship between the
compact polarimetric data reproduced and the fully-polarimetric data was also analyzed using linear model,
to check for the best fit model, shown in figure: 6-22 (a). It was found that there is extremely low
correlation (R? = 0.00005) with RMSE value of 0.026 between the reconstructed pseudo-quadrature
polarized data and the fully-polarimetric data. The residual plot for the linear model represented in
figures: 6-22 (b) show random trend in the distribution of residual errors. The mean absolute error of the
residuals found to be 0.021 with a higher negative correlation of 0.027. Similar to the Barkot area, the
linear model fits for the cross-polarized power from the Sundarbans area.

The RMSE value, R%, the mean absolute error and the residual pattern for all the three diagonal elements
has been summarized in a tabular form in Appendix-II1.
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6.3.

Estimation of volume scattering contribution from both modes, using three-component
decomposition model.

Figure 6-23: (a) - Volume scattering contribution Study area I - FP mode (b) CP mode
(c) - Zoomed image - FP mode(d) CP mode
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Figure 6-24: Volume scattering contribution Study area II — FP mode (b) CP mode
(c) Zoomed image-FP mode(d) CP mode
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The estimated volume scattering contribution obtained after decomposing the reproduced
pseudo-quadrature polarized data and the fully-polarimetric data using the three-component
decomposition model, for both study areas is shown in the Figures. The figures 6-23 (a),(b) represent the
volume scattering images of the fully-polarimetric and compact polarimetric data, of the first study area,
while figures 6-24 (a),(b) represent the same for the second study area, for both the modes respectively.
The next set of images (subsets) figures 6-23 (c), (d), bordered in green represent the forest area from
Barkot, Dehradun from the first study area, contributing to the volume scattering mechanism, while
tigures 6-24 (c), (d) represent a region of the Mangrove forests of Sundarbans from the second study area.

6.3.1. Box plot analysis

In this research work, it is important to understand the variation of volume scattering power, in the
compact polarimetric (n/4) mode (CP mode) when compated to the fully-polarimetric (FP) mode. 100
points were taken from a sample from volume scattering images from both study areas. Boxplots were
used to study the spread of power values for both the modes, indication on skewness and symmetry of the
data and to compare volume scattering contribution of both the modes from both study areas.
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Figure 6-25: Boxplots (a) Study area I (b) Study area II

Table 2: Boxplot parameters - Study area I

Parameter Fully-polatimetric mode | Compact polatimetric mode
Range (Min) -6.898 dB -10.51 dB
Range (Max) -0.029 dB -0.537 dB.
Median -1.714 dB -4.594 dB
First Quartile -2.507 dB -60.648 dB
Third Quartile -0.735 dB -3.304 dB
Inter-quartile range IQR) 1.771 dB 3.163 dB
Skewness Left symmetric
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Table 3: Boxplot parameters - Study area 11

Parameter Fully-polarimetric mode Compact polarimetric mode

Range (Min) -9.988 dB -10.054 dB

Range (Max) 1.214 dB -1.932 dB.
Median -3.133 dB -6.1 dB

First Quartile -5.182 dB -7.627 dB
Third Quartile -2.231 dB -5.127 dB
Inter-quartile range (IQR) 2.95dB 2.499 dB

Skewness Symmetric Symmetric

The figure 6-25 (a) and (b) shows the boxplots representing the distribution of volume scattering power
for 100 pixels taken from a sample of volume scattering decomposition images of both fully and compact
polarimetric (n/4) modes from both study areas. The boxplot represented in the first half of the window
shows the distribution of the volume scattering power from the compact polatimetric (1/4) mode, while
that in the second half represents the distribution of the same in the fully-polarimetric mode.

The boxplot was interpreted by taking two cases, first for fully-polarimetric mode and the second for
compact polatimetric (n/4) mode. In case of fully-polatrimetric mode the 50% of the volume scattering
power lies between -2.507 dB to -0.735 dB for Barkot area and -5.182 dB to -2.231 dB for Sundarbans. In
case of the compact-polarimetric (n/4) mode the 50% of the volume scattering power lies between
-6.468 dB to -3.304 dB for Barkot area and -7.627 dB to-5.127 dB for Sundarbans.

For Barkot area, With regard to skewness factor, in case of the fully-polarimetric mode, most of the
observations are concentrated towards the left which means the distribution of volume scattering power in
fully-polarimetric is skewed left. In case of compact polarimetric (n/4) mode, most of the observations are
split almost evenly at the median, which means the distribution of volume scattering power in the
compact-polarimetric (n/4) mode is symmetric. For Sundarbans atrea, in case of the fully-polarimetric
mode, most of the observations are split almost evenly at the median which means the distribution of
volume scattering power in fully-polarimetric is approximately symmetric. Majority of the observations are
split almost evenly at the median, which means the distribution of volume scattering power in the
compact-polarimetric (n/4) mode is neatly symmetric.

6.3.2. Analysis of decomposed volume scattering power
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Figure 6-26: Variation of volume scattering power-FP and CP modes - Study area I
The lines are added to assist interpretation
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Figure 6-27: Portion of Barkot area — Volume scattering (a) FP mode (b) CP mode

The graph represented in figure: 6-26 graphically shows the variation of the volume scattering power,
obtained after decomposing the coherency matrices derived for both the fully-polarimetric and the
compact polarimetric (1/4) modes using the three-component decomposition model, from Sal forests of
Barkot (figure 6-27 (a) and (b)). It is clearly evident from the graph that there is decrease in the estimated
volume scattering power from the reproduced compact polarimetric (n/4) mode, when compared to the
fully-polarimetric mode
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Figure 6-28: Regression analysis- Study area I - (a) Linear model (b) Residual plot

The figure: 6-28 (a) represents the regression analysis between the volume scattering contribution of tree
leaves, trunk and ground obtained after decomposition of coherency matrices reproduced from both the
fully-polarimetric and the compact polarimetric (n/4) modes. The cortelation coefficient was found to be
0.05 After, fitting the points for estimating the best fit line using linear model, the R 2 value was found to
be very low with correlation equal to 0.002 and with a high RMSE of 2.24. The correlation coefficeint
calculated shows high variation in the volume scattering power obtained for the compact polarimetric
mode when compared to the fully-polarimetric mode.

The quality of the regression line fitted was assessed using residual plot (figure 6-28 (b)) between the
residuals calculated after modelling and the corresponding volume scattering power values from the
fully-polarimetric mode. The mean absolute error of the residuals was calculated and was found to be
1.893, which is greater than zero which indicates that, the linear model does not fit for the data. Even
though, the correlation coefficient between the volume scattering power values from the fully-polarimetric
mode and the residuals was found to be very low with a negative correlation of —8.152 X 10717 and the
residual trend showed randomness, non-linear model may be used to fit the values.
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Figure 6-29: Variation of volume scattering power-FP and CP modes - Study area II.
The lines are added to assist interpretation

Figure 6-30: Portion of Mangrove forests, Sundarbans-Volume scattering
(a) FP mode (b) CP mode

The graph represented in figure: 6-29 shows the variation of the volume scattering power, obtained after
decomposing the coherency matrices derived for both the fully-polarimetric and the compact polarimetric
(n/4) modes, using three-component decomposition model, from the Mangrove forests of Sundarbans
(figure: 6-30 (a) and(b)). With the help of graphical interpretation, it can be inferred similar to the volume
scattering variation from Sal forests of Barkot that there is decrease in volume scattering power from the
compact polarimetric (1/4) mode, when compared to the fully-polarimetric mode.
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Figure 6-31: Regression analysis-Volume scattering- Study area II - (a) Linear model (b) Residual plot
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The value of correlation coefficient was found to be 0.122. After, fitting the points for estimating the best
fit line, using linear model (figure: 6-31 (a)), the R? value was found to be very low with correlation equal
to 0.012, with an RMSE of 1.81. The residual plot represented in figure: 6-31 (b), shows random trend in
the residual values calculated from the linear model. The correlation coefficient was found to be very low
with a negative correlation of —5.7 X 10717 and the mean absolute value of the residuals was found as
1.486, which is close to the standard error of 1.83 calculated while predicting the volume scattering power
in the compact polarimetric mode. Even though the correlation coefficient is very low close to zero with a
random trend of residuals, the linear model may not be suitable for fitting the volume scattering values to
predict the volume scattering power in the compact-polarimetric mode from the forested areas.

6.3.3. Polarization Signature Analysis
In this analysis, the areas from of the volume scattering decomposed images, responsible for this

mechanism were considered and its signature in co-polarized and cross-polarized channels were portrayed
for both the fully-polatimetric and the compact polatimettic (n/4) modes.
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Figure 6-32: Normalized signature (a) Co-pol channel -FP mode(b) Cross-pol channel -FP mode
(c) Co-pol channel -CP mode (d) Cross-pol channel -CP mode -Study area I

54



RETRIEVAL OF VOLUME SCATTERER INFORMATION USING THREE-COMPONENT DECOMPOSITION MODEL BASED ON COMPACT POLARIMETRY

08 | o~ 08 | it
06 } e 06 } ’
v F T~
04 } — 04 } - /
80 p 7 £0
02} ©0 02} N\ %~ 4 @0
40 . N 4 £
0, F?O 0, R 20
&0 " “0 &0 - - 0
M i 20 Phi (%) 3 o A
A 40 — 40 W ) X 35 — &P Phi (
o 0 25— 60 . 0 % P
L ) v "] ~ ) 57 *y -
Max 0 % M Ma 51 *® @ J" g
@) (b)
-
-
1 1
o } 5
08 '," 08 |} 507 4
06 | _ 06 } ’
o r/ -
04 } S — 04} s e
| €0 4 < %
02 } «©0 02} N 3 y 0
30 : S o 40
0 0 R~ “d -0
&) & ) <
30 29 — 20 Phi () 30 20— 20 Phi (")
10 0 <30 10 0 - 4
10 - o
Tou (*) 0 x - .rgg{‘ 0 Tou (*) 0 2% TR s
Max = 0.887 v 40 Mr ) 086 Max = 0 251 v &0 Me ) Q20
© )

Figure 6-33: Normalized signature (a) Co-pol channel -FP mode(b) Cross-pol channel -FP mode
(c) Co-pol channel -CP mode (d) Cross-pol channel -CP mode -Study area 11

The figures 6-32 (a) and (c) represent the normalized polarization signatures, in co-polarized channel,
from the volume scattering images of both the fully-polarimetric and the compact polarimetric (n/4)
modes, from Sal forests of Barkot area. Similarly, figures 6-33 (b) and (d) represent the same in
cross-polarization channels of both the modes. The maximum and the minimum received power are
denoted in red colour. It can be clearly analyzed from the shape of the signature that, for both
co-polarized and cross-polarized channels, there is no change in the pedestal height, maximum and
minimum received powers in both the fully-polarimetric and the compact polarimetric (n/4) modes. The
value of coefficient of variation for cross-polarized channel signature for both the modes was found to be
0.734.

The figures 6-33 (a) and (c) represent the normalized polarization signatures, in co-polarized channel,
from the volume scattering images of both the fully-polarimetric and the compact polarimetric modes,
from Mangrove forests in Sundarbans, while figures 6-33 (b) and (d) represent the same in
cross-polarization channels of both the modes. Similar to the analysis done on the signatures from the first
study area, it can be clearly analyzed that there is no change in the pedestal height, maximum and
minimum received powers in both the fully-polarimetric and the compact polarimetric modes. The value
of coefficient of variation for cross-polarized channel signature for both the modes was found to be 0.884.

6.3.4. Analysis of Total Power

In this research, it was crucial to study the variation in the total power, which might have happened after
reproducing the pseudo-quadrature polarized data, using the compact polarimetric (n/4) mode technique.
The total power from both the modes was calculated by taking the sum of the diagonal elements of the

coherency matrix [Tryyy ] and [Typp | . Similar to the analysis of diagonal elements, 100 pixels
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representing the total power were taken from a sample, from both the modes and analyzed. The pixels
were taken from the areas responsible for volume scattering mechanism.

2.5 1
- -3 - Fully polarimetric mode
2 - . Compact polarimetric mode
A ®
W n i |
5 | L—En Ly ' N 1 T o [m]
A F ks S
o (R PV Ve K (W] d]l " NTERT
= 1 UM N m1 ju] m ﬁ]' m I 1|ﬂ‘ n
g .. %ﬂ:r-ﬁﬁ BORE L D n R e
=4 g 0 i R I 1y g i
i @i O t@ ol I,
II‘ W )
05 BTE5 b
O -
1 21 41 61 81

Number of points

Figure 6-34: Variation of total power FP and CP modes-Study area 1.

The lines are added to assist interpretation
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Figure 6-35: Regression analysis-Total power- Study area I - (a) Linear model (b)Residual plot

The relationship between the total power received from the fully-polarimetric mode and the reproduced
pseudo-quadrature polarized mode, from the Sal forests of Barkot has been analyzed using linear model,
in figure: 6-35 (a). The value of correlation coefficient was found to be 0.79. The coefficient of
determination was found to be 0.624 with a low RMSE of 0.110 between the predicted total power and
the actual total power after reconstruction of pseudo-quadrature polarized values. After inspection of the
variation graph (Figure 6-34) and the model fit, the compact polatimetric (n/4) mode tends to under
estimate the total power, which has supported the fact of under estimating the single, double and the
volume scattering powers from the data, after reproduction.

The residual analysis shown in figure 6-35 (b) shows an increasing trend which means the error variance
increases with the total power in the fully-polatimetric mode from the Barkot forests. The correlation
coefficient between the residuals and the total power of the fully-polarimetric data was found to be
negative for linear model. The mean absolute error was also found to be close to zero for the linear model.
Since there is an increasing trend in the residuals, the regression line does not fit the data.
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Figure 6-36: Regression analysis-Total power-Study area II - (a) Linear model (b) Residual plot

The graphs represented in figures 6-36 (a) symbolize the relationship between the total power received
from Mangrove forests of Sundarbans, for both the fully polarimetric and the compact polatimetric (n/4)
modes, from a sample of 100 pixels, taken from the forested areas. The correlation coefficient was found
to be 0.788. The regression analysis performed using linear model attained a coefficient of determination
of 0.621 with a very low RMSE of 0.062 for total power. Similar to the result from Sal forests of
Dehradun implemented (from the vatiation graph in figure 6-35), the compact polarimetric (n/4) mode
tends to reduce the total power, which has supported the fact of reducing the single, double and volume
scattering powers from the data, after reproduction.

Similar to the Barkot forests, the residuals (figure 6-36 (b)) show an in increasing trend, which means the
error variance is increasing with the total power of the fully-polarimetric data from the Mangrove forests
of Sundarbans. Similatly, the mean absolute error and the correlation coefficient is also very less in case of
the linear model, Due to the increasing trend of the residual values, the regression line does not fit the

total power data from both the modes for Mangrove forests of Sundarbans.

6.3.5. Entropy Analysis

The variation of entropy values from the forested areas from both study areas were analyzed, for both the
fully-polarimetric and the compact polatimetric (n/4) modes.
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Figure 6-37: Variation of entropy- FP and CP modes - Study area I.
The lines are added to assist interpretation
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The graph represented in figure: 6-37 represents the variation in the randomness in the volume scattering
mechanism after reproduction of pseudo-quadrature polarized data, in comparison with fully-polarimetric
mode, from Sal forests of Barkot area. From visual comparison, it can be concluded that there is a slight
increase in the entropy from the forested areas, in the compact polarimetric mode, which meant that there
is more randomness in the volume scattering mechanism in the reconstructed mode, when compared to
the fully-polarimetric mode. The mean entropy value (sample) obtained from the fully-polarimetric mode
was 0.947, while that from the compact polatimetric (1/4) mode was 0.966. The correlation coefficient
was found to be 0.488.
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Figure 6-38: Regression Analysis-Entropy - Study atrea I - (a) Linear model (b) Residual plot

In order to obtain the relationship between the entropy of the fully-polarimetric and the compact
polarimetric (n/4) mode, regression analysis was performed using linear to estimate the model fit. The
coefficient of determination, from the linear model (figure: 6-38 (a)) was found to be 0.427 with an RMSE
of 0.01 between the estimated entropy value and the true entropy value obtained after reconstruction. The
residual plot shown in figure: 6-38 (b) shows decreasing trend of residuals which means that, the error
variance of the entropy values decreases with the entropy values calculated from the fully-polarimetric
mode. Even though the mean absolute error was found to be low as 0.47 and the correlation coefficient
between the residuals and the entropy values of the fully-polarimetric mode was negative close to zero, it
has to be presumed that, a non-linear model may be used to estimate the best line fit for the data.
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Figure 6-39: Variation of entropy-FP and CP modes - Study area II.
The lines are added to assist interpretation

The graph represented in figure: 6-39 represents the variation in the randomness in the volume scattering
mechanism after reproduction of pseudo-quadrature polarized data from the Mangrove forests of
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Sundarbans. Similar to the analysis implemented on Sal forests from the first study area, from the graph it
can be inferred that the compact polarimetric (n/4) mode tends to over estimate the entropy from the
Mangrove forests, which means that there is more randomness in the volume scattering mechanism in the
reconstructed mode, when compared to the fully-polarimetric mode. The value of correlation coefficient
was found to be 0.579.
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Figure 6-40: Regression analysis-Entropy-Study area 11 - (a) Linear model (b) Residual plot

In order to obtain the relationship between the entropy of the fully-polarimetric and the compact
polarimetric (n/4) mode, regression analysis was performed using linear model (figure: 6-40 (a)). The
coefficient of determination was found to be 0.628 with an RMSE of 0.04 between the estimated entropy
value and the true entropy value obtained after reconstruction. Similar to the entropy varation from
Barkot forest, the residual plot shown in figure: 6-40 (b) shows decreasing trend of residuals for Mangrove
forests, which almost converges to 0.9904 with an error of 0.057. The mean absolute error and the
correlation coefficient were also found to be very low and negative close to zero.
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6.4.

Validation

The volume scattering contribution from tree trunk, leaves and from the ground from both the forested
areas, decomposed using the three-component decomposition model, were validated against the multi

looked single polatized data 2Sgy , which was assumed to be the reliable reference data.

Backscatter values - Reference data {in dB)

@)

Figure 6-41: (a) Reference data 2Spv - Barkot area (b) Forest area subset - reference data
(c) - Forest area subset - volume scattering decomposed image-CP mode (d) Sample subset - reference data
(e) Validation subset - volume scattering decomposed image-CP mode
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Figure 6-42: Regression analysis — Validation - Study area I - (a) Linear model (b) Residual plot
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The figure: 6-42 (a) shows the model fit using linear model between the volume scattering power from
Barkot forest area, of 100 points taken from the sample subset shown in figure: 6-41 (c) against the
backscattered power values from the same pixels from the sample subset of the reference data 2Syy
shown in figure: 6-41 (b). The residual graph (figure: 6-42 (b)) showing the relation between the
backscattered power values from the reference data and the difference between the predicted value and
the original pseudo-quadrature polarized data, shows random trend with negative and low correlation
coefficient and mean absolute error, close to zero. Therefore it can be presumed that the linear model fits
the data. This model was used in another sample consisting of 100 pixels from the same population of
forested areas shown in figures: 6-41 (b) and (d), in order to validate the volume scatterer contribution of
tree leaves, trunk and from the ground of the Barkot forest area.

Table 4: Statistical summary for accuracy measures after validation-Study area 1

Statistical Regression from first sample Regression from the validated sample
Measure
Reference | n/4 mode | Predicted value | Reference | n/4 mode | Predicted value
data (/4 mode) data (n/4 mode)
Mean -5.631 dB -4.41 dB -4.41 dB -6.19 dB -4.60 dB -4.51 dB
Standard 2.424 dB 2.338 dB 0.44 dB 2.889 dB 3.188 dB 0.534 dB
deviation
RMS error 2.282 dB 3.192 dB
of regression
Average 4.44 % 1071 dB -0.087 dB
Residual
Mean 1.869 dB 2.192 dB
absolute
error (MAE)
Correlation 4935 x 10713 4B -0.125 dB
coefficient
(Residuals)

Table 5 shows the summary of different statistical parameters used for validating the volume scatterer
contribution from the compact polarimetric mode against the fully-polatimetric mode. The mean of the
backscattered power from the sample of the reference data from both the samples are almost identical
with suggests homogeneity in the selection of forest class sample from the population. The mean of the
decomposed volume scattering power from the reconstructed pseudo-quadrature polarized mode also is
identical, however the volume scattering power has increased when compared to the backscattered power
from the reference data. The mean of the predicted value of the reconstructed mode after using the build
model also remains identical. RMS error, being considered as a robust measure for accuracy assessment
was also used for validation. The RMS error of regression obtained after modelling from the first sample
was found to be 2.282 dB. While validating the test sample, which represents the population of forest
class, the linear model produced the RMS error of 3.192 dB, almost identical to the RMS error from the
first sample. The average value of residuals was calculated and found to be identical and close to zero. The
mean absolute error was also found to be identical and close to the standard errors of 2.058 dB and
2.21 dB. Finally the correlation coefficient between the reference data and the residuals obtained after
modelling was also found to be negative with identical values close to zero.
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Figure 6-43: (a) Reference data 2Spv - Sundarbans area (b) Forest area subset - reference data
(c) Forest area subset - volume scattering decomposed image-CP mode (d) Sample subset - reference data
(e) Validation subset - volume scattering decomposed image-CP mode
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Figure 6-44: Regression analysis - Validation - Study area II - (a) Linear model (b) Residual plot
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Similar to the Barkot area, the same procedure was done on the Sundarbans. Linear model approach
(figure: 6-44 (a)) was used between the volume scattering power from the Mangrove forests of
Sundarbans, of 100 points taken from the sample subset (figure: 6-43 (c)) against the backscattered power
values from the same pixels from the sample subset of the reference data 2Syy (figure: 6-43 (b)). The
residual graph (figure: 6-44 (b)) showing the relation between the backscattered power values from the
reference data and the difference between the predicted value and the original pseudo-quadrature
polarized data, shows random trend with negative and low correlation coetficient and mean absolute error,
close to zero. Therefore it can be presumed that the linear model fits the data. This model was used in
another sample consisting of 100 pixels from the same population of forested areas (figures: 6-43 (b) and
(d)), to validate the volume scatterer contribution from the Mangrove forests of Sundarbans.

Table 5: Statistical summary for accuracy measures after validation-Study area 11

Statistical Regression from first sample Regression from the validated sample
Measure
Reference | n/4 mode | Predicted value | Reference | n/4 mode | Predicted value
data (/4 mode) data (n/4 mode)
Mean -9.472dB | -7.651 dB -7.651 dB -9.83 dB -7.502 dB -7.502 dB
Standard 2.58 dB 4.124 dB 0.524 dB 2.364 dB 5.258 dB 1.436 dB
deviation
RMS error 4.07 dB 5.03 dB
of regression
Average 9x 1071 4B 10-194B
Residual
Mean 2.64 dB 3.31 dB
absolute
error (MAE)
Correlation 2.28 x 10711 gB —2.24 x 1071 4B
coefficient
(Residuals)

Table 6 shows the summary of different statistical parameters used for validating the volume scatterer
contribution from the compact polarimetric mode against the fully-polarimetric mode, from the Mangrove
forests of Sundarbans. Alike the results from the Barkot forest area, the mean of the backscattered power
from the sample of the reference data from both the samples are almost identical with suggests
homogeneity in the selection of forest class sample from the population. The mean of the predicted value
of the reconstructed mode after using the build model also remains identical. The RMS error of the
residuals obtained, after modelling from the first sample was found to be 4.07 dB. While validating the test
sample, which represents the population of forest class, the linear model produced the RMS error of 5.03
dB, almost identical to the RMS error from the first sample. The average value of residuals was calculated
and found to be identical and close to zero. The mean absolute error was also found to be identical and
close to the standard etrrotrs of 4.11 dB and 5.08 dB. The cotrelation coefficient between the reference data
and the residuals obtained after modelling was also found to be negative with identical values close to zero
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7. DISCUSSIONS

This chapter presents a discussion of the research carried out reviewing the methodology carried out to
achieve the research objectives and questions, evaluating and interpreting the findings in the form of
results from different data analysis and hypothesize on the possible reasons about the findings.

71. Importance of coherency matrix approach- (1/4) mode.

The concept of using the coherency matrix using the fully-polarimetric data has already proven to provide
information on the different scattering mechanisms present in a particular area. The coherency matrix is
considered to be important since the coherency matrix is closely associated to the physical and geometrical
properties of the different scattering mechanisms and therefore facilitate direct physical interpretation of
the features under investigation. Moreover the coherency matrix is susceptible to orientation angle shift,
which may produce higher cross-polarization intensity especially from the forested areas, sensitive
cross-polarization term Spy and makes the coherency matrix reflection asymmetric. The coherency matrix
also becomes a factor for the local variations in the scattering matrix and is suitable to study the different
polarization parameters. The research has analyzed a few of these parameters like the total power and the
entropy. When compared to the covariance matrix, which also gives similar kind of information, the
coherency matrix due to its complexity of the matrix elements due to the combination of multiple
polarizations, gives precise information on these scattering mechanisms. Hspecially the three diagonal
elements Ty , Top and T3 of the coherency matrix [Tryy], gives polarimetric information on the
single-bounce, the double-bounce and the volume scattering mechanisms.

7.2. Discussion on the analysis of the diagonal elements

Thorough regression analysis and assessing the model fit using residual plots has showed decrease of
power for the single-bounce and the double-bounce scattering mechanism, after reconstruction of the
pseudo-quadrature polarized data. In case of the volume scattering power obtained from the T33 elements
for both the areas, it was found that there is irregular variation in the cross-polarized power sensitive to
the volume scattering mechanism. The positive values of the median of the relative error for all the three
diagonal elements show that the reconstructed values are lower than the original fully-polarimetric data.
The large standard deviations for the cross-polarized reconstruction using the (n/4) technique mean that
the cross-polarized returns were not well reproduced at an individual pixel level.

The linear model for fitting the values of the T1; elements for both study areas sensitive to the surface
scattering was found to be effective, with the residual plots showing low correlation coefficient and
average residual value close to zero. In case of Ty, element, the linear model showed very high correlation
between the original and the reconstructed values, the residual plot showed a non-random trend of the
residuals, especially from the urban areas of Haridwar region of the first Study area Image. The trend
showed a linear decreasing trend showing that the error variance was decreasing with the sum of the
co-polarized power. The residual analysis showed very low negative correlation coefficient and the average
of the residuals was close to zero. This contradiction was not analyzed in this research. In case of the
man-made features from the Sundarbans, the similar effect was observed, although a linear non-random
pattern was observed. Random pattern was observed when the double-bounce power of the
fully-polarimetric mode increased to more than 1.5 dB. The man-made features from the Sundarbans in
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the SAR image are not present as a township area; instead the area shows some buildings with agricultural
areas in a definite pattern and trees in between. The agricultural features show fallow land exhibiting
single-bounce scattering, while the areas in green exhibits multiple reflections similar to that of the volume
scattering from the mangrove forested areas. The trees present in between also causes distraction for the
man-made features to exhibit the double-bounce scattering. Moreover, the subset was taken as polygon
rather than points. Therefore, the sample points might have had pixels which had not exhibited the
double-bounce scattering. Consequently, the agricultural areas and the trees in between the man-made
features must have caused the residual errors to show non-random trend with a pattern and the man-made

features showing random trend.

magery Date: 3/24/2009 '\ 3B | 2002 45 Q 651771.04 m E 2.

Figure 7-1: (a) Georeferenced Ty element-Sundarbans (b) zoomed image of the subset (c)
Subset area from Geoeye-I sensor-Buildings (red), Agricultural areas (yellow), Trees (green)
Source: Google Farth
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73. Discussion on analysis of variation in volume scattering power

The research was focused on studying the effect of the volume scattering contribution from the tree
leaves, trunk and from the ground from both the forested areas of Barkot and the Sundarbans. The
analysis of T33 element and the decomposed volume scattering contribution showed very low cortelation
between the original and the reconstructed values. It was found that some of the pixels taken from the
area sensitive to volume scattering mechanism had shown uneven and abrupt changes in the volume
scattering power before and after decomposition. This had in turn caused the uneven variation in the

volume scattering power

2 Mapabc.com
2012 DigitalGlobe

©.2012 Google
magery Date: 10/16/2010 /@ | 2003 44 R 232213 .44 m E 3335364.17 m N elev 1436 ft Eye alty 3139 ft

®

Figure 7-2: (a) Georeferenced T33 element - Barkot forest (b) zoomed image-FP mode(c) CP mode
(d) Freeman-volume-FP mode(e) CP mode (f) Image - Geoeye-I sensor. Source: Google Earth
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The sets of figures 7-2 (a) to (e) shows an example of one among many pixels from the areas sensitive to
volume scattering with abrupt changes in the cross-polarized power after reconstruction of the
pseudo-quadrature polarized followed by decomposition using the three-component model. The
figure 7-2 (a) shows the georeferenced image of the original T33 element of the coherency matrix from the
tully-polarimetric mode from the first study area. The image shown in (b) shows the subset sample taken
from the original T33 element. The next image (c) shows the same subset taken from the T33 element after
reproducing the coherency matrix for the compact polarimetric mode. Image (d) shows the decomposed
volume scattering image subset from the same area for the fully-polarimetric (FP) mode and image ()
shows the same for the compact polarimetric (CP) mode. The last image (f) encircled in red shows the
features responsible for the abrupt change of the power. The red circles on the images (b) to (¢) show a
pixel which shows change. Few other pixels similar to this are shown in blue circles.

Table 6: Cross-polarized power variation before and after reconstruction

Output image Cross-polarized power (in dB)
T33 - FP mode -7.74
Ts3 - CP mode Cinf )
Decomposed volume scattering -3.33
power - (FP mode)
Decomposed volume scattering -24.54
power - (CP mode)

The values from table 7 show abrupt change in the cross-polarized power for the test pixel. Comparing
the cross-polarized power of the pixel from the T33 element from both the modes after reconstruction
using the polarization state extrapolation technique, the value was found to be showing
“-inf”, which means infinite data value with a negative sign. This was obtained after taking the logarithm
of zero in linear scale. But while decomposing the coherency matrix elements using the three-component
decomposition model, the volume scattering power increased from the cross-polarized power in the
fully-polarimetric mode. While decomposing the volume scattering contribution from the reconstructed
elements, the volume scattering power drastically changed to a much lower value.

From the comparison of the same area on the image obtained from the Geoeye-I sensor in Google Earth
tool, it was found that the backscatter took place from a part of the Sal forest area with a large gap
between the trees (shown as a place mark with “Gapl” title in figure 7-2 (f)) showing a continuous
tributary flowing to a river depicted next to the gap. There is no proof that the tributary is moist or dry.
There are few reasons to justify this abrupt change.

e The backscatter for that particular pixel must have occurred considering the forests and the dry
tributary as a mixed pixel which must have hampered the polarization extrapolation algorithm to
reconstruct that particular pixel. Assuming the tributary to be dry, which accounts for specular
reflection from a smooth surface, the pixel may have contribution from the tree leaves, trunk,
ground surface below the trees and also from this tributary surface.

e The polarization extrapolation algorithm assumes the relation linking to the degree of coherence
and the cross-polarized power. The algorithm also assumes the reflection symmetry condition
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also, which is usually observed from natural scatterers such as forests, water surface. In this case,
considering the pixel to be mixed, the backscatter contribution can the volume scattering
contribution from the tree trunks, leaves and from the ground, surface scattering from the dry
tributary and even may be double-bounce scattering from the trees present alongside the tributary

and the dry bed.

e The first assumption holds true for the features exhibiting the volume scattering mechanism. But
the assumption fails while considering the super position of all the three scattering mechanisms in
the same imaged pixel [7].

e In case of the reflection symmetry condition, for a high resolution SAR imagery, this condition
holds true only while considering the averaging of more pixels [7]. This research has not
considered this method of averaging pixels using different window size. Therefore, it might be
possible that, for the pixel exhibiting all the three scattering mechanisms, the reflection symmetry
may not hold true.

e Another reason may be due to the fact that the coherency matrix is sensitive to the polarimetric
orientation angle shifts which cause the cross-polarization intensity from the forested areas to
become high and make the coherency matrix reflection asymmetric.

e The pixel representing the features is located at an altitude of 1400 ft. Ambiguities may occur, if
the region is having high azimuth slopes, especially regions exhibiting orientation angle effects
(features not oriented parallel to the radar line of sight).

e The polarization extrapolation algorithm used here employs the assumptions already developed.
The modifications on the degree of coherence relation assumption studied in [7], [37] hasn’t been
included in this algorithm. The modification was to use the ratio of the double-bounce scattering
power and the volume scattering power to compensate the effect of dihedral scattering, which
affects the degtree of coherence assumption.

The same phenomenon was noticed for some other pixels also, before and after the three-component
decomposition. The abrupt change in the volume scattering power lowered the correlation between the
original and the reconstructed data. Even though the quality of the regression analysis was confirmed
through the residual plots with the residuals showing random trend with very low value of correlation
coefficient and mean absolute error, the outliers showing unexpected variations in the volume scattering
power in the reconstructed data has caused the difficulty to predict precisely whether the volume
scattering power has been increased or decreased. The same phenomenon has caused problems in the
validation procedure also, which is discussed in the next sub-section.
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Figure 7-3: (a) Georeferenced T33 element-Mangrove forest area, The Sundarbans (b) zoomed image-FP
mode(c) CP mode (d) Freeman-volume-FP mode(e) CP mode
(f) Image - Geoeye-I sensor. Source: Google Earth
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The phenomenon of showing abrupt change in the pixel values after reconstruction and decomposition
was also observed in the Mangrove forests. On closely observing the features represented in red circle in
the figure 7-3 (f), the forest area is present in swampy areas where the moisture content is very high. The
forest density was also found to be fluctuating with varying tree heights and low canopy area. Similar to
the reason observed from the Barkot area, considering the pixel to be mixed, the volume scattering from
the forested area is not uniform due to the varying tree heights and forest density, the low lying marshy
areas, wetland with poorly drained land section lying near to the forests contribute to double-bounce
scattering from the ground as well as from the tree trunks [50]. The whitish portion in the optical image
represents depicts a marshy area with high soil moisture and tributaries leading to the Bay of Bengal. The
contribution of the surface-scattering mechanism cannot be reasoned off since; the marshy areas can also
leading to specular reflection from standing water.

Ambiguities due to azimuth slopes can be reasoned out since the region is low lying close to the sea with a
low elevation of only 3 m (as shown in the Google Earth image).

The first assumption in the polarization extrapolation algorithm does not hold true, since the
contribution of the double-bounce mechanism also plays an important part in the imaged pixel which
violates the equivalence [7].

Another observation is that, even though there is no proof of standing water below the forests, the
forested areas which are away from these marshy lands hold the two assumptions and the reconstruction
mechanism works.

The assumption does not hold true for cross-polarized term, where there are complete marshy areas,
which prominently exhibit double-bounce scattering. This again causes the degradation of the algorithm

which causes the volume scattering power to decrease drastically when compared to the original values.

012 DigitalGlobe
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O
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Figure 7-4: (a) Marshy areas of the Sundarbans. Source: Google
Earth (b) T33 element-CP mode (c) Freeman- volume -CP mode ©
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The figure 7-4 (a) depicts a marshy area with some trees in between from the Sundarbans area with 120 m
(shown with an yellow line) length measured using the measurement tool in the Google Earth tool. The
corresponding 5 to 7 pixels with approximate 20 m ground resolution on both the subset images shows
abrupt power values after T33 reconstruction (figure: 7-4 (b)) and decomposition (figure: 7-4 (c)). All the
pixels show power value of -29 dB in the reconstructed T33 element and -13 to -15 dB power range in the
decomposed element. It has to be understood that the marshy land contributes to the double-bounce
scattering mechanism which was proved also from the polarization signature analysis. This cleatly proves
that presence of dihedral scattering mechanism along with the volume scattering mechanism degrades the
polarization state extrapolation algorithm used in this research. The abrupt change in the volume
scattering power has caused the reconstruction of the forest class to perform with uneven variations in the
original and the reconstructed values.

74. The “factor 2” factor

The research followed the reconstruction algorithm based on the original technique developed in [10],
[11]. The studies implemented by them had omitted the constant 2 used as a multiplier outside the 2X2
covatiance matrix in the 7/4 mode, describing its impact on the computation of the SAR power budget,
even though it does not affect the polarimetric performance [6]. While calculating the single-bounce
power (| Syy +SVV|2), the double-bounce power (|Syy —SVV|2) and the volume scatteting power
4(|Syy |2) from the original coherency matrices, the T11 and Ty elements were divided by 2 and the Ts3
element was multiplied by 2, since the constant 1/2 was present outside the coherency matrix in the
fully-polarimetric mode however not present in the covariance matrix obtained from the fully-polarimetric
mode. The coherency matrix reproduced for the n/4 mode also had the effect of the omission of the
constant, since the reproduced coherency matrix was transformed from the covariance matrix using the
unitary transformation matrix. Therefore, it is possible that omission of the constant might have caused
decrease in the reconstructed values when compared to the fully-polarimetric values.

The algorithm developed in [10], [11] should have considered the possibility for using the same method
using coherency matrix approach without considering the omission of the factor 2. Especially while
converting the covatiance mattix into coherency matrix, the factor 2 causes vatiation in the reconstructed
results while comparing the two matrices. This aspect was not studied in this research. The algorithm used
in the PolSAR pro tool used for this research also show this omission factor, which can be modified for
future work.

1.5. Relevance of Polarization Signature analysis

In case of volume scattering from Sal forests of Barkot, the polarization signature of the cross-polarized
channel HV from both the modes appeared to show very high pedestal value, almost unity, which meant
that a significant portion of the backscattered power is not polarized and proved that the signature is from
a heavy forested area. The value for cross-polarized channel signature for both the modes was found to be
0.734 which is high, which clearly suggests that there is increase in the relative amount of backscattered
power from the randomly oriented vegetation which might have caused due to increase in tree height and
density [59], which is true in case of Sal forests with tree height ranging up to 11 m. It was also understood
from the high value of coefficient of variation that there is an appreciable amount of volume scattered
power which is not polarized. Even, for a heavily forested area, the scattering from the branches dominate
depending on the tree density and surface conditions which in turn causes a large amount of unpolarized
backscattering component in the radar return.
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The polarization signature from the mangrove forests of Sundarbans showed the effect in the pedestal
factor, similar to the Sal forests. The value of pedestal was found to be very high, almost unity, which
meant that there is significant portion of the backscattered power that is unpolarized and proved that the
signature is from a forested area. The value of coefficient of variation for cross-polarized channel
signature for both the modes was found to be 0.884 which is very high, more than from Sal forests which
clearly suggests that there is a high degree of randomness in the scattering mechanism from the mangrove
forest area. It might be attributed to the fact that, mangrove forests are very dense with high tree density.
From high coefficient of variation, it can also be inferred that there is an appreciable amount of volume
scattered power from the forested area which is not polarized. Due to the climatic and terrain conditions
of mangrove forests, the mangrove forests were modelled as a forest with relatively thin canopy and with a
surface having high dielectric constant, due to the presence of standing water [50].

The polarization signature of the swampy areas resemble to those predicted for dihedral corner reflector
geometry [50], [60]. The main difference in the radar return from the swampy areas is the 180° (approx)
phase difference between vertical and horizontal polarizations. Moreover, the coefficient of variation from
the swampy areas was found to be larger than that from the dense forests of Barkot. Hence, for large
coefficient of variation, VV polarization dominates over HV. For swampy areas, trunk-ground double-
bounce scattering dominates even though there is no negligible branch scattering. Even though the
coefficient of variation for the double-bounce scattering is almost unity, the presence of branch scattering
which has caused volume scattering mechanism to take place has caused the coefficient of variation to
reduce to 0.884. This theory has abided with the studies implemented in [50], [60]. Even though there is a
decrease in volume scattering power in the reproduced pseudo-quadrature polarized data, the reduction in
the power has not affected the polarization signature of both the modes.

The common conclusion from this analysis is that, even though there is a decrease in the volume
scattering power from both the modes from both the forested areas, the signature and texture were
preserved, after reproduction of pseudo-quadrature polarized data using dual-polarimetric techniques.
This may provide the opportunity for using polarization signature as a reliable tool for analyzing the
features responsible for single and double-bounce scattering mechanisms.

7.6. Entropy analysis

The study has analyzed the variation in the entropy values from the ateas responsible for volume
scattering mechanism, especially from the forested areas of both study areas. The entropy analysis proved
that, there is only a slight increase in the randomness in the volume scattering mechanism forest pixels,
after reconstruction of the pseudo-quadrature polarized data. The very high entropy values from the areas
from both the modes from both the forested areas proved that the feature under study was responsible
for volume scattering mechanism and therefore the randomness was found to be high. The window size
selected for calculating entropy was 3X3 and therefore, the features in the neighbouring pixels around the
central pixel value has great importance, since presence of different features in these pixels can affect the
entropy of the central pixel.

The analysis from the Barkot area showed low correlation when compared to that of Mangrove forests,
since it was found that there is an uneven variation in the reconstructed entropy values when compared to
the entropy values from the fully-polarimetric mode. This occurs due to various reasons. In Barkot area,
along with Sal forests, it might be possible that there can be other tree species of different canopy area,
tree height and density whose presence along with a different species causes variation in the volume
scattering power. Another reason being the fact that, the entropy values were calculated from the third
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diagonal element T33 of the coherency matrices [Tryy; ] and[Tyop ] but not from the volume scattering
images decomposed from the coherency matrices using the three-component decomposition model. The
diagonal T33 is sensitive to the areas responsible for volume scattering. If the entropy values wete
calculated from the decomposed volume scattering images, then the effect of the entropy variation may
have been different.

The variation graph and the model fit results from the Mangrove forests showed increase in the entropy
values after reconstruction, with an even variation. This may be due to the fact that, the forest area from
which the sample points were chosen is dense and thick and is homogenous. Therefore, neighbouring
pixels are expected to exhibit the same scattering mechanism and therefore do not substantially contribute
to the entropy of that particular pixel. Another reason for increase in the entropy values may be due to the
fact that, the single lineatly polarized transmit of the compact polarimetric (n/4) mode will not be able to
stimulate the target response from the linear features (tree trunks, trunks, urban features), which are
slanting orthogonal to the incident electric field. It might be possible that circular polarization may be able
to fully characterize the polarization state of these features.

From the residual analysis conducted for both model fit approaches, it was concluded that the models
could not fit the entropy values due to the decreasing trend in the residuals in both the plots. Studies have
shown that decreasing trend is equivalent to a non-random trend in the residual plot that causes error in
calculating the slope and the intercept values while calculating the model equation for prediction.

The polarization signature from the mangrove forests was found to be similar to that of a dihedral corner
reflector. Therefore, on correlating this concept with the variation in entropy values after reconstruction,
the increase in the entropy value may be due to the rotated dihedral scattering. In theory, a dihedral with
zero orientation angle gives a low entropy return and only the coherency matrix diagonal element
responsible for double-bounce scattering is non zero. Rotating this dihedral still provides low entropy,
since both cross-polarized power and the double-bounce power are highly correlated. But in the compact
polarimetric mode, under the assumption of reflection symmetry, this correlation becomes zero which
causes the entropy to increase. Even though, entropy analysis was not implemented for urban areas
responsible for double-bounce scattering from coherency matrix approach, the theory holds true in case
of over estimation of entropy in urban atreas, based on covariance matrix approach [37].

This research has proved that, after reproduction of the pseudo-quadrature polarized data from the
dual-polarized mode, the randomness from both the forested areas has increased when compared to the
entropy from the fully-polarimetric mode.

1.1. Selection of study areas

The presence of prominent double-bounce scattering mechanism in the mangrove forests of the
Sundarbans hampered the reconstruction of the cross-polarized term causing abrupt change in the volume
scattering power for many forest class pixels. The reconstruction mechanism failed to follow the
assumptions especially in pixels depicting swampy areas. Considering the climate of the area and the
region being moist throughout the year, and being close to sea (sensitive to the specular reflection), the
reconstruction algorithm used here was found vulnerable to these effects.

High elevated terrain of the Barkot area caused the reconstruction to be affected the reconstruction, since
high azimuth slopes caused violation of the assumptions in the algorithm which caused high variations in
the volume scattering power after the reproduction and consequently the decomposition. The analysis of

73



RETRIEVAL OF VOLUME SCATTERER INFORMATION USING THREE-COMPONENT DECOMPOSITION MODEL BASED ON COMPACT POLARIMETRY

the double-bounce power from the urban areas of Haridwar showed intriguing residual plot with a
non-random pattern but with high correlation between the original and the reconstructed values.

The analysis of different parameters from the mangrove forests was given special importance, since the
forests are considered to be ecologically important and the monitoring of these forests are difficult
manually due to the adverse climatic conditions and the density and area coverage of the forests. In case
of the Barkot forests, the area comes under the monitoring of Rajaji National park and the areas are stable

considering the climate and coverage area factors.

7.8. Validation

The volume scattering contribution from the tree leaves, trunk and from the ground of both the forested
areas were validated against the reliable reference data which used 2Syy single polarized element, taken
from the fully-polarimetric data, sensitive to the volume scattering mechanism. Even though, the
validation was done using modelling approach, the cross-polarized power with high variation caused the
RMSE range to be close varied by approximately 1 dB for both the forested areas. The modelling
approach used two samples from different parts of the forest areas to represent the population consisting
of forest class. The regression line fitted for the first sample was used for predicting the reconstructed
values from the original values and compared with the expected reconstruction values. The difference
between the mean absolute error from both the samples from both study areas was found to be close
varied by less than 0.7 dB. The research was not focused on studying the effect of the single-bounce and
the double-bounce scattering contribution from the earth features sensitive to these mechanisms.
Therefore, these components were not validated.
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8. CONCLUSIONS AND RECOMMENDATIONS

The aim of this study was to explore the potential of the compact polarimetry (n/4) mode to reproduce
the pseudo-quadrature polarized data from the dual-polarized scattering vectors, based on coherency
matrix approach. The coherency matrix so reproduced was then separated into the three basic scattering
mechanisms using the three-component decomposition model, to study the backscatter contribution from
tree leaves, trunk and ground from the forested areas of Barkot and the ecologically important mangrove
forests of the Sundarbans.

This chapter gives the conclusions of the results obtained from the method outlined in section 4.2. It also

outlines the answers to the research questions posed in section 1.7.3.

8.1. How, pseudo-quadrature polarimetric 3x3 coherency matrix can be derived and reproduced
from dual polarimetric mode using compact polarimetric technique?

The answer to the first research question became the backbone of this research, since the reproduction of
the pseudo-quadrature polarized data became mandatory to study and assess the backscatter contribution
of the volume scatterers from the forested areas. The polarization state extrapolation algorithm developed
in [10] was used here, where reflection symmetry condition and the relation linking the degree of
coherence and the cross-polarized power were taken as the two assumptions. The pseudo-quadrature
polarized data generated as 3X3 covariance matrix was then used to derive the reconstructed data in the
form of 3X3 coherency matrix. The 3X3 unitary transformation matrix was multiplied with the 33
covariance matrix and the transpose of the transformation matrix to transform the 3X3 covatiance matrix
into 3X3 coherency matrix derived in equation: (A-1I-9). This matrix was then used to decompose the
single-bounce, the double-bounce and the volume scattering mechanisms, out of which the effect of the
volume scattering contribution from the tree leaves, trunk and the ground was studied and assessed. The
diagonal elementsTy1, To; and T3z of the reconstructed matrix[Tyop ] were used to compare and analyze

the variations in the backscattered power, from both the fully-polarimetric and the compact polarimetric
(n/4) modes.

8.2. What is the relation between the entropy obtained from the fully polarimetric data and the
entropy obtained from compact polarimetry mode?

The third diagonal element T33 of both the matrices[Tryyy, Jand[Tyop ], sensitive to the cross-polarized
power from the areas responsible for the volume scattering mechanism was used to calculate the entropy
values and then to study the vatiations in both the modes. It was found that, from the forested areas, the
randomness was found to be increasing in the compact polarimetric (n/4) mode. The randomness on the
scattering mechanism from these forests was found to be very high in the fully-polarimetric mode
(> 0.92). It was also understood that the entropy value ranges from 0 to 1 and therefore, the maximum
increase in the entropy values in the compact polarimetric (n/4) mode was found to be approximately to
0.999. That meant that the range of the entropy values was very low. The relationship between the entropy
values from both the modes was conducted using regression analysis. The residual analysis showed
decreasing trend in the errors, which is a non-random phenomenon; showing that the linear model used
could not fit the entropy values. A non-linear model may be a possible solution for this problem.
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8.3. How to validate the volume scattering contribution from the compact polarimetric data against
the fully-polarimetric data?

The research concentrated in studying and assessing the backscatter contribution from the tree leaves,
trunk and the ground of the forested areas, in the compact polatimetric (n/4) mode. Therefore, it was
compulsory to validate the pseudo-quadrature polarized data against the fully-polarimetric data. The single
polatized cross-polarized image2Syy was used as the reliable reference data against which the reproduced
data was validated. Two samples taken from different areas, sensitive to the volume scattering mechanism
were used to validate the contribution. The two samples had represented the population of forest pixels.
Regression analysis using linear model was used to model the cross-polarized power from both the modes.
The residual plot assessed the quality of the linear model used. The model equation was then used in the
second sample to predict the values from the reference values. The predicted values and the reconstructed
values were then compared and assessed for accuracy in terms of RMSE and mean absolute error. This
process was carried out for both study areas.

Since the research was focused more on retrieving the volume scatterer information, the single-bounce
and the double-bounce scattering mechanisms were not validated.

8.4. What is the accuracy of the estimated volume scatterer contribution obtained from compact
polarimetry mode against to that obtained from fully polarimetric data, using Freeman-Ill model?

It was vital to assess the quality of the reconstruction mechanism which was adopted in this research. The
volume scattering contribution from both study areas were validated and assessed. It was found that, the
linear model wused for predicting the volume scattering power had an RMSE range of
2.28 dB < RMSE < 3.19 dB and mean absolute error (MAE) range of1.86 dB < MAE < 2.19 dB for
Barkot forest area. In case of the mangrove forests of the Sundarbans, the range of RMSE was in the
range 4.07 dB < RMSE < 5.03 dB and MAE range of2.64 dB < MAE < 3.31 dB. Even though the
values ate similar for both the estimated and the predicted values, the presence of mixed pixels and the
features exhibiting all the three scattering mechanisms caused the algorithm to degrade which caused so
many pixel values to show abrupt change in the volume scattering power. This caused the accuracy range
to vary. The reasons were discussed and shown on images figures: 7-2 (a) to (¢) and 7-3 (a) to ().

By answering the research questions, understanding the research objective and the sub-objectives
proposed in this research were fulfilled. The research reviewed various literature and selected Freeman and
Durden decomposition model because of its main characteristic to detect and decompose volume
scattering information from the forested areas along with the two other mechanisms. The previous studies
on compact polarimetry have not worked on the coherency matrix approach. Therefore this research had
the freedom to opt for this model. Speckle filtering was not carried out in the pre-processing stage,
because we did not want to degrade spatial information. Different data analysis was conducted on the
results for both the areas, as the research had to explore the different interesting outcomes, which were
reported and analyzed.

As a concluding remark to this research work, the reconstructed pseudo-quadrature polatized data
reproduced using the compact polatimetry (n/4) mode technique, based on coherency matrix and thereby
studying the contribution of volume scatterers from the forests shall help the forest management
authorities and researchers in monitoring the forested areas, in event of flooding, forest fire and
deforestation scenario, where manual methods and the fully-polarimetric data availability become a
constraint.
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8.5. Recommendations

The following recommendations may be considered, taking into account the implementation and the
results obtained from this research.

e First and the most important has to be to modify the polarization state extrapolation algorithm,
already implemented in [10] and [37], and but not modified in the algorithm incorporated in the
latest 4.2 version of the PolSAR pro tool. The revision to be executed shall be to modify the
second assumption relating the degree of coherence and the cross-polarized power, in which
studies carried out in [10] and [37] had replaced the denominator term ( the constant 4) of

. oo 1Sun—=Syv I? . , . .
equation: (A-1I-5) with % This term gives a correct estimate of the ratio of the
HY

double-bounce power to the cross-polarized power, thereby giving a consistent estimate for the

pseudo-quadrature polarized data [10].

e Comparison studies may be carried out between different hybrid polarimetry modes such as
(n/4) mode, DCP (Dual circular polatization) mode and CLTR (Circular transmit, linear receive)
mode, based on coherency matrix approach and thereby studying and assessing the variation in
the different scattering mechanisms.

e The effect of speckle filtering while during the pre-processing stage may show interesting results,
even though loss of spatial information due to averaging a possible risk!

e The “factor 2” factor in the coherency matrix element to be modified in the polarization state
extrapolation algorithm.

e Tield data was not available for this research, due to restricted rights in the study area. If stem
volume and tree height is available, the above ground biomass can be calculated and the pattern
of biomass can be studied for both the modes.
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APPENDIX - |

Table 7: Radar bands and designations

Band Designation Wavelength (in cm)
Ka 0.75-1.10
K 1.10 -1.67
Ku 1.67 -2.40
X 2.40 -3.75
C 3.75-7.5
S 7.5-15.0
L 15.0 - 30.0
P 30.0 - 130

Table 8: Dataset description

Description Study area I Study area II
Mission/Sensor ALOS/PALSAR ALOS/PALSAR
Date 22nd November 2009 29t May 2010
Polarization HH+HV+VV+VH HH+HV+VV+VH
(Fully - polarimetric) (Fully - polarimetric)
Orbit Number 20402 23144
Mode Ascending Ascending
Center Latitude 30.1365400 21.7001860
Center Longitude 78.1433180 88.5911910
Incidence Angle 25.8° 25.8°
Table 9: Dataset Characteristics
Description Value
Pixel Spacing (Range) in SLC format 9.368 m
Pixel Spacing (Azimuth) in SLC format 3.792 m
Ground Resolution 20 m
Ground Pixel resolution (Range) 18.737 m
Ground Pixel resolution (Azimuth) 3.792 m
Swath Width 30 km
Wavelength 235 cm
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APPENDIX - I

Polarization state extrapolation algorithm - Technical details

The first step in the reconstruction derivation process involves the polarization synthesis resulting as 2X2
scattering matrix from quadrature polarized data. The scattering matrix representation of quad-polarized
data in linear (H, V) basis is given by:

S SHV]
S| = A-11-1
1S1=\s, sy (A-II-1)

The next step involves the extraction of scattering vectors for compact polatrimetric mode (n/4 mode)
from the scattering matrix, which is given by

1
K/ = 7 [Sun + Suv - Svv + Syu]” (A-11-2)

Here the combination of scatteting vectors (Syy + Syy)and (Syy + Syy) ate obtained from the
standard dual-polarimetric scattering vectors [Syy, Syy] and[Syy, Syy .

The factor V2 in equation (A-11-2) accounts for 34B loss (half-power beam width) in the radar output with
respect to classical dual or fully polarimetric modes which in turn is a direct consequence of the mismatch
between transmitting and receiving polarization basis [9], [58].

The 2X2 covariance matrix for n/4 mode is calculated in the next stage by multiplying the scattering

vector K4 extracted in the previous step, with its complex conjugate transpose K /4*T to form [Cn /4]
given as:

[Crja] = Kz x Kz"
2 2

G Gy
(1 Cp
1] ISyul? SHHSI;V] [|5HV|2 |SHV|2]
2 Syv S 1Swv1? 1Sy 1% 1Syy |2

Therefore, the covariance matrix [Cﬂ /4] = ] becomes

1[ 2Re(Sun Siv)  Sun Siv + Siv SHV] (A-TL3)

2S5y Suy + Suv Sty 2Re(Syy  Shv)

The first term in equation (A-1I-3) represents the polarimetric behavior of co-polarized channels [10]. The
second term is proportional to cross-polarization magnitude [10] while the third term consists of
co-polatized/cross-polarized correlations [37]. Here the constant 1/2 before the covariance matrix are
discarded, since they may affect the computation of SAR power budget [10], even though they don’t have
any impact on the polarimetric performance of the compact polarimetric (n/4) modes [37].

Souyris et al. [10] developed a scattering model which assumed reflection symmetry and established a
relationship between the degree of coherence and the cross-polarization ratio in order to reproduce

pseudo-quadrature polarized data in the form of 3X3 covariance matrix from the 2X2 covariance matrix in
the (n/4) mode.
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Reflection symmetry condition is assumed when the observed media is symmetric with respect to the
plane of incidence especially in case of water surfaces and in all natural scatterers like forest, snow, sea ice
and also in case of volume scatterers containing spherical particles. Therefore, under reflection symmetry
condition, there is a complete decorrelation of co-polarized and cross polarized backscatter coefficients.
Thus co-polarized and cross-polarized correlations are set to zero. Therefore,

(Sun Siv) = (Syv Sqy) =0 (A-11-4)

With the reciprocity [37] and the reflection symmetry [37] assumption, the quadrature polarized covariance
matrix becomes a function of |Syy 12, |Syy 12, |Syv |2 and the real and imaginary components of
co-polatized termSyy Spy. However, in case of 2X2 dual-polarimetry, the covariance matrices contain
only information on four independent variables and therefore an extra condition or assumption is required
to derive the pseudo-quadrature polarized data from the dual-polarimetric mode represented by the 3X3

covariance mattix.

To solve this problem, the second assumption developed by Souyris et al. [10] was used. They proposed a
mathematical relationship between the degree of coherence |p| and the cross-polarization ratio

ISuy 1)/ {USuu 12) + {ISpy 12)).

Shy | 1—
U _ (-lp s
(Suy 12)+HSyy 12) 4
where p is the degree of coherence given by
(Suy Syy)
p= Ll (A-T1-6)

VAUSyy 15+ Syy 12)
The relationship established above in equation: (A-1I-5) are either for a fully polarized or a fully
depolarized backscattered wave and was subsequently extrapolated for any polarization state. For a
fully-polarized wave reflected from a natural environment, the degree of coherence |p|is equal to 1 and
the cross-polarized term is equal to 0. For a fully-depolarized wave, the degree of coherence |p| becomes
0

and

1Sunl®) = Sy 1?) = 2(ISyy 1)

Therefore merging the equations (A-11-3) and (A-II-5), the non-linear system consisting of four equations
and four unknowns were solved through an iterative process to obtain estimates of |SHV|2. Therefore
considering reflection symmetry condition shown in equation: (5.4), the degtee of coherence |p| shown in
equation (A-II-6) and the cross-polarization term X© , where XO=(s Hv |2)  becomes

C
p©@] = —22_ and

NISTR Y.

(C11 +C3) y (1 - |P(O)|)
2 B =1p®P

XO =Sy 1) =
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The iterative process is catried out using X (9 to refine the estimates of |p| and thereby

—_x©
|p®] = -t (A-IL7)
Jleri-2@) x(co- 2]

It has to be noted that, since this is an iterative process, which is based on approximation, the degree of

coherence|p(n) , may become greater than one or the denominator term of equation (A-II-7) can become
a square root of a negative number. Therefore the iterative process was halted when the degree of

coherence |p(n)| = land the cross-polatized term |)?(0)| =0.

Therefore the n® order estimate of the pseudo-quadrature polarized data in the form of 3X3 covariance
matrix is given by
Ci—X®™ 0 Cp—-X®™
[5M0D] = 0 2X™ 0 (A-11-8)
Ch,—X™ 0 G- XMW

In the next step, a 3X3 similarity transformation matrix [A], was used to convert the derived
pseudo-quadrature polarized data, in the form of 3X3 covariance matrix to 3X3 coherency matrix using
the relation

[Twop] = [A] X [C=M0D] x [AT]

1 1 0
NP
Where [A] = |0 0 1
11,
V2 V2

Therefore, after calculation of the above relation, the final estimates of pseudo-quadrature polarized data
in the form of 3X3 coherency matrix[Tyop | becomes

(60 =X+ o5 5 (G —8®) (6 —X™) - in)]l
[Tmon] = | % (C1z - X(n)) Co2 — X \/1_7((:12 B )?(")) i (A1)
l% (Cy —X™) _x(lm %(Clz - k®) %(C“ —X®) +%J

The pseudo-quadrature polarized data reproduced as 3X3 coherency matrix [Typp] , from
dual-polarized mode, based on polarization state extrapolation algorithm and the 3X3 coherency matrix,
calculated from fully-polarimetric data, were used to decompose the volume scattering contribution, using
three-component incoherent decomposition model.
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APPENDIX - Il

Table 10: Statistical summary (a) Regression analysis - Study area I (b) Study area II (c) Residual analysis -
Study area I (d) Study area 11

T elements r Linear Model
R? RMSE
Ti1 0.985 0.979 0.128
Tss 0.999 0.998 0.001
T33 0.231 0.053 0.048
@
T elements r Linear Model
R? RMSE
Ti1 0.996 0.992 0.027
Ty 0.999 0.999 0.002
T33 0.006 0.00005 0.026
(b)
T elements r Linear Model
R? RMSE
Ti1 0.996 0.992 0.027
Ty, 0.999 0.999 0.002
T33 0.006 0.00005 0.026
©
T Residual plot Linear Model
elements Trend r Mean absolute
etrror
Ti1 Random —-19x%x107° 0.01
Ty, Non-random | —6.089 x 10710 0.017
Ts3 Random -0.027 0.021
d)
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