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Abstract: A new hybrid Freeman/eigenvalue decomposition
based on the orientation angle compensation and the various
extended volume models for polarimetric synthetic aperture radar
(PolSAR) data are presented. There are three steps in the novel
version of the three-component model-based decomposition.
Firstly, two special unitary transform matrices are applied on
the coherency matrix for deorientation to decrease the correla-
tion between the co-polarized term and the cross-polarized term.
Secondly, two new conditions are proposed to distinguish the man-
made structures and the nature media after the orientation angle
compensation. Finally, in order to adapt to the scattering prop-
erties of different media, five different volume scattering models
are used to decompose the coherency matrix. These new condi-
tions pre-resolves man-made structures, which is beneficial to the
subsequent selection of a more suitable volume scattering model.
Fully PolSAR data on San Francisco are used in the experiments
to prove the efficiency of the proposed hybrid Freeman/eigenvalue
decomposition.
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1. Introduction

The target decomposition theorem is an important and ad-
vanced tool for polarimetric synthetic aperture radar (Pol-
SAR) data [1,2] and it has been applied successfully to
many areas of PolISAR data, such as disaster monitoring
[3-5], crop monitoring [6,7], target detection [8,9] and
classification [10—-15].

There are two major advantages [1,2]. Firstly, the target
decomposition does not depend on the statistical distribu-
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tion of PoISAR data, thus it is not necessary to set that Pol-
SAR data obey a certain statistical distribution, and then
complex calculations and cumulative errors are avoided.
Secondly, the parameters derived from the target decom-
position usually empress the physical meaning of PolISAR
objects. Therefore, many decomposition techniques are
proposed in the past two decades.

Target decomposition methods are divided into two
groups, i.e., the coherent target decomposition and the in-
coherent target decomposition. Contrast to the measured
scattering matrix for the coherent target decomposition,
the second-order statistics such as the coherency matrix or
the covariance matrix are used for the incoherent target de-
composition because of the anti-noise performance.

Incoherent target decomposition techniques can be cate-
gorized into two representative groups, i.e., the model-
based decomposition approaches introduced by Freeman
et al. [16] and the eigenvalue-based target decomposi-
tion approaches firstly introduced by Cloude et al. [17].
Among various model-based decomposition approaches,
the Freeman-Durden decomposition (FDD) [16] interprets
the measured covariance matrix in terms of three inde-
pendent scattering components, i.e., surface scattering,
double-bounce scattering and volume scattering.

After the initial work of Freeman and Durden, many re-
searchers pay considerable attention to the model-based
decompositions. In the FDD, because the cross-polarized
term only exists in the volume scattering model, the vol-
ume scattering power may be overestimated while the to-
tal power is fixed, thus the surface scattering and double-
bounce scattering power may be too small or even nega-
tive, which is the key problem of the FDD [16, 18]. There
are two ways to solve this negative power problem. The
first one is to propose more suitable scattering models, es-
pecially the volume scattering model [19—-29], or to add
a new scattering component to share the volume scatter-
ing power [18,30,31], such as the helix scattering compo-
nent. The second one is the orientation angle compensation
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(OAC) on the coherency matrix [32—-36]. The OAC de-
creases the cross-polarized term, which leads to the smaller
volume scattering power, the nonnegative surface scatter-
ing power and the double-bounce scattering power. Arii et
al. [20] and An et al. [35] also used the power constraint to
solve the negative power problem. In their methods, if the
volume scattering power is bigger than the total power, it
is set to be equal to the total power, at the mean time the
negative surface scattering power and the negative double-
bounce scattering power are set to be zero. Cloude [37]
proposed a modified decomposition that the surface scat-
tering model was orthogonal with the double-bounce scat-
tering model. This method combines the Freeman-Durden
decomposition with the eigenvalue-based decomposition
together. To solve the negative power problem, the OAC
on the coherency matrix is also used [38], which is named
as Freeman/eigenvalue decomposition.

In this paper, a novel Freeman/eigenvalue decomposi-
tion is improved from three aspects. Firstly, two kinds of
the OAC are used to the coherency matrix to reduce the
value of the cross-polarized term. Secondly, five different
volume scattering models are used with a new discriminant
to make sure that the scattering powers are more consistent
with the actual targets. Finally, the power constraint is also
used to avoid the negative powers. The effectiveness of the
new decomposition algorithm is verified by the real Pol-
SAR data.

2. OAC and scattering models
2.1 Coherency matrix and OAC

For the monostatic fully PolSAR system with {H, V} ba-
sis, we can obtain the Sinclear matrix as follows:
Surg  Suv ]
S = . 1

{SVH Svv W

If the PolSAR targets obey the reciprocal condition (i.e.,

Spv = Sym), the single look PolSAR data can be ex-
pressed in the Pauli scattering vector:

Suu + Svv
k,=—1|S S . 2
» =5 uH + Svv (2)
2Suv

The multi-look PolSAR data can be expressed by a 3 x 3
coherency matrix:

Ty T2 Tis

(kpxky)= | Ty To Tos (3)
Ty T3 Tss

([T]) =

where ( ) denotes the multi-look processor, and the super-
script H denotes the conjugate transposition processor. The
coherency matrix is a Hermite matrix.

In order to decrease the cross-polarized term 733, the
coherency matrix is rotated by the unit matrix R(6) [35],
where 6 is the angle of the rotation, i.e. the OAC. The ele-
ments in R(#) are all real values.

0 0
cos(20)  sin(20

(20) (4)
—sin(20) cos(26)

1
R(®) = |0
0

The coherency matrix after the OAC ([T'(9)]) is shown
as follows:

3(0)
0) Ta3(0) | . %)
T33(0)

>
~—
3

T11(0) =Tn

T12(0) = Tha cos(20) + Th3sin(20)

T13(9) = -Tis sin(29) + T3 COS(29)

Ta3(0) = J'Im(Tzs) ©)

T2o(0) = Too cos?(20) + Tss sin®(20)+
Re(ng) sin(46)

T33(0) = T3 cos?(26) + Tag sin®(20)—
Re(ng) sm( )

From (6), the real part of T»3(6) in the coherency matrix

after the OAC is equal to zero. By minimizing the cross-
polarized term T33(#), the rotation angle 6 is solved:

(QRe(ng)) L

0 1 t
= Z arctan =
Ty — T33

4 4’

n=0,=+1 (7)

where Re(Th3) is the real part of Th3. The total power
and T4 (0) are fixed, thus T53(0) becomes smaller and
T>2(0) becomes larger. The power transfers from T33(6)
to T22 (9)

The second rotation matrix is a unit complex matrix (in
(8)), which usually is carried on T'(#), and the coherency
matrix after the complex matrix rotation is given by (9).

1 0 0
U(p)= |0 cos(2p) jsin(2p) ®)
0 —jsin(2¢) cos(2¢)
([T(p)]) =U)[TONU () =
Tii(p) Tiz(p) Tis(p)
THh(e) Toa(e) Tas(e) C)
Tis(p) T53(p) Tas(e)

In the same way, each element in the coherency ma-
trix after the complex rotation and the rotation angle ¢ is
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shown as follows:

Ti(p) =T

Ti2(p) = T12(0) cos(2¢) + T13(0) sin(2¢)
Ti3(p) = —T12(0) sin(2¢) + T13(0) cos(2¢)
T22 ((p) = TQQ(@) COSQ(2(p) + T33 (9) sin2 (2(/7)4'
Im(Ts3(0)) sin(4¢p)
T33(0) = Ts3(0) cos?(2¢) + To2(6) sin® (2¢0)—
Re(Ts3(0)) sin(4ep)
B 2Im(T»3(6)) mi
p= 1 arctan <—T22(9) _23)7133(9)) + W
m = 0,+1. (1)

After two rotations, the cross-polarized term 733 is re-
duced, and then the negative scattering powers became less
even disappeared. The detailed decomposition algorithm
will be demonstrated in the next section.

2.2 Scattering models

The rotated coherency matrix can be expanded into three
sub-matrices [16]:

([T]) = msTs + maTy + myT, (12)

where T, Ty and T, are the surface scattering model,
the double-bounce scattering model and the volume scat-
tering model, respectively. mg, mq and m,, represent the
corresponding surface scattering power, the double-bounce
scattering power and the volume scattering power, respec-
tively.

The next part reviews the surface scattering model, the
double-bounce scattering model, various volume scattering
models and the Freeman/eigenvalue decomposition [38].

2.2.1 Surface scattering model

The surface scattering model implies the odd-bounce scat-
tering echo from slightly rough surfaces. The Sinclair ma-
trix for the surface scattering model is shown as follows:

_[Ruy 0
Ss—[o Rv} (13)

where R; and Ry are the reflection coefficients from
horizontally and vertically polarized waves. The cross-
polarized term is negligible.

The coherency matrix for the surface scattering model
is shown as follows:

1 1 B 0
T,=——— |8 B 0 (14)

Ry — Ry

where 0 = Ru Ry

,and 0 < B < 1. The coefficient

1
IR before the matrix is used to ensure that the total
1B]* + 1
power of T is equal to 1.

2.2.2 Double-bounce scattering model

The double-bounce scattering usually occurs in the dihe-
dral structure, e.g., the ground-building wall reflector, the
ground-trunk reflector. The echo is received after two re-
flections, and expressed by a scattering matrix shown as
follows:

RruRan 0

Sy = .
¢ 0 RrvRgy

15)

The corresponding coherency matrix for the double-
bounce scattering model is defined as follows:

1 1 o 0
Ti= g |a lof 0 (16)
a2 +1 0o 0 0

where « is a complex value with |a| < 1, and the real part
of « is negative. The total power of Ty is also equal to 1.
The cross-polarized term is equal to 0.

2.2.3 Volume scattering model

The volume scattering can be modeled by a cloud of the
oriented thin dipole, and the scattering matrix can be ex-

pressed as follows:
1 0
bl = . 17
Sun [O 1] (17)

Via the integration with a uniform distribution probabi-
lity density function p(f) for the orientation angle of the
thin dipole, the coherency matrix for the volume scattering
model is expressed as follows:

1
T’UIZZ

2 00
01 0. (18)
0 0 1

T, is the original volume scattering model, which is
suitable for the uniform distribution targets, such as the
forest with the thick crown canopy. Because the orientation
angle of the received echo is likely to be the uniform distri-
bution in [0, 7t], thus the volume scattering can be modeled
as (18). However, the ideal hypothesis does not hold all the
time, and several modified visions are developed.

If the volume scattering is modeled by a cloud of the
horizontal thin dipole, the scattering matrix can be ex-

pressed as follows:
10
Sp2 = [ 0 O] . (19)

Accordingly, the coherency matrix for the volume scat-
tering model can be expressed as follows:
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1 15 =5 0
Ty = 30 -5 7 0f. (20)
0 0 8

In a similar way, the scattering matrix modeled by a
cloud of the vertical dipole can be expressed as (21), and
the coherency matrix can be expressed as (22).

0 0
Suy = [0 1] 1)
1 15 5 0
T3 = 30 5 70 (22)
0 0 8
In 7,1, the two co-polarized terms 77; and 752 are mu-
tually independent, i.e., 772 = 0. In contrast, 712 = —5

and T12 = 5 in T),5 and T3, respectively, indicate that the
two co-polarized terms are related. Therefore, in the real
PoISAR data, the three volume scattering models are dis-
tinguished by the co-polarized ratio.

Another case for the homogeneous targets should be dis-
cussed. When the targets are totally random scattering, the
entropy of the measured coherency matrix is one [35,39],
thus the volume scattering is expressed as follows:

1
Tv4:§

1 00
0 1 0. (23)
0 01

This volume scattering model can be derived from the
eigenspace of the coherency matrix [39]. Contrast to T},
T4 usually occurs in the totally random targets. The cross
polarized term 733 in T),4 is one third of the total power
span (span=T11+T52+T33), while T35 in T4 is one fourth
of the span, and the cross polarized term 733 only exists in
the volume scattering models, thus the volume scattering
power m,, is only decided by T}s, i.e., m, = 4733 with
T,1 and m, = 3733 with T,4. The total power is fixed,
the smaller volume scattering power will derive less nega-
tive surface scattering powers and double-bounce scatter-
ing powers.

The volume scattering derived from the homogeneous
targets, such as vegetation areas or very rough surfaces,
can be modeled by the above four available coherency ma-
trix primly. However, for the heterogeneous targets, such
as city blocks or villages, consisting of various man-made
structures, the coherency matrix for volume scattering can
be expressed as follows:

1
T’U5 Tr

00 0
= 07 0]. (24)
1510 0 3

According to [37,38], the general form of the volume
scattering model is defined as (25), and the scattering pow-

ers obtained by the Freeman/eigenvalue decomposition af-
ter two rotations of the coherency matrix can be solved as
(26).

i1 Fi2 O
T,= |Fi2 Fxp 0 (25)
0 0 Fs3
s.t. Fii+ Foo+ F33=1
1
y=—T
m Fis 33(¢0)

2
% (Tn(SD) + Tz () — (FH};;FQQ)T%(SD))
A= [Tua(y) - 22Tu(o)| +
<T11(%0) + Toa(p) — (Flll;;FQQ)T%(‘P)) (26)

3. Proposed Freeman/eigenvalue
decomposition

How to select the suitable volume scattering model from
the five available models (in (18), (20), (22), (23), (24)) is
a key issue. Whether the target is homogeneous or hete-
rogeneous should be determined firstly. In the coherency
matrix, the diagonal terms 771, 752 and 733 contain the to-
tal power and most of the physical information of the target
are shown in Table 1.

Table 1 Physical meaning of the diagonal terms in T°

Diagonal terms Physical meaning

T Target symmetry
Ta2 Target non-symmetry
T33 Target irregularity

The heterogeneous targets in one resolution cell usu-
ally contain different materials, such as villages or city
blocks. Targets with different materials will give more non-
symmetry components in the coherency matrix than the
homogeneous targets, in other words, 752 should be much
bigger than 711, i.e., Too >> T7;. However, the heteroge-
neous targets mostly contain a nonnegligible surface scat-
tering component, such as in the city blocks, thus the sur-
face scattering from the streets and the double-bounce scat-
tering from the ground-wall structure exist together in one
resolution cell. Because 755 also exists in the surface scat-
tering model (in (16)) and |a| < 1, thus The < 777 in the
surface scattering model. In addition, for the volume com-
ponent, it can be seen that Thy & T35 as shown in (24). To
sum up, The > (T11 + T33) holds for the heterogeneous
targets. For the homogeneous targets, such as the sea areas
or the rough bare soil areas, the non-symmetry component
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or the irregularity component always has a smaller propor-
tion in the total power, thus 711 > (T2 + T533) can be used
to represent in this case.

Condition 1 : Ty > (Th1 + T33) 27

Condition 2 : T77 > (TQQ + ng) (28)

According to different co-polarized ratios (R =
101log,(|Svv|?/|Sum|?)) [18], three available volume
scattering models are used. If —2 dB < R < 2 dB,
the target can be modeled by a cloud of the oriented thin
dipole, and the volume scattering model is defined in (18).
If R < —2 dB, the target can be modeled as a cloud of
the horizontal dipole, and the volume scattering model is
defined in (20). If R > 2 dB, the target can be modeled
as a cloud of the vertical dipole, and the volume scattering
model is defined in (22).

The procedure of the proposed Freeman/eigenvalue in-
volves the following steps:

Step 1 Remove the noise of fully PolISAR data by
using a sigma filter [40] with sigma=0.9, window of
target=3, window of filter=9.

Step 2 Calculate the orientation angles and the OAC.

Step 3 Use the two conditions in (27) and (28) to se-
lect the volume scattering model. If Condition 1 holds, the
volume scattering model is (24). If Condition 2 holds, the
volume scattering model is one of (18), (20) and (22). If
neither of the two conditions holds, the volume scattering
model is (23). In the second case, the co-polarized ratio is
used to determine the right volume scattering model.

Step4 Decompose the coherency matrix by using (25)
and (26).

4. Experiment results

To show the good efficency of the proposed Free-
man/eigenvalue decomposition, several experiments are
conducted on fully PoISAR data. The basic information of
the data set is shown in Table 2.

Table 2 Characteristics of used data set

Sensor Band  Looks
AIRSAR L 4

Resolution/m
10 x 10

Incidence angle/(°)
5-60

The AIRSAR data set of San Francisco is down-
loaded from https://earth.esa.int/web/polsarpro/data-
sources/sample-datasets. The original image is 900 x 1 024
pixels and shown in Fig. 1, with diagonal terms of the co-
herency matrix T7; for blue, Ty for red, and 753 green,
respectively. Before composition of the RGB color image,
the logarithm to base 10 and normalization are conducted
on 111, Tes and T33. The zones labeled with red rectangles
are used in the following tests. For convenience, the three
selected zones are called Zone 1, Zone 2 and Zone 3 from

top to bottom in Fig. 2. It shows the real terrains, Zone 1 is
the ocean area, Zone 2 is the city block and Zone 3 is the
vegetation area. The sizes of Zone 1, Zone 2 and Zone 3
are b0 x 80 pixels, 60 x 50 pixels and 60 x 50 pixels,
respectively.

e e, 1 15t [

Fig. 1 AIRSAR image of San Francisco

Before the decomposition of the coherency matrix, in
order to test the two conditions in (27) and (28) firstly,
the pixels satisfied the conditions in the selected zones are
shown in Table 3. According to the definitions in (27) and
(28), Zone 1 is the ocean area, and its pixels should satisfy
Condition 2 (C2). Zone 2 is the city block, and its pix-
els should satisfy Condition 1 (C1). In addition, because
Zone 3 is the vegetation area, thus the two conditions
should both not hold on it. In Table 3, 100% pixels in Zone
1 satisfy C2, and 78.48% pixels in Zone 2 satisfy C1, and
96.5% pixels in Zone 3 do not satisfy the two conditions.
The results in Table 3 prove the efficiency of the proposed
conditions.

Table 3 Two conditions in the selected zones

Zone Size/pixels Cl/pixels C2/pixels Percentage/%
Zone 1 4000 — 4000 100
Zone 2 3000 2348 — 78.48
Zone 3 3000 1 104 35

In order to illustrate the results of the proposed decom-
position, four decomposition algorithms are selected to be
compared. They are FDD1 [16], FDD with the coherency
matrix rotation (FDD2), Freeman/eigenvalue decomposi-
tion (HFED1) [37], and Freeman/eigenvalue decompo-
sition based on the extended volumes scattering model
(HFED2) [38], respectively. The results of the decompo-
sition of AIRSAR data are shown in Fig. 2. The surface
scattering power, the double-bounce scattering power and
the volume scattering power are used as the components
of R, G and B in the color composite image, respectively.
The proposed Freeman/eigenvalue decomposition (PD) re-
sult is shown in Fig. 2(e).
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(d) HFED2

(e) PD
Fig.2 Decomposition results of AIRSAR data

It can be observed from Fig. 2(a) to Fig. 2(e) that the
scattering powers of the five decompositions can show the
main terrains of the original data. Specially, the urban ar-
eas in Fig. 2(d) and Fig. 2(e) exhibit orange and pink, while
the urban areas in the other methods exhibit green (FDD1)
and white (FDD2 and HFED1) (double-bounce scattering
myg is the red channel).

In order to better compare the effect of the five de-
compositions, three small regions are selected for testing
in Fig. 1. The true terrain types are the ocean area, city
block and forest area, thus the dominant scattering pow-
ers of those three zones are surface scattering power mg,
double-bounce scattering power m4 and volume scattering
power m,,, respectively. For convenience, all mean values
are normalized by the total power of the coherency matrix.
The definitions of normalized scattering powers are shown
as follows:

Po=
S Ty A+ Toe + T3
bd Ty + T +T33 ° (
o
Dov

T+ Tog + T

The average scattering powers (average surface scat-
tering power mean_p;, average double-bounce scattering
power mean_pg, and average volume scattering power
mean_p,,) in Zone 1, Zone 2, and Zone 3 are listed in
Table 4, Table 5, and Table 6, respectively.

In Table 4, the five decompositions show well in Zone 1.
The average scattering power mean_p, of the five de-
compositions are all more than 0.8. HFED1 obtains the
mean_p; as 0.872, and the proposed decomposition gives
the largest dominant scattering power as 0.929. The true
terrain type of Zone 2 is the city block, and its structure is
very complicated. The average double-bounce scattering
power mean_pgy of the proposed method is 0.765, which
is the largest one among these methods with the values
for the other four decompositions as 0.389, 0.277, 0.280,
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and 0.268, respectively. In Zone 3, the mean volume scat-
tering power mean_p, is 0.866, which is higher than the
other four decompositions 0.103, 0.051, 0.047 and 0.070,

respectively.
Table 4 Average scattering powers in Zone 1

Method mean_ps mean_pg mean_p,
FDD1 0.904 0 0.095
FDD2 0.906 0 0.093
HFED1 0.872 0.043 0.085
HFED2 0.872 0.043 0.085

PD 0.929 0 0.070

Table 5 Average scattering powers in Zone 2

Method mean_ps mean_pg mean_p,
FDD1 0.059 0.367 0.579
FDD2 0.138 0.488 0.375

HFED1 0.140 0.485 0.375

HFED2 0.312 0.497 0.186

PD 0.037 0.765 0.220

Table 6 Average scattering powers in Zone 3

Method mean_ps mean_pg mean_p,
FDD1 0.072 0.175 0.763
FDD2 0.025 0.163 0.815
HFED1 0.087 0.093 0.819
HFED2 0.109 0.093 0.796

PD 0.115 0.023 0.866

We also use the cross entropy to compare the five de-
compositions. The definition of the cross entropy on scat-
tering powers is shown as follows:

Hp = —pslogz ps — palogs pa — pvlogz pu.  (30)
The normalized scattering powers are shown in (29).
The larger domain scattering power should turn out a
smaller cross entropy. The cross entropy of the five decom-
positions is shown in Fig. 3. The blue line, red line and
green line stand for the cross entropy in Zone 1, Zone 2
and Zone 3, respectively. These methods all turn out good
performance with the best one given by the PD. In addi-
tion, the cross entropy of the PD is smaller than 0.5 while
the other four methods are over 0.7.

1.0
09r - o 1
@ -mmmmmmmmoe o-~" '\
08t 7 4
P : . J
§ 0.7 .
5 0.6} N
2
< \
S 057 N
o °
0.4 ° PO o 1
036 F \\ q
02" - - - - ;
FDD1 FDD2 HFEDI1 HFED2 PD
Decomposition method
--@--:Zone l; --e--:Zone?2; o--:Zone 3.

Cross entropy of scattering powers

5. Conclusions

Experiments on the real PoOISAR data demonstrate the ef-
fectiveness of the proposed algorithm, which improves the
dominant scattering power of different terrains. The algo-
rithm is consist of three steps, and their calculation com-
plexity is all O(n), where n is the number of the pix-
els, thus the calculation complexity of the proposed three-
component model-based decomposition is O(n). This al-
gorithm is applied to the coherency matrix of the PoISAR
data, thus the data should be multi-look. If the data are
single-look, before decomposition, the data should be lo-
cal averaged in a window.
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