534 25553 1) AN NS 3 R R Vol. 34, No.3
2015 46 A J. Infrared Millim. Waves June, 2015

XEHS: 1001 -9014(2015)03 - 0265 - 06 DOI:10. 11972/j. issn. 1001 —9014. 2015. 03. 002

A novel hybrid Freeman/eigenvalue decomposition with
general scattering models

ZHANG Shuang'*, WANG Shuang', JIAO Li-Cheng', CHEN Bo',
LIU Fang', MAO Sha-Sha', KE Xi-Zheng’

(1. Ministry of Education Key Lab. of Intelligent Perception and Image Understanding,
Xidian University, Xi’an 710071, China;
2. School of Automation and Information Engineering,Xi’an University of Technology,Xi’an 710048, China)

Abstract: A novel hybrid Freeman/eigenvalue decomposition with general scattering models was proposed for po-
larimetric synthetic aperture radar ( PolSAR) data. A unit matrix represents the volume scattering model, and eig-
envectors corresponding to the two larger eigenvalues of the coherency matrix are used as the surface scattering
model and double-bounce scattering model for non-reflection symmetry condition. There are three advantages in the
proposed hybrid decomposition. Firstly, the surface and double-bounce scattering models are free from the reflec-
tion symmetry constraint which is more general and realistic for common media. Secondly, since the scattering
powers of the proposed method are solved as linear combinations of the eigenvalues derived from the coherency ma-
trix, they are all roll-invariant parameters. Thirdly, negative powers of surface scattering and double-bounce scat-
tering are avoided with non-rotation of the coherency matrix. Fully PolSAR data on San Francisco are used in the

experiments to prove the efficacy of the proposed hybrid decomposition.
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understand polarimetric synthetic aperture radar ( Pol-

Introduction SAR) data '''. Currently, two kinds of decomposition

techniques are commonly used. Eigenvector-based de-

Target decomposition is a useful tool to analyze and compositions are derived from the eigenspace of the sec-
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ond-order statistics matrix, for which the most popular
approach is the Entropy/Alpha method developed by
Cloude and Pottier>’. Model-based decomposition meth-
ods, first proposed by Freeman and Durden'®’ | represent
the polarimetric coherency matrix as the contributions of
three or four physical scattering models. In Ref. [3],
the covariance matrix was successfully decomposed into
three components, surface scattering, double-bounce
scattering and volume scattering, using the well-known
reflection symmetry condition to analyze the natural dis-
tributed targets of the PolSAR data. Because of their sim-
plicity and ease of implementation, Freeman-Durden de-
composition (FDD) and later improved versions™*'*' have
been widely used in PolSAR image applications' ™"’

A difficulty with FDD is that, under reflection sym-
metry condition, the cross-polarized component only con-
tributes to the volume scattering model. This leads to an
overestimation of the volume scattering power, often erro-
neously estimating it as larger than the total power. The
method can then result in a number of negative surface
and double-bounce scattering powers, especially in the
presence of urban blocks or other man-made structures.
In order to overcome this shortcoming, various improved
model-based decomposition schemes'*'* have been pro-
posed. These improved decomposition methods are main-
ly categorized into three major groups. The first group
improves the scattering power decomposition with an ex-
tended or modified scattering model *”’. The second
group **are based on the deorientation theory "', In
the third group, a combination of a modified scattering
model and orientation angle compensation is used ''*'*”

Many extended or improved scattering models have
been proposed to reduce the number of negative surface and
double-bounce scattering powers. Yamaguchi et al. "*' add-
ed the helix scattering model as the forth component to
share the cross-polarized power, then obtained fewer neg-
ative values. Freeman "' fitted a two-component scatter-
ing model and demonstrated the efficiency of separating
the double-bounce scattering from volume scattering on
tropical rain forest and temperate forest PolSAR data.
Arii et al. '® extended an adaptive model-based decom-
position technique and iteratively estimated both the aver-
age orientation angle and the randomness degree for can-
opy scattering. Various modified three or four-component
scattering power decompositions are analyzed with respect
to the accurate estimation of volume scattering models in
Ref. [7].

Based on deorientation theory """ | Yamaguchi et al. '
rotated the coherency matrix to improve the four-compo-
nent scattering power decompositionm. Lee et al.
analyzed the effect of orientation angle compensation on
every element of the coherency matrix. This category
considers that the overestimation of the volume scattering
power is due to the shifted polarization orientation from
sloped surfaces, oriented city blocks or other man-made
media, and leads to power shifting from co-polarized term
to cross-polarized term in the coherency matrix.

Deorientation theory and modified scattering models
have been both considered. An et al. "' decomposed the
PolSAR data into three components with rotation of the

. [19] . . . .
coherency matrix'"", in which the unit matrix is used as

the volume scattering model. Sato et al. "' extended the

volume scattering model suited for vegetation and dihe-
dral structures which can well discriminate oriented
buildings from vegetation areas. Two unitary transforma-
tions are used on the coherency matrix in Ref. [ 12" and
the elements of the coherency matrix are all used in the
scattering power decomposition. In order to reduce the
number of unknowns, surface and double-bounce scatter-
ing models are set to be orthogonal by S. R. Cloude' "
The scattering powers after the orientation angle compen-
sation are effective at avoiding negative values, resulting
in the well-known hybrid Freeman/eigenvalue decompo-
sition. Singh et al. " improved the original hybrid
Freeman/eigenvalue decomposition by using different
volume scattering models scattered from vegetation areas
and oriented objects.

In this paper, an improved version of hybrid Free-
man/eigenvalue decomposition with general surface and
double-bounce scattering models is proposed for PolSAR
data, and a unit matrix is used as the volume scattering
model. Our proposed hybrid decomposition does not re-
quire the reflection symmetry condition, which is a more
realistic assumption for manmade media. The proposed
surface scattering and double-bounce scattering models
are derived from the eigenspace of the coherency matrix.
The eigenvector with scattering angle o less than w/4 is
used to represent the surface scattering model, while
whose scattering angle « greater than /4 is used to de-
note the double-bounce scattering model. We show how
the eigenspace of the coherency matrix enables the pro-
posed hybrid decomposition, and solve the scattering
powers as the linear combinations of eigenvalues, so that
the scattering powers are not only nonnegative values,
but also all roll-invariant parameters.

The rest of this paper is organized as follows. The
proposed hybrid Freeman/eigenvalue decomposition is
presented in Section 1. Results and discussion of experi-
ments performed on PolSAR data of San Francisco are
provided in Section 2 and the final section presents our
conclusions.

1 Proposed hybrid Freeman/ eigenvalue
decomposition

For monostatic PolSAR system on {H, V| basis, if
reciprocal condition holds, a pixel of single look PolSAR
data is represented by a Pauli vector [20]as:

1 ,
k, USm +Sw Sur = Sw Sul (D)
where the superscript ¢ is the transposition operator, S,
Sy, and Sy, are the elements of the scattering matrix.
For a multi-look PolSAR image, the ensemble average of
the coherency matrix is given as a 3 x 3 positive semidefi-
nite Hermitian matrix' %" .
T|| T12 T]3
<[TJ> = <Ep ° z:'> = Tl*z Tzz T23 ’(2)
Ty Ty Ty
where the superscript * is the complex conjugation oper-
ator, and ( + ) denotes the ensemble average processor

in a boxcar window.
The measured coherency matrix is decomposed into
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three components, surface scattering, double-bounce
scattering, and volume scattering as;
(er1y =mT, +m,T, + m,T, . (3)
The original hybrid Freeman/eigenvalue decomposi-
tion was proposed by S. R. Cloude'"®’. To improve the
accuracy of the required parameter extraction, Singh et
al. " improved the hybrid Freeman/eigenvalue decom-
position technique with an extended volume scattering
model, which can well discriminate oriented objects from
vegetated or forested areas. In these papers, the reflec-
tion symmetry condition (i.e., (S,,;S;) = (S,S;) =
0 ) holds, but on city blocks or urban areas, since the o-
rientation angle of manmade structures may not always be
aligned with the radar line of sight, the reflection symme-
try condition cannot hold (i.e., {S,;Sm) # {SywSm)
#0).
The average coherency matrix of a multi-look Pol-
SAR image is decomposed > as:
A 0O
am =u-fo o o]or @
0 0 A,
where A,, A, and A; are the eigenvalues of the coherency
matrix with A, = A, = A; =0. U consists of the corre-
sponding eigenvectors k, , k,, and k, > as;
U=1k k Kkl
cosa, cosa, cosa
= | sina, cosB, @”"  sina,cosB,”?  sinazcosBye”® | . (5)
sing, sinB, ¢!
The coherency matrix ([ T]) is seen as an average
target generated by a three-level Bernoulli statistical
model. The eigenvectors k,, k,, and k; denote three dif-

sina,sing, ™ sinasing, e

ferent targets while the eigenvalues imply the correspond-

cosa,
oy . i
T, =k =k ' =| sina,cosB.e™ |[ cosa,
sina,sing,e”
2
cos «

s

= | cosa,sina cosB,e”

cosa,sina, cosB,e
.2 2
sin” o, cos 3,

ing amplitudes *'"" The physical meanings of the specific

targets are defined as: o, (0<o, <mw/2,i=1, 2, 3)
implies the scattering mechanisms; B, ( - /2 <8, <mn/
2) is the orientation angle; §; and 7, are the phase an-
gles. Among these parameters, « is the most important
one. If « = 0, the target is a pure surface scatter; if o

= ™ the target is a dihedral scatter. Based on these,

2

. . . T . ' .
the scattering eigenvector with 0 < a, < is defined in

4
Eq. (6)*as surface targets, and this case typically oc-
curs on surfaces such as bare soil or ocean. In contrast,
% <oy = % as defined
in Eq. (7) " implies a double-bounce scattering target,
which typically occurs on urban areas or cities, due to
the wall-ground structures.

the scattering eigenvector with

cosa,
. ; T
k, = | sina,cos8,e” |,0 < a, < u (6)
. . 5,
sina, sinB,e”
cosay
. ; T T
k, = | sina,cosB,e" |, a <a; < 5 - (7)
sina,sing,e"
T . T T .
Because 0f0$ax$z in (6), and e <ad$? in

Eq. (7), the condition (S,,S,;,) #(S,,Sy,) #0 holds.
We can draw a conclusion that the scattering models are
presented without the assumption of reflection symmetry
in the proposed hybrid decomposition.

We define the surface scattering model and double-
boule scattering model as Eqgs. (8) and (9) whose rank
is equal to 1.

sina,cosB.e ™ sina,sing.e ]

Ziy. . . _is
s cosa, sina, sinBe ™™

=j(85-5)

, (8)

sin’ «,sinf cosB,e

. . I (8-, R
cosa,sina,sinB,e™  sin’a,sinB,cosB,e > sin” @ sin” B,
. T
with 0o <
‘ 4
cosay
_ sl . vd . 74 . . —84
T, =k,*xk; = |sina,cosB,e” |[cosa, sina,cosB,e™" sinay,sinB,e™!]
. . iS
2 . —J . . -8
cos ay cosasina,cosB,e ! cosa,sinaysing,e ™ (9)
_ . j ) 2 .2 . —j(8,- :
= | cosaysina,cosB e sin“a cos B, sin’ a sinB,cosB,e 7
. . iS .2 . (8- . 2 <2
cosaysina,sinB,e”  sin adsmﬁdcosﬁde’( a-Ya) sin”a,sin"B,
. T )
with a1 S = o5

The volume scattering model is defined as a unit diag-
onal matrix whose rank is equal to 3 as Eq. (10). A related
form of the volume scattering model was proposed by An ez
al " However, our volume scattering model is different
fromRef. [107], in that it is derived from the eigenspace of
the coherency matrix. In our method, an eigenvector de-
notes a target type, and the corresponding eigenvalue is the
magnitude, so that the observed coherency matrix can be

composed of contributions from three different types of tar-
get. The volume scattering model is designed as a random
distributed target, diffused from three different scattering
mechanisms ( eigenvectors) with equal magnitudes ( eigen-
values) , which can be written as Eq. (11).

1l 00
Tb=?[010 , (10)
0 0 1
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Lo 1w 1, 100
Rkl k= 0 1 0f=T, L (1)
001

We substitute the surface scattering model Eq. (8) ,
double-bounce scattering model Eq. (9), and volume
scattering model Eq. (10) into Eq. (3), and expand the
coherency matrix into eigenspace ;

< [ T]> = m; TV + mrlT(l + mle,'
= MkE + Ak k) + Askky
= (A = M)k + (A = A3) ok,
1 e 1 * 1 1 * 1
+ 3)‘3(?161]51 * ?kzkz + ?k3k3 )
= (A, = Ak k! + (A, = A k" + 30T, . (12)

From Eq. (12), the volume scattering power is
solved as;

m, = 3\, . (13)

The surface scattering power m, and double-bounce
scattering power m, are the eigenvalues of T, , which is

shown in Eq. (14). Thus, when «, $%, we obtain a,
=a,,T, =kk'" a0, =a, and T, = k,k,", then the scat-

tering powers m, and m, are solved as (26). Similarly,
™ . -
when a, $Z, we obtain o, =a,,T, =k,k," ,a, = @, and

T,=k k", and then the scattering powers, m, and m,,
are given as Eqs. (15) and (16).
Ty = CLT1) - m,T,

=msTV+de11 ,(14)
= (A, = Ak kT + (A, = A5) bk
m,=A; —A; . ™ (15)
K 3 f gi ’
my=A, -, T4
m,=A, —A; . o (16)
foa,<—
my=A; —Aj o

The number of negative scattering powers is an im-
portant factor in determining the efficiency of the scatter-
ing power decomposition. By using Eqgs. (13), (15),
(16), and A, =21, =1, =0, negative values of the scat-
tering powers m_, m,, and m, are avoided. Additionally,
m,, m,, and m, are the linear combinations of {A,, A,,
Ay, and {A,, A,, A;| are roll-invariant parameters,
so the scattering powers m,, m,, and m, are also all roll-

invariant.
2 Experiments and discussions

To demonstrate the validity of the proposed hybrid
Freeman/eigenvalue decomposition, the experiments
were conducted on the four-look L-band fully PolSAR da-
ta of San Francisco. The data were acquired by NASA/
JPL ARISAR. The spatial resolution is about 10 m x
10 m and the radar incidence angles span from 5° to
60°. The PolSAR data-set is publicly available and can
be downloaded from Ref. [ 22 ]. The PolSAR data-set
used in these experiments has 700 x 600 pixels. The o-
riginal image is shown in Fig. 1, with diagonal compo-
nents of the coherency matrix; | |HH — VV | | for red,
21 1HVII for green and | |HH + VV I | for blue. The se-
lected zones, indicated by red rectangles, were used in
the experiments, and represent ocean areas, city blocks

. . . . 23
and forests terrain. To remove noise, a sigma filter ">’

with sigma =0.9, window of target =3, window of filter
=9 was used before decomposition.

Zone3

Fig. 1 AIRSAR image of San Francisco (| |HH - VV I | in
red, 21 ITHVI| in green, | IHH + VVI| in blue)

K1  San Francisco fj AIRSAR K (1 IHH - VV | |,
21IHVII, I[IHH +VVII451ER R,G,B =jiiiH)

In order to assess the property non-reflection sym-
metry, i.e. (S,;Sy ) #{SySp ) #0. This property can
be considered as valid as long as

2 (1 (Susin) |+ (S )
SI[]I ‘2] + [ ‘Sw; ‘2] +2[ SI[V ‘2]

The range of the non-reflection symmetry parameter  is
Osw=<l. If =0, the reflection symmetry holds; if w
>0, the data set are free from the reflection symmetry.
In Table 1, we show the mean values of @ in the three
selected zones.

a)=[ >0 . (17)

Table 1 Means of w in the selected zones

F1 HWEBRA/NRIGHIERHNRSH o HIE

Zone 1 Zone 2 Zone 3
0.1309 0.299 1 0.109 6

mean_w

The mean values of w in the three zones are up to
0.299 1, which implies that the reflection symmetry does
not hold.
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(c)

Fig. 2 Decompositions of AIRSAR data on San Francisco with
m, for blue, m, for red, m, for green. (a) Original hybrid Free-
man/eigenvalue decomposition, (b) Hybrid Freeman/eigenvalue
decomposition with extended volume scattering model, (c) Pro-
posed hybrid Freeman/eigenvalue decomposition

&2  San Francisco #fi[X. AIRSAR $(4l5 1043/ ,m,, m,, Al m,
SrFER R,G,B B =i@iE. (a) JRIEHY hybrid Freeman/ei-
genvalue 43fi# , (b) FETFH & Y PR EU 55 %) hybrid Freeman/
eigenvalue 7, (¢) A

In order to show the efficiency of the proposed hy-
brid Freeman/eigenvalue decomposition, we compare its
performance against both the original hybrid Freeman/ei-
genvalue decomposition '"*) (HFED 1) and also the hy-
brid Freeman/eigenvalue decomposition with extended
volume scattering model "' (HFED 2). The AIRSAR
data are decomposed into three components: surface
scattering power m, ( blue ), double-bounce scattering
power m,(red) , and volume scattering power m, ( green )
shown in Fig. 2.

Three main types of terrain, i. e. , ocean areas, city
blocks, and forests are observed in Fig. 1. It is well
known, that the dominant scattering powers of these types
of ground cover are surface scattering power, double-
bounce scattering power and volume scattering power, re-
spectively. From Fig. 2(a) ~ (c¢), we can see that the
results from three compared techniques all satisfy this
rule. For further analysis, three zones are selected and
marked by red rectangles (see Fig. 1), labeled Zone 1,
Zone 2 and Zone 3. Each Zone is 50 x 80 pixels and the
types of ground truth for Zone 1, Zone 2, and Zone 3 are
ocean areas, city blocks, and forests, respectively. The
mean values of surface scattering power in Zone 1, doub-
le-bounce scattering power in Zone 2, and volume scat-
tering power in Zone 3 are represented by mean _m_,

mean_m,, and mean_m,, respectively, and they are lis-
ted in Table 2.

The scattering powers m

., my, and m, are normalized

’ d >
by the total powers (i.e., m, +m, +m,). In Zone 1, it
can be seen that mean_m, given by the proposed method is
0.950 1 which is about 6. 9% higher than the other two
decompositions. Because of the complexity of the man-
made structures, the double-bounce scattering power is a
critical feature for city blocks. In Zone 2, the result of the
proposed hybrid decomposition also outperforms the other
two methods. Specifically, mean _m, by the proposed

method is 0. 508 4, which is 6. 5% and 3. 8% higher

Table 2 Means of dominated scattering powers in the select-

ed zones
x2 WIERANAXEHRESHSEENHE
mean_m mean_m, mean_m,,
(Zone 1) (Zone 2) (Zone 3)
HFED 1 0.8887 0.4775 0.8277
HFED 2 0.8887 0.4900 0.7869
Proposed 0.950 1 0.508 4 0.646 4
method

than the mean values of HFED 1 and HFED 2 respective-
ly. However, in Zone 3, mean_m, given by HFED 1 is
the largest. In the proposed hybrid Freeman/eigenvalue
decomposition, because the reflection symmetry condition
does not hold, the cross-polarized power contributes to
all three scattering models, which leads to the surface
scattering power and the double-bounce scattering power
having higher values than those generated by the current
hybrid Freeman/eigenvalue decomposition techniques.

To evaluate the impact of noise on the proposed hy-
brid Freeman/eigenvalue decomposition, the AIRSAR
data were processed by a set of mean filters whose win-
dow sizes span from 3 x3 to 15 x15. For simplicity, we
only show the scattering powers of the three selected
zones in Fig. 1. The mean values of surface scattering
powers in Zone 1, double-bounce scattering powers in
Zone 2, and volume scattering powers in Zone 3 are lis-
ted in Table 3. It can be seen that mean_m, in Zone 2
and mean_m, in Zone 3 are increased by 7.49% and
6.63% , respectively, with the window size from 3 x3 to
15 x 15, however, mean_m, in Zone 1 is decreased by
just 0. 03% which we suggest is negligible. The impact
of noise on Zone 3 ( ground truth is forests and the prima-
ry scattering power is m,) and Zone 2 ( ground truth is
city blocks and the primary scattering power is m,) is
strong, however, the impact on Zone 1 ( ground truth is
ocean areas and the primary scattering power is m,) is
weak , since the ground cover is more complicated and
thus the noise is stronger. Therefore with bigger window
sizes, the effect of denoising on Zone 3 and Zone 2 is
better. For Zone 1, a mean filter with a large window re-
duces the surface scattering power by a small range, be-
cause the third eigenvalue of the coherency matrix be-
comes large when the window size increases. The mean
values in Table 3 are all bigger than 0.5, therefore, e-
ven though noise may impact the proposed method by de-
creasing the primary scattering power, it still does not
prevent a correct terrain classification.

In the basis of the proposed hybrid decomposition,
a, and «a, are the important parameters. But the basis
changes from pixel to pixel even in a uniform area, which
happens on both the proposed hybrid decomposition, and
also the compared hybrid Freeman/eigenvalue decompo-
sition. In Table 4, we list the mean values (mean_a, ,)
and standard deviations (std_c, ;) of two parameters in
the three selected zones. On Zone 1 and Zone 3, sid_a,
and std_a, are the lowest parameters obtained by the pro-
posed hybrid decomposition. In contrast, for Zone 2,

std_a, and std_ay, given by HFED 1 are the best, fol-
lowed by the results of the proposed hybrid decomposi-
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tion, with HFED 2 performing the worst. From Table 4,
we can conclude that, in uniform areas, «, and «,, de-
rived from the proposed hybrid decomposition method,
lie in acceptable ranges.

Table 3 Means of the scattering powers under various win-

dow sizes

x3 HHEEEARIEREEDTHHE
mean_m mean_m, mean_m,,
(Zone 1) (Zone 2) (Zone 3)
No filter 0.950 1 0.508 4 0.646 4
3 x3 mean filter 0.950 1 0.5127 0.668 5
5 x5 mean filter 0.950 1 0.5292 0.680 5
7 x7 mean filter 0.9500 0.5399 0.6902
9 x9 mean filter 0.9500 0.5458 0.6967
11 x 11 mean filter 0.9499 0.5495 0.7032
13 x 13 mean filter 0.9499 0.5505 0.708 6
15 x 15 mean filter 0.9498 0.5511 0.7128

Table 4 Means and standard deviations of «, and «, ( mean_

a xstd_a)
R4 o Ma, HHEMGREE (HE L REE)
Zone 1 Zone 2 Zone 3
HFED 1 17.1052£2.4564 8.2575+7.6968 22.6995 +13.9170
. HFED 2 17.1052 £2.4564 19.9102 £12.5722 23.1242+13.6427
(degree)

Proposed Method 16.5348 £1.7313 20.7234£10.1094  28.209 0 +8.669 1

HFED 1 72.8948 £2.4564 81.7425+7.6968 67.3005 +13.9170

t HFED 2 72.8948 £2.4564 70.0808 £12.5722 66.8758 +13.6427
(degree) Proposed Method 73.9670+1.7728 70.3240+10.878 1  64.0567 £8.669 1

3 Conclusions

In this paper, a novel version of hybrid Freeman/ ei-
genvalue decomposition with general scattering models
has been presented for polarimetric SAR data analysis.
Three improvements can be included in the proposed
method. Experimental results showed that the proposed
method works better than the current hybrid decomposi-
tions. In addition, neither the original Freeman/eigen-
value decomposition nor the improved version utilized the
full polarimetric information, while the proposed hybrid
decomposition uses the nine parameters of the coherency
matrix.
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