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Fast Huynen—Euler Decomposition and its
Application in Disaster Monitoring

Liting Liang

Abstract—Huynen—Euler (H-E) parameters proposed based on
the diagonalization of the scattering matrix are of significant im-
portance for single target information interpretation because of
their explicit physical meanings. However, their application in
target classification/recognition seems unsuccessful hitherto. Be-
sides, the process of extracting the five H-E parameters by existing
approaches, i.e., eigen-decomposition and unitary transformation,
is a bit tedious and relatively time consuming, especially for large-
sized polarimetric synthetic aperture radar (PolSAR) data. In
this article, new H-E parameters are proposed to improve the
performance of H-E decomposition in describing the scattering
characteristics of the target. Furthermore, a fast decomposition
approach is presented to derive the parameters directly and simul-
taneously with high computational efficiency. Another advantage
of the fast H-E decomposition (FHED) is that, different from
the original algorithm, which can only be applied to the single
target, FHED is also effective for distributed targets, which expands
the application range of the H-E decomposition. Experimental
results on the temporal PolSAR data show that the changes in the
disaster-affected area can be detected according to the changes in
the newly proposed parameters, and the degree of change in the
newly proposed skip angle has a linear relationship with the degree
of urban damage. This indicates that FHED has a good prospect
in disaster monitoring, especially for the estimation of building
damage level (DL). It is also proved that the building DL. mapped
by the new skip angle and by the double-bounce scattering power,
the most widely used parameter for such a situation, are highly
consistent, while the former consumes much less time. Therefore,
FHED can be applied to disaster monitoring and damage detection
effectively, which is conducive to rescue operations by providing
important information with a quick response.

Index Terms—Building damage level (DL), computational
efficiency, disaster monitoring, Huynen—Euler (H-E) parameters,
polarimetric synthetic aperture radar (PolSAR).

1. INTRODUCTION

OLARIMETRIC synthetic aperture radar (PolSAR) as a
powerful remote sensing technology has provided human
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TABLE 1
H-E PARAMETERS OF DIFFERENT CANONICAL SCATTERERS
Canonical
Scatterers (51 moY T v v
sphere, plate, 1 0 o o o o
trihedral 0 1} 1 0 0 45 0
. 10 o o ° o
dihedral 0 -1 1 0 0 45 45
horizontal 1 0 o o o °
dipole 0 O} ! 0 0 0 0
vertical [0 0 o ° o o
dipole 0 1} ! 90 0 0 0
right helix it 1 0°  45° 0°  0°
2 —J —1
left helix L {1. I } 100 -4 00 0
7 -1

beings with more accurate results of target identification and
terrain classification than traditional monopolarized SAR tech-
nology, since it is capable of acquiring the fully polarized
information [1]. Polarimetric decomposition is of great signif-
icance for analyzing the polarimetric information of the target.
As a forerunner researcher of the polarimetric decomposition
theory, Huynen proposed a diagonalization form of Sinclair [S]
matrix with five Euler parameters as radar target magnitude m,
target polarization orientation angle (POA) 1), helicity angle
T, polarizability angle ~, and skip angle v [2]. Huynen—Euler
(H-E) parameters not only employ the polarimetric information
completely, i.e., the number of H-E parameters and the degree
of freedom (DoF) of scattering matrix are identical, but also all
are related to specific physical characteristics of a pure target,
i.e., m? is the maximum returned power reflecting target size, v
denotes the rotated angle of the target about the line of sight of
radar, 7 determines target symmetry,  has some relationship to
depolarization owing to the number of bounces of the reflected
signal, and ~y is related to the target polarization sensitivity [2].
Table I lists some canonical scatterers and the values of their
H-E parameters. It can be seen that the H-E parameter sets of
different scattering mechanisms are different from each other,
which indicates that theoretically, H-E decomposition can be
used for target identification and classification. The proposal of
H-E parameters has a far-reaching influence on the interpreta-
tion of target physical scattering characteristics, since almost all
the algorithms later include at least one or more H-E param-
eters (though they may have different expressions from what
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Huynen proposed) [1], [3]-[9]. Nonetheless, the application of
H-E decomposition in target classification/recognition seems
unsuccessful hitherto, which is quite intriguing compared with
the excellent performance of similar decomposition algorithm
of Touzi [5], [6].

Besides, H-E parameters are generally derived by pseudo
eigen-decomposition (ED) of scattering matrix or ED of the
Graves matrix [1]. Even though Dallmann et al. proposed a new
H-E decomposition technique on the basis of the submatrix
of Kennaugh matrix recently, the calculation still depends on
ED [10]. However, the computational cost is relatively large con-
sidering the high-resolution dataset with large size nowadays.
On the other hand, Cameron et al. and Baird et al. derived H-E
parameters by implementing a series of unitary transformations
(UT) on [S] [3], [4], [11]. This approach is inflexible, since it
can only obtain one parameter a time by one UT operating, and
the solving sequence of the parameters is fixed, which makes
the calculation process not independent.

In this article, the unsatisfactory performance of the H-E
decomposition is analyzed, according to which new parameters
are proposed along with their solving approach, i.e., fast H-E
decomposition (FHED). The newly proposed H-E parameters
retain the explicit physical meanings while avoid the compressed
range and ambiguous problem of the original. Besides, FHED
indicates that neither ED nor the multi-step UT are necessary for
calculation, since analytical expressions of the parameters can
be derived directly from the parameterization form of [S] based
on Huynen parameters. Thus, H-E parameters can be computed
directly and simultaneously with high efficiency.

With the increasingly frequent and intense occurrence of
natural disasters in recent years, disaster monitoring and dam-
age assessment as emerging applications of PoISAR data have
attracted increasing attention, since using PolSAR data can
remotely and swiftly extract information about large-scaled
disaster affected areas [12]-[16]. By analyzing and comparing
the scattering mechanisms before and after a natural disaster,
the state of the related regions can be accurately recognized as
intact, damaged, flooded, etc. Double-bounce scattering power
extracted by model-based decomposition (MBD), which is usu-
ally considered as generating from building areas, is the most
widely employed parameter [12]—-[16]. Undoubtedly, timeliness
is of great importance in responding to the disaster, and it is
indicated that low-latency (at most 2-3 h) data are required to
deliver the perishable information to be of use [17], [18]. There-
fore, not only the rapid generation of the PolSAR data products
is necessary, which has been realized by a recent achievement
in NASA/JPL [17], but also the extraction of meaningful pa-
rameters requires high real-time performance. Note that the
FHED extractions contain similar information as double-bounce
scattering power, while the derivation of the former is more
direct and prompt. Accordingly, it can be expected that FHED
has a good application prospect in disaster monitoring, and the
experimental results prove that it is indeed the case.

The remainder of this article is organized as follows. Section IT
recapitulates the theory of H-E decomposition, then new H-E
parameters and the FHED are proposed in Section III. Exper-
iments on the application of FHED in disaster monitoring and
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building damage assessment are discussed in Sections IV and
V, along with the comparison of the computational efficiency of
several relative approaches. Besides, the relationship between
FHED and Touzi decomposition is also analyzed in Section V.
Section VI concludes this article.

II. H-E DECOMPOSITION
A. Scattering Matrix and Huynen Parameters

The fully polarized information of a pure/single target can be
modeled by the scattering matrix

= ey

5] = lSHH Shv

SVH SVV

Under the reciprocity condition, we have Syy = Syg and the
Pauli vector k is obtained as

Suu + Svv
k=— |Sun — Svv| - ()
2
V2 25uv

The target coherency matrix is then expressed as ([1] and [2])

[T11 Tio T
[T)={k-k') = |To1 Too Tas
| T51 T32 133
[ 24, C-jD H+jG
=|Cc+jD By+B E+jF| O
H-jG E—jF By-B

where superscript T denotes the operation of complex conjuga-
tion and transposition, (-) denotes ensemble average, T;; is the
(i,7) entry of [T'], and Ao, By, B, C, D, E, F, G, and H are the
Huynen parameters [2]. Based on the phenomenological theory,
the nine Huynen parameters contain physical information of the
target, i.e., Aq is considered as the total returned power from the
regular and symmetric parts of the scatterer, By + B denotes
the irregular depolarized power, whereas By — B represents the
asymmetric depolarized power, C, D, F/, F', and GG are associated
with the shape, local curvature, local twist (torsion), helicity,
and local coupling (glue) of the scatterer, respectively, and H
describes the target orientation [1], [2], [19].

B. H-E Decomposition

Huynen parameterized the scattering matrix [S] with the five
H-E parameters, as [2]

[S] = &% ([U2 ()] [U2 (7)] [U2 ()])" [S]
([U2 ()] [U2 (7)] [U> (v)])] @)

where £ is the absolute phase

1 0
[Sp] = m |p tan? ’y] )
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TABLE II
RANGES OF H-E PARAMETERS

Symbol  Quantity Range Value
m radar target magnitude [0, +00)
¥ POA [—90°,90°]
T helicity angle [—45°,45°]
v polarizability angle [0°,45°]
v skip angle [—45°,45°]
Yn new polarizability angle  [0°,45°]
Un new skip angle [0°,45°]
—jv
U2 ()] = [e . E?] ©®)
[U2 (T)] _ [ COS T J sm ’7"| (7)
JsmT COST
[Us ()] = [Cf’s o w] ®)
siny  cosv

and [Ux(+)] is the special unitary SU(2) matrix. The explicit
physical interpretation of the target by H-E decomposition is
not only reflected in the extracted parameters, i.e., m, ¥, T, 7,
and v have specific physical meanings as aforementioned, but
also reflected in the UT, i.e., [Uz(v)], [U2(7)], and [Ux(¢))] are
generally considered to be related to the phase, symmetry, and
orientation transformations of the target, respectively [1]-[4].
The range of each parameter is listed in Table II.

Although theoretically, H-E parameters are able to reflect the
physical information of the target clearly, however, their ap-
plication in target classification/recognition seems unsuccessful
hitherto. By comparing with the widely used Touzi decompo-
sition [5], which has the same definitions of 1) and 7 as the
H-E decomposition, it can be inferred that the problem lies in
the basis-invariant parameters y and v, which are discussed as
follows.

III. FAST H-E DECOMPOSITION
A. New Polarizability Angle v,

According to Huynen [2], v is related to the target polarization
sensitivity, which is reasonable since its parameterized form
tan? v is just the diagonal element of matrix [Sp]. However,
it is noted that the parameterization with the square of tan -y is
unnecessary both physically and mathematically, since the only
constraint of [Sp](2,2) is

o< Brlea ©)
m

as clearly specified by Huynen [2]. Actually, the utilization of
tan? v leads to a distorted relation between the target polariza-
tion sensitivity and the extracted parameter . This is because
the squaring operation will compress the value of v in a smaller
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TABLE IIT
DERIVED H-E PARAMETERS OF [S1] AND [S2] FORMULATED IN (12)

I3 m ¥ v
[S1] 90° 1 45° —45°
[Sa] —90° 1 45°  45°

range due to the nonlinear projection, which will be discussed
in detail later. Accordingly, [Sp] is newly parameterized as

[SD]—mll ’ ]

10
0 tanvy, (19)

where ,, € [0°,45°].

B. New Skip Angle vy,

As the most controversial parameter in H-E decomposition,
skip angle v was challenged for both its calculation and its phys-
ical significance. Even if these problems have been solved [20],
[21], the ambiguity issue of v still restricts its application.

For target with diagonal scattering matrix [S], it can be mod-
eled by H-E parameters as

el 0

0 tan?~ye 7%

[S] = mel® [ (11)

Huynen believes skip angle v, which ranges from —45° to 45°,
has certain relationship to the bounces of the reflected signal [2],
thus, it can be employed to differentiate sphere (¥ = 0°) and
dihedral target (v = 45°). Nevertheless, problem arises when
employing v for dihedral target recognition. Consider two sim-
ple dihedral targets with scattering matrix [S1] and [S2]

-y o) e

Table III shows their H-E parameters, which are derived ac-
cording to (11). The different values of their skip angle, i.e.,
v1 = —45° and v = 45°, mean that [S1] and [S2] are identified
as two different kinds of target. However, since it can be derived
that

12)

[S1] = €780 [Sy] (13)

the only difference between the two, actually, comes from the
absolute phase term.

Since the paramount characteristic of double-bounce scatter-
ing is the opposite phase between the two copolar channels [1],
it is reasonable to believe that the negative value of skip angle
is ambiguous and the information of relative phase is sufficient.
Accordingly, a correction is adopted for the skip angle, i.e., only
the absolute value of v is utilized for the description of target
scattering characteristics, so as to avoid the aforementioned

ambiguity. The new skip angle is expressed as
(14)

Vn = V|

thus v, € [0°,45°].
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C. FHED

Different from the two existing H-E decomposition meth-
ods, i.e., (pseudo) ED and UT, FHED decomposes the target
directly using the analytical solution of H-E parameters. For
convenience, we solve and represent the five on the basis of
Huynen parameters, which are all real.

According to (2) and (4), the Pauli vector k can be expressed
as

k= ([Us (20)] [Us (27)] [Us (2v)])" - kb (15)
where
14 tan,
kp =2 |1~ tan (16)
D \/i Tn
0
[ cos2v —jsin2v 0
[Us(2v)]= |—jsin2v cos2v 0 (17)
. 0 0 1
[cos2r 0 jsin o7 |
[Us (27)] = 0 1 0 (18)
|jsin2r 0 cos2T |
10 0 |
[Us (2¢)] = |0 cos2y —sin2y (19)
0 sin2¢  cos2y |

and [Us(+)] is the special unitary SU(3) matrix. Thus, the co-
herency matrix of a single target can be parameterized as

[T] = ([Us (20)] [Us (27)] [Us (20)])" - kp - kb,
- ([Us (20)] [Us (27)] [Us (20)])"

where superscript T denotes the operation of transposition.
Accordingly, the Huynen parameters are obtained as

(20)

‘ [ V)

Ay = TZ (14 tan®~y, + 2tany, cosdv) cos’ 21 (21)
m2
By = e (1 + tan? ’yn) (1 + sin? 27‘)
m2
- tan 7y, cos 4v cos? 27 22)
m2
B= o (1 + tan®~,) cos® 27 cos 41
m2
- tan ~,, cos 4v (1 + sin? 27) cos 41
— m?tan Yn, sin 4v sin 27 sin 49 (23)
m2
C = - (1 —tan®,) cos 27 cos 2¢ (24
m2
D= T (14 tan®~y, + 2 tan vy, cos 4v) sin 47 sin 2t

— m? tan v, sin 4v cos 27 cos 21 (25)
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m2

E= e (1 + tan? 'yn) cos? 27 sin 44)
m2
— =5~ tany, cos 4v (1 + sin® 27) sin 49

+ m? tan 7y, sin 4v sin 27 cos 4¢ (26)

2

=" (1 — tan? 'yn) sin 27 27)

(V)

2
m 2 .
G = e (1 + tan” vy, + 2tan~y, cos 4V) sin 41 cos 21

+m?tan Yn, sin 4v cos 27 sin 21 (28)
m2
H= 5 (1 — tan®1y,,) cos 27 sin 2¢). (29)

It can be seen that different Huynen parameters reflect different
characteristics of the target, and only five of the nine Huynen
parameters are independent for a single target. According to
(21)—(29), the analytical solutions of H-E parameters can be
derived as

m:\/A0+BO+\/F2+H2+C2

(30)
P = %tzufl g 31)
T=35 tan ! \/% (32)
N s
vy = itan*1 ((jf ;S(Z)QV f 2045)11 221‘1(?;2 EY)

Consequently, the five can be solved directly and simultaneously
with high efficiency. It is worth mentioning that in addition to
simplicity, another key advantage for adopting Huynen param-
eters in H-E parameter representation is that they can be used
for distributed targets, i.e., the application range of the original
single target-only decomposition is expanded thus can deal with
distributed targets if necessary, which will be further discussed
and applied in the experimental part.
Note that tan -y, in (33) is the square root of the term

Ao+ By —VF?+ H? +C?
Ao+ By +VF?2+ H? +(C?

(35)

while for the original parameterization form with tan?~, the
expression of 7 is

5 = tan! Ao+ By — VF?+ H? +C?
Ao+ Bo + VF? + H? + C?

i.e., tan «yis the fourth root of (35). Due to the severe nonlinearity
between (35) and +, the latter will be compressed in a smaller
range as aforementioned. This leads to a poor discrimination
between targets, which will be substantiated in the following
experiments.

(36)
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(b)

Fig. 1. Optical images of Ishinomaki, Miyagi acquired by ©Google Earth
(a) before (taken on June 25, 2010) and (b) after (taken on April 6, 2011) the
earthquake/tsunami, respectively. A to M are building areas with damage level
(DL) 95%, 90%, 80%, 75%, 60%, 50%, 39%, 30%, 25%, 24%, 20%, 5%, and
0% (intact), respectively.

IV. APPLICATION OF FHED IN DISASTER MONITORING
A. Disaster and Affected Area Description

The catastrophic magnitude 9.0 earthquake off the Pacific
coast of Tohoku, which occurred on March 11, 2011, severely
struck off the northeastern coast of Japan and triggered powerful
tsunami waves that have reached heights of up to 40.1 m [16],
[22]. It was the most powerful earthquake ever recorded in Japan,
which has caused more than 15 899 deaths, 6157 injured, and
2529 people missing [12], [22]. In addition to the collapsing of
hundreds of thousands of buildings, coastal areas suffered from
floods caused by the earthquake-triggered tsunami. Fig. 1(a) and
(b) shows optical images of Ishinomaki, Miyagi before and after
the earthquake/tsunami, respectively. It can be seen that due to
the tsunami, almost all buildings along the coast collapsed, and
debris was washed away, while regions far from the coast were
hardly affected.

B. Application of FHED on Distributed Targets

The temporal PolSAR data of the corresponding area were
acquired by ALOS PALSAR on April 2, 2009, November 21,
2010, and April 8, 2011, respectively. To make the resolution in
azimuth and range directions comparable, multilook processing
was implemented on the original single look complex data in the
form of [T], with 12-look and 2-look in the azimuth and range
directions, respectively [12]. Note that this averaged processing
also incorporates the second-order statistical information of the
target into the PoOISAR data, which implies that the original data
with single target scattering information is converted into the
data with distributed target scattering information. Speckle and
some random scattering components are also reduced since the
essence of multilook processing is boxcar filtering [1].
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As analyzed in Section III, FHED is an improved H-E de-
composition with high computational efficiency, and they both
are proposed based on the complete information extraction of
the single target which has five DoFs. Although the multi-looked
PoISAR data contains nine DoFs in its scattering information,
here FHED is applied to it directly. Because the time spent for
transforming a distributed target into several single targets is
undesired for making a quick response to the disaster, especially
when the data size is large. Therefore, in this article, the original
and the improved H-E parameters of the distributed target both
are solved by FHED. Undoubtedly, some polarimetric informa-
tion of the target is lost during the decomposition, and it can be
inferred that the degree of loss is related to the scattering random-
ness of the target. For instance, if the scattering characteristic of a
target is stable and unchanged in a certain time and space, the ef-
fect of the multilooking is ignorable and it can still be considered
as a single target, thus no information is lost by applying FHED.
On the contrary, the scattering characteristics of an unstable
target will be changed by multilooking, and according to the
previous analysis, the random scattering component of the target
is eliminated and the statistical information is introduced by the
averaged processing. Therefore, it can be considered that the
extracted H-E parameters by FHED compose a single scatterer,
which reflects the most important scattering characteristics of
the original distributed target. Similar to the widely applied
polarimetric ED algorithm [23], which puts forward the concept
of averaged scattering mechanism, the physical significance of
H-E parameters extracted by FHED remains unchanged and can
be interpreted as a description of the main polarimetric state of
the target.

In order to quantitatively analyze the missing information of
applying FHED to the distributed target, we in turn use the five
derived H-E parameters, by (30)—(34), to reconstruct the nine
Huynen parameters according to (21)—(29), and calculating their
root mean square errors (RMSE), as

XRMSE = \/% ZZ:l (Xg_%) _ X(m))Q

where m and M are the index of and the total number of the
pixels in the whole image, respectively, X represents one of the
nine original Huynen parameters, and Xy g is the correspond-
ingly reproduced Huynen parameter according to the extracted
five H-E parameters. Table IV lists the calculated RMSE of the
FHED-derived Huynen parameters. For comparison, the RMSE
of Huynen parameters extracted from the eignvalue/eigenvector
decomposition (EED) are also shown, where the EED-derived
Huynen parameters are extracted from the coherency matrix
produced by the principal eigenvector and the largest eigenvalue
of the original coherency matrix, and it is a least-squares fit to
the coherency matrix by a single scattering mechanism. Without
loss of generality, the quantitative analysis here is based on the
PoISAR data acquired in 2009. Table IV shows that, compared
with EED, FHED has slightly worse performance in reproducing
D, E, and G, similar in reproducing Ag, By, and B, but better
in reproducing C, F, and H. This is because the reproduction
of the Huynen parameters by FHED fully exploits the original
Huynen parameters C, F', and H, as shown in (30)—(34), and

(37
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TABLE IV
COMPARISON OF FHED AND EED ON RMSE BETWEEN THE RETRIEVED AND ORIGINAL HUYNEN PARAMETERS

Ao Bo B C D E F G H Ao + Bo
FHED 0.1961 0.1961 0.2163  3.9083e — 16  0.4073  0.1456 1.5246e — 16 0.1267  2.0924e — 16 7.6817e — 16
EED 0.1111 0.1615  0.1236 0.1189 0.1552  0.0689 0.0163 0.0510 0.0333 0.0617
TABLE V

COEFFICIENT OF DETERMINATION OF THE FHED-DERIVED AND EED-DERIVED HUYNEN PARAMETERS

Ao Bo B C D E F G H Ao + Bo
FHED 0.9958 0.9844 0.9731 1 0.9798  0.9675 1 0.9824 1 1
EED 0.9987 0.9894 0.9912 0.9954 0.9971 0.9927 0.9956 0.9971 0.9931 0.9967

(21)—(29). Besides, RMSE of the combined parameter Ay + By
is also listed, since it is completely exploited in deriving the
Huynen parameters, i.e., it exists in both (30) and (33). Actually,
five DoFs are retained when reproducing Huynen parameters by
the five H-E parameters, and according to (30)—(34), it can be
inferred that Ay + By, C, F', and H compose four DoFs. Param-
eter representing the last DoF may have a complex expression
because of the sophisticated expression of H-E parameter v,
which means it may be a combination of several Huynen parame-
ters. It is unnecessary to find its explicit expression and knowing
that it represents one DoF is enough for the present analysis. In
general, the performance of FHED is consistent with the EED,
which is also reliable in reproducing the Huynen parameters.
This can be further verified by calculating the coefficient of
determination R? of the fitting data, i.e.,

S, (X — xmY’

Xp2=1-— 38
S G (S

where X is the averaged Huynen parameter of the whole scene.
R? is a statistic that will give some information about the
goodness of fit of a model. In regression, the R? coefficient of
determination is a statistical measure of how well the regression
predictions approximate the real data points. An R? of 1 indi-
cates that the regression predictions perfectly fit the data. Table V
compares the R? of FHED-derived Huynen parameters and
EED-derived Huynen parameters, and both of them have high
values. The result shown in Table V is in accordance with that in
Table IV, i.e., FHED can perfectly reconstruct Ag + By, C, F,
and H, while the performance is inferior on D, F, and G, and
the accuracy of Ay, By, and B are in between. Nevertheless, all
the R? of FHED-reproduced Huynen parameters are larger than
0.96, indicating a nice fitting of the original Huynen parameters.
Therefore, in consideration of the nice reconstruction perfor-
mance of FHED for target Huynen parameters, it is reasonable
to applying it directly to the distributed targets. Consequently,
the application scope of H-E decomposition is extended to the
distributed target through FHED, and (30)—(34) are applied to
the multilooked PolSAR data directly.

C. Overview of the Experimental Results

Figs. 2 and 3 show Pauli images and H-E parameters of the
pre- and post-earthquake and tsunami PolSAR data, respectively,
where in each figure, the three rows of images from top to bottom
are the experimental results of PoISAR data obtained in 2009,
2010, and 2011, respectively. To analyze the performance of
H-E parameters qualitatively, several sample areas of the ocean
(circle I), built-up areas (squares II and III), and mountainous
area (oval IV) are marked. Regions II and III were disaster-
affected, while others were not. Furthermore, for quantitative
analysis, areas with size 20 x 20 are extracted from different
targets, i.e., the ocean (region I), buildings (region II), and
mountainous area (region IV), and the histograms of their H-E
parameters are plotted in Fig. 4 respectively. Each figure contains
the results of the three datasets, and targets are distinguished by
the red (buildings), green (mountains), and blue (ocean) colors.
Here images shown in Figs. 2—4 are analyzed from two aspects.
One is the performance of H-E parameters in describing the
scattering characteristic of targets, i.e., attention would be paid
on the images of the same date, and the other is the changes of
H-E parameters pre- and post-disaster, i.e., results of different
dates will be compared.

In general, the performance of H-E parameters in the first
and the second rows of Figs. 2 and 3 are similar since the two
data are both pre-disaster acquired during which the area almost
has no change. It can be observed that H-E parameters have
different characteristics for different kinds of targets. Since radar
target magnitude m is related to the target scattering power [2],
its range will be large when there is a coexistence of strong
scattering targets and weak scattering targets. Hence, Fig. 2(b)
depicts m in dB unit, i.e., 10log;,m, to avoid drowning details in
the figures. m is strong in urban areas, weak in mountains, and
much weaker in the ocean, rivers, and bare agriculture fields.
As can be seen in Fig. 4(a), built-up areas and the ocean are
clearly separated by -3 dB, and mountains are between the two.
Orientation angle v of the urban areas is small and almost zero,
since most of the buildings are aligned in the same direction with
the flight direction of the PoISAR system [1]. ¢ of mountainous
areas fluctuates around zero, which may be the result of terrain
slopes, and some ¢ of the ocean is nearly —90° because of
the Bragg scattering from the ocean surface [8]. Helicity angle
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© (d)

Illustration of (a) Pauli images, (b) 10log;ym, (c) %, and (d) 7 of PolSAR data acquired in (the first row) 2009, (the second row) 2010, and (the third

row) 2011, respectively, where sample areas of ocean (circle I), built-up areas (squares II and III), and mountainous area (oval IV) are marked, and regions II and

IIT were disaster-affected areas.

7 in the whole image fluctuates around zero in a small scope.
It is commonly believed that 7 has a strong relationship with
target symmetry, i.e., it is large for manmade targets while small
for natural targets [2]. However, the results in Fig. 4(c) show
that 7 should not be simply attributed as an index for building
areas, since the distributions of 7 in the urban area and the

mountainous area seem the same, and there still needs more
efforts to investigate its significance.

As analyzed in Section III-A, due to the range compression
caused by solving the fourth root, v in Fig. 3(a) is all large
thus different targets can hardly be distinguished. It can be
observed from Fig. 4(d) that all ~ is huddled together in the
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(c) (d)

Tllustration of (a) v, (b) vy, (¢) v, and (d) v, of PoISAR data acquired in (the first row) 2009, (the second row) 2010, and (the third row) 2011, respectively,

where sample areas of ocean (circle I), built-up areas (squares II and IIT), and mountainous area (oval IV) are marked, and regions II and III were disaster-affected

areas.

range of [32°,45°]. While the newly proposed ~,, improves the
performance of ~ greatly, from which urban and mountainous
areas can be told from the ocean areas clearly, i.e., the former
range in [30°,40°] and the latter are greater than 40°. It is noted
that rescaling v directly, e.g., using parameter +2, also can im-
prove the ability to distinguish targets to some extent. However,

in consideration of the meaningful range of the angle and the
representation simplicity, 7, is adopted in FHED. Fig. 3(c)
shows skip angle v in [—45°,45°], which displays another
scattering characteristic of the target. For ocean and crop areas
that dominated by surface scattering, v is around zero, while
built-up and mountainous areas have higher absolute values of
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2010, and (the thrid row) 2011, respectively, where the red, green, and blue bars represent urban areas, mountainous area, and the ocean, respectively.

v. Besides, images of v also reflect its ambiguous problem in
dihedral target identification as discussed in Section III-B. For
instance, both regions II and III, as marked by white squares in
Fig. 3, are built-up areas, while their  have opposite signs. Even
if there is a possibility that the two parts are indeed different in
some aspects, e.g., their materials, the different values of v still
induce an ambiguous classification result. v,, avoids the problem
and is effective for building recognition, as shown in Fig. 3(d),
i.e., urban areas all have large v, values about 45°.

By comparing the pre- and post-disaster results of Figs. 2—4, it
is noted that there are some clear changes in the coastal built-up
areas. For instance, some reddish pixels along the coastal line
are reduced as can be seen from the Pauli images in Fig. 2(a). In
the images of m, some changes of area II can also be observed
from Fig. 4(a), as some strong scattering points, larger than
1, are disappeared. No large changes happened on the values
of 1 and 7 that can be observed from Fig. 4(b) and (c), this
is because the original urban area is dihedral scattering with
zero orientation angle and zero helicity angle, and after the
earthquake and the tsunami, which destroyed the buildings and
washed away the debris, the dominant scattering mechanism is
surface scattering, which has zero orientation angle and zero
helicity angle also. This can also be proved by comparing the
2010 and 2011 results of Fig. 4(e), of which the ~,, of urban
area moves toward the ,, of the ocean slightly because of the
changed scattering mechanism. In Fig. 4(g), v,, of the built-up
area after the disaster is significantly decreased, from original
45° to smaller than 15°. As afore-analyzed, this is also attributed
to the changed scattering mechanism of the disaster-affected
area.

Accordingly, the altered scattering mechanisms of the
disaster-affected observations lead to the clear changes of v,
and v, which implies that the two proposed parameters can
be employed for identifying disaster-affected areas, and even

may be capable of assessing the extent of the building damage.
Therefore, further quantitative analysis will be discussed later.

V. URBAN DL MAPPING
A. Building Damage Mapping With New H-E Parameters

The newly proposed basis-invariant parameters -, and v,
and their application on DL mapping are further investigated
because of the explicit physical significance related to the sur-
face scattering and dihedral scattering, which are conducive in
such situation. Building damage assessment is a crucial task
in disaster monitoring, which can provide helpful instructions
for rescue operation when a natural disaster occurs suddenly.
To quantitatively apply the new H-E parameters to disaster
monitoring, their relationships with the building DL [14], [24],
[25] are investigated. As shown in Fig. 1, sample data of building
areas with known ground truth DL are marked with red squares
from A to M, of which the DL are 95%, 90%, 80%, 75%,
60%, 50%, 39%, 30%, 25%, 24%, 20%, 5%, and 0% (intact),
respectively, and the sizes of these patches in the PoISAR data
are 6 x 6 of patches A, B, C, and E, and 10 x 10 of the rest [14],
[24], [25]. We define A+, and Awv,, viz., the rate of the change
of v,, and v,,, as indexes related to the degree of building damage,
which are expressed as

A’}/n _ Yn(pre) — Tn(post) (39)
Vn(pre)
Av, = Vn(pre) — Vn(post) (40)

Vn(pre)

where parameters with subscript (pre) and (post) are obtained
from the data before and after the disaster, respectively. It can be
inferred that for collapsed building areas, A~,, is less than 0 and
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Fig. 5. Relationship between the ground truth DL and the damage indexes
Av,, (the blue diamond) and A~,, (the green square) for areas A (95%), C
(80%), D (75%), E (60%), G (39%), H (30%), J (24%), K (20%), L (5%), and
M (0%), where (a) and (b) are the results that based on the pre-disaster data
acquired in 2009 and 2010, respectively.

Av,, is greater than 0. Besides, the more serious the damage is,
the smaller the A+, and the larger the Av,, will be, theoretically.

As aforementioned, DL of building areas A to M are known,
and areas A (95%), C (80%), D (75%), E (60%), G (39%), H
(30%), J (24%), K (20%), L (5%), and M (0%) are employed to
analyze the relationship among DL, A~,,, and Av,,. Correspond-
ing A, and Ay, are calculated according to (39) and (40), and
their relationships with the ground truth DL are plotted in Fig. 5.
Note that since there are two pre-disaster POISAR datasets, both
of them are employed and the results are separately shown in
Fig. 5(a) and (b). In general, A+, in Fig. 5(a) denoted by green
squares satisfies the theoretical analysis, i.e., it decreases as
the DL increases. However, it can hardly reflect any definite
linear relationship since its variation range is too small compared
with the fluctuations. Besides, the obvious abnormality at the H
patch with DL=30% further reduces the feasibility of modeling
between the two. The experimental result that A-~,, larger than
0 may be attributed to the influence of the vegetation in the area,
i.e., before the disaster, the distributed vegetation in patch H
contributes to the low averaged polarization sensitivity with a
high value of v, (), while after the disaster, the vegetation is
totally destroyed thus leads to the low value of 7, (posi)- Even
though the reduction of the buildings will increase the value of
Tn(post) theoretically, the effect of the 30% DL is too weak to
balance the influence of the vanished vegetations. This can also
be proved by A~,, shown in Fig. 5(b), its value of the H patch
is smaller than 0, since the data are acquired in the winter of
2010, which has less vegetations than spring (data of 2009 is
acquired in April). On the other hand, A~,, shown in Fig. 5(b)
also fluctuates severely, of which a relation cannot be found with
the ground truth DL. Essentially, the failure of A~,, in describing
building DL may be explained by the physical significance of
Yn. As the polarizability angle, ~,, reflects more about the target
scattering difference between the two copolar channels instead
of the scattering mechanism, while the former may be influenced
by target material, shape, etc., which have little difference on
built-up areas before and after the disaster. On the other hand,
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TABLE VI
MODEL VERIFICATION ON AREAS B, F, AND |

Values AreaB AreaF Areal
Ground Truth DL 0.9 0.5 0.25
Estimated DL (2009) 0.88 0.5247  0.2567
Estimated DL (2010)  0.8928  0.5175  0.2899

vy, 1s the parameter clearly related to the scattering mechanism,
which has a natural advantage in the estimation of building
state. Unsurprisingly, Av,, in both Fig. 5(a) and (b) shows a
nearly linear relation with DL, increasing with the increase
of DL.

Consequently, a linear relationship can be established be-
tween Av,, and DL with the linear model

DL=Fk-Av, +b 1)

where k and b represent two constant parameters to be de-
termined. Undoubtedly, for better establishing the relationship
between a physical parameter and the urban DL, a fitting model
can be obtained from the optimization point of view, as previous
researchers have done [25]. However, the time consumption of
model fitting is an undesirable cost when we aim to respond
quickly to a sudden onset disaster, and the compatibility of the
model for other POISAR systems or other scenes also needs
further investigation. Therefore, in this article, DL of the built-up
area is estimated by the value of A, directly rather than model
fitting, i.e., let k = 1 and b = 0, thus DL = Av,,. Both Fig. 5(a)
and (b) display a nice accordance between Awv,, and the black
dotted line, which is the angular bisector of the coordinate axes
that through the origin, and the RMSE and the fitting R2 between
the two are 0.0279 and 0.9898 on 2009 data and 0.0382 and
0.9809 on 2010 data, respectively. To further verify the efficacy
of the model, it is applied on areas B, F, and I for DL estimation.
Table VI lists the results that are highly consistent with the true
value, and RMSE for the comparison is 0.0188 on 2009 data and
0.0255 on 2010 data, showing that the model has a high degree
of accuracy.

Accordingly, the map of building DL is acquired and shown
in Fig. 6(a). Here, the pre-disaster data of 2009 is employed for
mapping without loss of generality, since previous experiments
have shown the similar results based on the data of 2009 and
2010. Although Fig. 6(a) clearly reflects the damaged condition
of coastal areas, the mapped DL is somewhat noisy, especially
for the ocean and mountainous areas. This is caused by the
unstable scattering characteristics of these non-building areas,
which may change with time and climate conditions. Actually,
Chen et al. have discussed the influence of the temporal changes
on the scattering mechanism in developing the technique of
building DL estimation [14], and they limited the damage index
Ratiopg in the range of [0, 0.8] so as to avoid the interpretation
ambiguity. Consequently, the DL Chen et al. estimated ranges
from 20% to 100%. Similarly, we also take measures to reduce
such random error, i.e., only the index values within [0.2, 1] are
utilized for urban DL inversion. Thus, the final expression of the
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Fig. 6. Building DL map acquired by (a) Av,, and (b) the improved result of
(a) which eliminates the influence of the non-building areas.
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Fig. 7. Flowchart of urban damage mapping with the proposed method.

estimated DL is

1, Av, >1
DL =< Av,, 02<Ayp, <1. (42)
0, others

As shown in Fig. 6(b), the improved result given by (42) displays
a clear map of the building DL of the scene.

The flowchart of the urban DL mapping is shown in Fig. 7,
where the urban mask is generated by the same method as in [14]
and [24]. With the flowchart and the relationship expressed by
(42), the final DL mapping result of the scene is shown in
Fig. 8(a), which is superimposed on the SPAN image, and the
damage map acquired by MBD proposed by Chen et al. is shown
in Fig. 8(b) [14]. The two maps show similar estimations on the
whole, while the damage extent estimated by Av,, seems lower
than that estimated by Ratiop, at the most severely damaged
areas, i.e., region II marked by the white square in Fig. 2(a).
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Fig. 8. Generated final urban DL map acquired by (a) Av,, based on (42) and
(b) Ratiop4 proposed by Chen er al. [14]. The correlation coefficient between
(a) and (b) is 0.9499.

In fact, the same phenomenon also exists in the quantitative
estimation in Fig. 5 and Table VI, i.e., DL estimation results of
region A, B, and C are all underestimated slightly. Mathemat-
ically, this phenomenon is caused by a higher v, (p05) value or
a lower vy (pre) value than they should be, and since vy, (pos) in
region II are all around zero as clearly displayed in Fig. 3(d),
the problem lies in the low v, values. It can be seen that
there are some distributed points with fairly small v, () values
in region II, which show a similar characteristic of non-building
areas. This may be attributed to the scattering of streets and
the complex building conditions of the area (houses are densely
packed), and the small v, ) value is averaged through the
moving window for obtaining the final DL map, which greatly
decreases the averaged vy, (pre) value, thus the DL are underes-
timated and smaller than the true values at severely damaged
areas. The adopted size of the moving window is 15 x 15, a
result of a theoretical determination [14], [24]. However, it is
worth mentioning that the quantitative comparison in Fig. 5 and
Table VI on the sample data from A to M displays that the
error of the estimation is small, and the overall nice accordance
between the truth and the estimated substantiates the efficacy
of the proposed parameter. Besides, the estimations shown in
Fig. 8(a) and (b) are highly correlated, i.e., their correlation
coefficient is 0.9499, which means that a more accurate result
can be obtained by a more proper fitting-model for Av,, and
this may be further investigated in the future work. On the other
hand, the good performance of Av,, in describing the change of
building scattering characteristics before and after a disaster has
its huge advantage in consideration of its high computational
efficiency, which is further investigated in the next section.

B. Computational Efficiency of FHED

As aforementioned, one of the advantages of applying FHED
to disaster monitoring is its high computational efficiency.
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TABLE VII
TIME CONSUMPTION OF DIFFERENT METHODS ON DISASTER DATA

. Time Consumption*
Data Size

FHED uT ED
0.2458  2.2704  209.0866

MBD
4.9178

1248 x 18432

1) *Unit: second (s).

Actually, the efficiency of the algorithm is not only superior
to the traditional H-E decomposition methods, but also out-
performs the widely used algorithm MBD, which leads to its
undoubted superiority in rapid response to a sudden onset disas-
ter. The time consumption for extracting DL-related parameters,
i.e, v, of the three H-E decomposition approaches and Pd of
MBD, are compared on the disaster POISAR data, as shown
in Table VII, which are processed within a computer hardware
environment of Intel (R) Core (TM) 17-9700 CPU, 3.00 GHz
CPU clock, 16.00 GB of memory, as well as a software envi-
ronment of MATLAB R2019b. To reduce the random error, all
the computations are conducted five times and the data recorded
are averaged. Unsurprisingly, FHED with analytical solutions
has the highest computational efficiency, while ED is the most
time consuming, and UT and MBD are somewhere in between.
FHED, UT, and MBD all take much less time than ED, which is
unbearable for the large-sized PoISAR data. However, compared
with the proposed, UT and MBD are still time consuming, at
least more than ten times that of FHED.

C. Extension to Touzi Decomposition

Since both FHED and scattering vector model proposed by
Touzi et al. [5], [6] are based on the Kennaugh—Huynen con-
diagnolization, a comparison is made in this subsection and the
method of deriving the analytical solution is also extended to
the Touzi decomposition.

The definitions of POA 1/ and helicity angle 7 of the two
algorithms are the same, and the scattering matrix [S] of a
single target will be diagonalized after deorientation and de-
helicity operations. The difference between FHED and Touzi
decomposition comes from their different parameterization of
the diagonalized scattering matrix [S], where the former uses
parameters ,, and v, and the latter uses complex-scattering-type
parameters o5 (magnitude) and ®,,_ (phase). Concretely, FHED
has

S. ,
2V — tan e I 43)
Suu
and Touzi decomposition has
Sun — Svy i®
" —tanagyelPes (44)
Suu + Svv

where o, € [0°,90°] and @, € [—90°,90°]. The information
that (43) and (44) exploit is the same essentially, while the
two have different “preferences” in capturing the target char-
acteristics. As aforementioned, 7, and v, is related to the
target polarization sensitivity and the number of bounces of the
reflected signal, respectively. On the other hand, s and @, are
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interpreted as parameters indicating the scattering mechanism
and relative phase, which have been successfully applied to
wetland classification [5], [6].

Note that similar to FHED, o, and ®,, of a single target
can also be solved analytically and represented by Huynen
parameters, as

2 2y _ 2
g = tan <\/BO (H2 + C%) = AoF ) (45)

Ao (H? +C? + F?)

(46)

d,. = tan ep-HG
s H?2 + 02

The used Huynen parameters and their representations are very
similar to (33) and (34). It can be inferred that, compared with
®,., a5 is more relevant to the target scattering mechanism,
which plays a similar role like v,,. For instance, for the ideal
surface scattering, both o and v,, take their minimum value
0, and for the double-bounced scattering, both a5 and v, take
the maximum value, i.e., as = 90° and v,, = 45°. Actually, for
the temporal PolSAR data employed in this article, v,, extracted
by FHED shows high consistency with symmetric scattering
type magnitude a1, the subscript “1” of which means that it
is extracted from the principal eigenvector of the coherency
matrix [T]. Their correlation coefficients are 0.8311, 0.8205,
and 0.8087, respectively, indicating that the two have similar
physical significance of the target. Nevertheless, it still needs
further efforts to explore whether the analytical solution of the
Touzi decomposition can be applied to distributed target directly
and how it will behave differently from the original parameters,
which will be the next step of our research.

VI. CONCLUSION

This article proposes a FHED approach in order to computing
H-E parameters with high efficiency. Besides, by analyzing the
compressed range and ambiguity problem of the original H-E
decomposition, new polarizability angle and new skip angle
are proposed to improve the target recognition ability. Exper-
imental results on temporal PolSAR data of disaster-affected
area indicate that the degree of damage does not seem to have
a specific effect on the new polarizability angle, while the
new skip angle can be regarded as an index of the building
DL, and its building damage mapping shows nice consistence
with the results obtained by the widely used MBD. In terms
of the time consumption for extracting parameters, FHED by
solving analytical solutions of H-E parameters outperforms
UT, ED, and even MBD, which leads to its undoubted supe-
riority in rapid response to disasters. Besides, the relationship
between FHED and Touzi decomposition is also discussed,
as well as the analytical solution of Touzi parameters. The
high coherence between the new skip angle and the symmetric
scattering type magnitude also confirms the efficacy of the
proposed in target characteristic description. Therefore, there
is a good prospect of FHED in disaster monitoring and damage
assessment.
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