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Abstract. In this study, Compact-Polarimetry (CP) Synthetic Aperture Radar (SAR) architectures are
exploited for oil basins observation purposes. Basic wave polarimetry concepts are used to define the
considered CP features emulating actual C-band fully polarimetric SAR data. Oil basins represent an
interesting scenario from both an environmental and economical perspective. They are a very complex
marine environment in which there are metallic targets together with potential oil slicks that cover
sea surface. Meaningful experiments undertaken emulating RADARSAT-2 SAR data demonstrate the
capability of CP architectures to both detect metallic targets at sea and monitor oil slicks. To address
target and oil slick detection simultaneously, a Principal Component Analysis (PCA) is first performed to
reduce the space of the considered CP features. Hence, once selected the most suitable set of features to
be used in the ocean/target/oil classification process, an empirical global threshold choosen accordingly
to image statistics is adopted to highlight the presence of metallic targets and oil slicks over the sea
clutter. Then, once both metallic targets and oil slicks are sorted out from the ocean background using an
adaptive approach involving norm calculation and based on local thresholds, to solve challenging cases
in which they call for similar feature values, results obtained by processing the CP features are combined
with the intensity information. Furthermore, oil characterization is addressed with a statistical analysis
supported by an Euclidean metric to quantify the separation between oil slick and sea histograms.
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1. Introduction

Oil basins represent a very complex marine scenario in which moving and fixed metallic
targets (ships, tankers, oil rigs, pipelines and drilling platforms) having a different size,
shape and structure are at sea together with oil slicks covering sea surface. Hence, since
all matters are related to surveillance for navigation security, anti-piracy activities, maritime
traffic control, etc., a key issue is not only the spatial surveillance coverage but also the
temporal revisit time. In this sense, satellite Synthetic Aperture Radar (SAR) represents a
fundamental tool since it is a synoptic active microwave system whose imaging capabilities
are independent on solar illumination and mostly unaffected by weather conditions. Basically,
in single-polarization SAR imagery targets result in bright spots while oil slicks appear as
dark areas. Unfortunately, several marine features as low-wind areas, atmospheric fronts,
biogenic thin natural films and ship’s wakes, termed look-alikes, appear in the same way
producing misclassifications. However, a review of the state-of-art of polarimetric SAR-
based ship detection and of remote sensing-based oil pollution monitoring can be found in
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(ZHAOYING; JINSONG, 2004; SOLBERG, 2012). Fully polarimetric (FP) SAR architecture comes
at high costs in terms of average transmitted power, halved swath width and limited range of
acceptable incidence angles with respect to a single-/dual-polarization SAR. Nevertheless, such
FP SAR drawbacks can be overcome by the Compact-Polarimetry (CP) architectures. The main
idea of CP SAR architectures is to transmit only one polarization while receiving coherently,
according to an orthogonal polarization basis. Among them, varying the transmitting/receiving
polarization couple, it can be obtained different architectures: Hybrid-Polarity (HP), Linear
(LIN) and Circular-Circular (CC), that will be described in Subsection 2.2. Specific advantages
of CP SAR architectures can be found in (SOUYRIS et al., 2007; RANEY, 2007; RANEY
et al., 2011; ATTEIA; COLLINS, 2013). In this study, emulated CP SAR data obtained
transforming actual FP SAR measurements are exploited to observe oil basins simultaneously
monitoring metallic targets and oil slicks. In detail, once selected the most suitable set of
features to be used in the ocean/target/oil classification process using a Principal Component
Analysis (PCA), oil-target/ocean discrimination is addressed using an adaptive thresholding
algorithm based on norm computation. Then, the final output is easily obtained using global
thresholds set accordingly to image statistics or intensity information. Furthermore, oil/look-
alike characterization is accomplished measuring the Euclidean distance between normalized
histograms. Experimental results demonstrate that CP features are able to distinguish both
targets and oil slicks from the ocean background, providing a reliable separation between oil
slicks and metallic targets, and to discriminate oil slicks from look-alikes. The remainder of
this paper is organized as follows: Section 2 presents the considered CP architectures and the
polarimetric features; Section 3 shows the results and the discussion about experiments, while
proper conclusions are drawn in Section 4.

2. Theoretical Background
2.1. Wave Polarimetry and Polarimetric Features

In real scenarios, since electric waves scattered off a distributed scene in response to
an almost monochromatic illumination show partially polarized properties ranging between
fully polarized and unpolarized wave ones, their description relies on second-order field
correlation properties that can be obtained using the coherence matrix, ((GIL, 2007) and the
references within). The 2x2 coherence matrix I' is Hermitian and semipositive defined, and its
components along an orthogonal x-y basis are given by:

e-we = (e (500) - (1) v

where, E is the complex electric field; T and * stand for complex conjugate transpose and
complex conjugate, respectively; a temporal dependence e¢’“! is considered, where w is the
angular frequency, j is the imaginary unit, and ¢ stands for time. The correlation prevailing
between the orthogonal components of the electric field is represented by the off-diagonal
elements of I'. Hence, the complex correlation coefficient 1, can be defined as:

I,
£ ;0 < Jpm| <1, -180° < 0y < +180° (2

Mhy = |,uhv|6j6hm = )
VEea/Tyy

where, Jp,, is the phase difference between the components x and y of the electric field. When
the wave is unpolarized, uy, = 0, while a fully polarized wave presents luy,| = 1. Basis
invariant compact parameters used to describe the state of polarization as well as the degree
of randomness of a generic partially polarized wave are the degree of polarization p and the
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wave entropy H,,. They can be physically understood as a measure on how close the wave is
fully polarized and on how far the electric field is from being completely random. They are
mathematically given by ((GIL, 2007) and the references within):

_ 4det(T)
tr(T)?

p=4/1 , H, = —tr(f‘loggf‘) 0<p H,<1 3)

where I = W(LF) p =0 (H, = 1) means totally unpolarized while p = 1 (H,, = 0) fully polarized
wave. Additionally, in this study the circular polarization ratio p. is also used which is given
by (RANEY et al., 2012; SHIRVANY; CHABERT; TOURNERET, 2012):

[y, + Tpe —23(1,
,uc — Fyy O( y) 2 O (4)
yy T Doz +23(Lgy)

where (+) stands for imaginary part and p. is the ratio of the same-sense to opposite-sense
circular polarization received power, performing a measure of volumetric multiple scattering.
These features have been first used for ship detection in (PAES; NUNZIATA; MIGLIACCIO, ) and
for oil slick observation in (NUNZIATA; MIGLIACCIO; LI, 2014).

2.2. CP SAR Architectures

HP architecture consists of transmitting a circularly polarized wave while receiving
coherently two orthogonal linear H and V polarizations (RANEY, 2007). In this study, a RH
circular polarization transmission is assumed. The linearly polarized received field Egxp =
(En,E,) 1s emulated by the fully polarimetric scattering matrix S according to (RANEY et al.,
2011; PAES; NUNZIATA; MIGLIACCIO, ):

Ej, L (Shh — JShv
Egp = = — . 5
He (Ev) \/§ (Shv _]va ( )
where, S,, with p,q € {H,V'} is the complex scattering amplitude. Then, the HP features

can be emulated by wave polarimetry concepts using the following relationships between the
elements of S and I' (eq. (1)):

Chn = 5(ISknl* 4 [Shol® + 7ShnShe™ = 7 ShuShn™)
Fhv = %(ShhShv* + jShthh* - j’Shv|2 + Shvva*); th = Fhvﬂ< (6)
Lo = 5(1Shol® + [Swel® + 5ShoSws™ — jSvuSh”) -

Since for CP-LIN architecture a linearly polarized wave oriented at +45° in the H-V plane
instead of a circularly polarized field is transmitted, its I' matrix of eq. (1) can be obtained in a
completely similar way considering the following linearly polarized received field Ecp_pin =
(Ey,FE,) (SHIRVANY; CHABERT; TOURNERET, 2012):

(Ey\ 1 [ Shn+ She
Ecp_rin = (EU) =5 (S}w n va) (N

Considering a CP-CC architecture, since it consists of transmitting a RH circularly-polarized
field while receiving coherently in an orthogonal circular RH-LH basis, the circularly-polarized
field Ecp_cc = (Erne.Fipe) received at the SAR antenna can be emulated as (SHIRVANY;
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CHABERT; TOURNERET, 2012):

Erhc 1 1 j) 1 ( Shh + Sm; )
Ecp_cc = =—|. Epp = - : . 8
cp-ce (Elhc> V2 (J 1) 77 9\ 284, + 3k — S ®
obtained considering the similar transformation required for rotate the field defined in eq. (5)

into the circular basis. Thus, the quantitative parameters previously presented (|ztny |, Onvs Hups
p and p.) can be derived for all the CP SAR architectures.

3. Experiments

In this section, meaningful experiments undertaken over actual C-band fully polarimetric
RADARSAT-2 SAR data are shown to demonstrate the capability of CP SAR architectures
to be used for oil basins monitoring purposes. A Single-Look Complex (SLC) acquisition
(product ID: PDS_01141690) gathered on 15 May 2010 at 11:50:22 UTC, off the Lousiana
Coasts in the Gulf of Mexico (29.72°N, 89.08°W), is considered. Well-known oil slicks due to
the Deepwater Horizon accident and metallic targets as oil rigs and ships involved in cleaning-
up operations were present into the observed scene at the time of the acquisition (ground truth
provided by the Minerals Management Service, 2009) and moderate wind conditions apply (4-7
m/s) (MIGLIACCIO et al., 2011). All the CP features considered in this study, obtained emulating
real SAR measurements from the I' matrix of eq. (1), are processed applying a 7x7 average
moving window. A 2854x3345 excerpt of the original 7853x3369 SAR image is shown in
Fig. 1(a), where the gray-tone VV intensity channel image is shown in logaritmic scale. A
second SLC RADARSAT-2 SAR acquisition (product ID: PDS_00886040) is then considered
to analyze the capability of CP architectures to discriminate oil slicks from look-alikes. In fact,
in the 6305x2492 image gathered on 14 December 2009 at 14:09:15 UTC off the California
Coast (34.30°N, 119.80°W), in Santa Barbara Channel, a weak damping marine feature most
likely due the produced-water discharge of the oil rig is clearly visible as shown in the 610x293
SAR image excerpt of Fig. 1(b) (NUNZIATA; MIGLIACCIO; GAMBARDELLA, 2011),(NUNZIATA;
GAMBARDELLA; MIGLIACCIO, 2012). It can be noted that the elongated shape and the position
of the marine feature makes this one a very challenging case, in which such a look-alike can be
easily confused with a ship’s wake.
Hence, the sensitivity of each polarimetric feature with respect to both metallic targets and oil
slicks over the ocean surface is investigated. In Fig. 1(c)-(f) results related to the CP features
extracted from the first acquisition are shown for the HP architecture, where the one related to p
is not shown due to its complementarity with /7,,. From a first visual inspection, they all witness
the capability to highlight the presence of both targets and oil slicks over the ocean clutter.
However, since from a visual inspection the other CP SAR architectures considered in this
study provided similar results, they are not shown to save space. To provide a deeper analysis,
the simultaneous detection of oil and targets is first accomplished performing a PCA to reduce
the space of the considered CP features. Among them, p, H,, and |uy,| are selected since they
all measure, although in different ways, the degree of depolarization of the backscattered field
polarization state, thus carrying on similar polarimetric information. The correlation performed
between each CP feature and the first Principal Component (PC) confirms that consideration,
indicating in p (or H,, or |ipy|), Ony and g, the features set that most contributes for that PC.
Hence, emphasizing the presence of metallic targets and oil slicks over the ocean background
while avoiding single-polarization issues, i.e., false alarms caused by small heterogeneities at
sea, is addressed using an adaptive thresholding approach based on individuating ocean sub-
regions that contain target or oil pixels. The latter is performed through norm computation,
which procedure is shown in Fig. 2(a). Nonetheless, to solve challenging cases in which

2801



Anais XVII Simposio Brasileiro de Sensoriamento Remoto - SBSR, Jodo Pessoa-PB, Brasil, 25 a 29 de abril de 2015, INPE

oil regions and target pixels are undistinguishable since they call for very similar CP feature
values, the empirical global threshold to be set for achieving the final classication output can
be selected integrating the intensity information provided by SAR measurements. In fact, in
single-polarization SAR imagery oil slicks and metallic targets appear very different, as dark
areas and bright spots respectively. However, following the processing chain shown in Fig.
2(a), the CP features set composed by p, 5, and . is tested to provide the best oil-target/sea
discrimination. The output of the processing chain reported in Fig. 2(a) are shown in Fig. 2(b)
and (c) for p.. It can be noted that . achieves good performance, also allowing the detection of
a metallic target within an oil region (see 2(c)) using a global threshold equal to 0.7. However,
it still presents a limitation for some targets, i.e., targets exhibiting low-to-moderate volumetric
information due to their structure or geometry can be misclassified as oil. Moreover, since
in this case oil and target call for p values very close to each other (see also Fig. 3(c)), the
global threshold required to produce the final output has to be set according to the HH channel
intensity values (threshold equal to 0.07, not shown to save space). In fact, although from this
point of view the HH channel represents the worst case being, among all the single polarization
channels, the one for which the target and oil electromagnetic response is the closest, it easily
provides a clear separation.

To support such analysis, the sensitivity of CP features to both metallic targets and oil slicks is
evaluated considering their behaviour along a transect (see green dashed line in Fig. 1(a)). It
is clear that all the features, for all the three different CP SAR architectures considered in this
study, allow to emphasize the presence of targets and oil slicks over the ocean background (see
left side of Fig. 3). Furthermore, it is important to underline that . (Fig. 3(b)), being related
to volumetric information, is characterized by a different sensitivity for metallic targets and oil
slicks while 0y, (Fig. 3(a)) is highly sensitive to both target and oil phase random variations (LI
etal., 2013) providing no characteristic pattern to be recognized. p is feasible but it is not always
able to distinguish targets from oil, showing an oil pattern within the same range of values of
those for targets (see Fig. 3(c)). On the right side of Fig. 3, normalized histograms computed for
the CP SAR architectures over two Region Of Interests (ROI)s belonging to an oil slick-free and
an oil slick-covered sea surface area (see Fig. 1(a)) are shown. Please note that for p (and H,,
values, not shown for the sake of brevity as well as for |,|), being a basis invariant parameter,
the analysis for CP-CC architecture is the same that for the HP one. The slick-free and the slick-
covered sea empirical distributions are practically not overlapped, witnessing the capability of
CP architectures to observe oil slicks at sea. To quantitative measure the degree of separability
between sea and oil histograms, the Euclidean distance, defined as \/Z Zf\il (oit — Nsea)?), OVer
1000 ROI samples is accomplished considering N=100 bins (see the right side of Fig. 3). In an
Euclidean metric space higher values mean a larger degree of separability between histograms.
The very high values for d;, are due to the shape of its distribution (same mean but different
variance for oil and sea), the Euclidean distance being a bin-to-bin measure. However, the
variability and statistical analysis performed, which results are summarized in Fig. 3, can be
also useful to set the global thresholds (see Fig. 2(a)).

Then, to demonstrate the capability of CP architectures to discriminate oil slicks from weak
damping look-alikes, the SAR image excerpt of Fig. 1(b) is considered. Experimental results
are shown in Fig. 4. The latter, on the left side, shows the behaviour of the considered CP
features, not shown for the sake of brevity, emulated from HP architecture along the oil rig and
the dark area transects highlighted in Fig. 1(b) with a blue and red dashed line, respectively.
The large peak values along metallic target pixels can be clearly noted (see blue dashed circles
in Fig. 4), as well as the slightly larger values along the marine feature pixels with respect to the
ocean background. In particular, d,, reveals no variations over the marine feature area, behaving
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as over a slick-free sea one. Since the other CP architecture provided similar results, they are not
shown to save space. A visual inspection of the right side of Fig. 4 witnesses the higher degree
of overlapping between slick-free and weak damping slick-covered sea normalized histograms,
also confirmed by the Euclidean distance measures. This suggests that look-alikes behaviour is
almost the same that for the ocean surface since they both call for a Bragg scattering mechanism.
However, since the Euclidean metric is a bin-to-bin distance, anomalies can occur (slightly
larger, with respect to oil values, look-alike Euclidean distances for p. and 9y, in the CP-LIN
and CP-CC architectures, respectively).

4. Conclusions

In this study, CP SAR architectures are exploited for oil basins observation purposes.
Experiments are undertaken emulating CP SAR data from actual C-band fully polarimetric
RADARSAT-2 SAR measurements. Fundamentals of wave polarimetry are used to define a set
of CP features: |itpyl, Ono» ftes Hy and p. Experimental results demonstrated the capability of
CP architectures to perform an oil/target/ocean classification using empirical global thresholds
and to distinguish oil slicks from weak damping look-alikes. PCA is used to identify the most
reliable set of CP features allowing a clear discrimination between oil and target areas from
the sea background, as well as the one between metallic targets and oil slicks. Furthermore, a
quantitative analysis based on an Euclidean metric between the normalized histograms proved
the capability of CP features to distinguish oil slicks from look-alikes.

(@) ISy |2 S (B) ISyl

(c) | kpl

{dl shu

(e) 1, | | (A H,

Figura 1: (a), (b): VV intensity images of the considered excerpts referred to the C-band RADARSAT-2 full-pol
SAR data for oil/target processing (logaritmic scale) and for oil/look-alike classification (linear scale), respectively.
In (a) oil and sea ROIs used for statistical processing are highlighted in red and blue circles, respectively, while
the green dashed line represents the considered transect. In (b) the oil rig is highlighed with a blue circle and the
marine feature is within the red ellipsoid. The considered transects for oil rig and look-alike are shown with a blue
and red dashed line, respectively. HP features: (¢) |up, | image, (d) §,v image, (e) u. image, (f) H,, image.

2803



Anais XVII Simposio Brasileiro de Sensoriamento Remoto - SBSR, Jodo Pessoa-PB, Brasil, 25 a 29 de abril de 2015, INPE

( CP FEATURES: H,, [u,, P 6,, K ]
PCA
N
[ CPFEATURES INPUT: p & o, ]
[ 2.D GRADIENT INTENSITY: | 7|2 ]
!

LOCAL NORM - 30%30 SLIDING WINDOW: small variations detection

LOCAL NORM: 300x300 SLIDING WINDOW: sub-regions around small variations detection

SEA/TARGET - SEA/OIL GLOBAL

THRESHOLD
| 2-CLASSES CP FEATURE IMAGES |
OIL/TARGET GLOBAL THRESHOLD
| OUTPUT: 3-CLASSES CP FEATURE IMAGE |
(a) (c)

Figura 2: Classification output results. (a) Sketch of the block diagram referred to the oil/target/sea classification
algorithm used. (b) u.-based output superimposed over the VV intensity channel image (threshold equal to 0.7 set
accordingly to to its behaviour along the transect), in which regions belonging to target and oil classes are shown
in blue and red, respectively. (c) Enlarged version of p. output image shown in (b) referred to the region in the
green rectangle, where the detected ship, in blue, is cleary visible within the oil region, in red.

s 0.13
| | -
el I, =
Tl o i ! Y R
; d |'l P ann.44
A -
T | E LN 584
|
< .
| OP.OC E55.57
!.
-1B80 - o
# column pixel &, walues
{a} 'smr
5.5 0.6
.. e
g HP 5.20
‘;_- g cP-LIN 108
* epce 2.84
i
-_“ "D‘1
o # columinpixel 0
oo Hplxe H, values
(b) i,
1 - i , 0.65
e Mt ol e il et doin e b it A i
t'“.:'Fl'.‘""ls'?-'-"-""J‘:f*“"';?"\"%"" WAL FTAPARYTRSSTE R R
o f 1 1 i I e
{ HP 5.45
ﬁ | i " CP-LIN CRE]
2 J =
(=8 b | L cpgc 545
f. 1
0.2
— o
# colommpixel {c] p p valdes

Figura 3: On the left side, the behaviour of the CP features along the transect shown in Fig. 1(a) are shown for
the considered SAR architectures. On the right side, the normalized histograms for slick-free and slick-covered
sea samples belonging to the ROIs considered in Fig. 1(a), for the three different SAR architectures, are shown
together with the corresponding values of the Euclidean distance. (a) dy,,, (b) . and (c) p images.
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Figura 4: On the left side, the behaviour of the HP features along the transects shown in Fig. 1(b), for which the
red line refers to the blue transect and the black line to the red one. In blue and red dashed circles the presence of
the oil rig and the look-alike is highlighted, respectively. On the right side, normalized histograms for slick-free
sea and look-alike samples, for the three different SAR architectures, are shown together with the corresponding
values of the Euclidean distance. Results referred to (a) 0y, (¢) i and (d) p.
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