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Marine target detection using dual-polarimetric SAR imagery
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Abstract: In this study, we provide a summary of research advances in the field of maritime target detection using DP (dual-po-
larimetric) SAR (Synthetic Aperture Radar) imagery, accomplished during the European and China collaboration in the frame-
work of the Dragon-4 program ID 32235. The main innovative contribution is twofold: a) we addressed ship detection propos-
ing an improved GP-PNF (Geometrical Perturbation — Polarimetric Notch Filter), termed as IGP-PNF, that is characterized by a
new feature vector that includes three new scattering features; b) we addressed oil platform detection by contrasting single-polar-
ization SAR methods with polarimetric ones in order to quantify the extra- benefit carried on polarimetric information. The pro-
posed theoretical framework is tested against actual multi-polarization SAR data. In particular, ship detection methods are veri-
fied against a Sentinel-1 SAR scene where a large number of ship is present; while, oil platform detection is discussed using Ter-
raSAR-X SAR data. Experimental analysis show that: (1) the IGP-PNF method performs best in terms of clutter-to-target ratio;
(2) coherent polarimetric information significantly outperforms single-polarization SAR measurements in highlighting targets in
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challenging cases.
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1 INTRODUCTION

With the development of marine traffic, the number of man-
made targets, such as ships and oil platforms, have increased great-
ly. Meanwhile, illegal activities such as smuggling, illegal fishing,
and illegal immigration also become problematic [1]. In order to
protect the safety of sea activities, the surveillance of marine tar-
gets has become an important issue for many coastal countries [2].
Within this context, the SAR (Synthetic Aperture Radar) has been
widely used for earth observation due to its ability to image at day-
and-night almost independently of weather condition. Especially,
object detection using SAR imagery attracted large attention in re-
cent years. However, the backscattering produced by high oceanic
state and speckle noise make object detection using SAR imagery
a challenging task [3]. On this purpose, multi-polarization SAR
(PolSAR) data can help enhance the scattering differences between
marine targets and sea clutter. POISAR configurations can provide
much details on the observed scattering scene than single-polariza-
tion SAR configurations. PoISAR measurements are usually repre-
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sented by the scattering matrix [S] [4]:

— SHH SHV
s 3 .

where, for instance, S, denotes the horizontal receiving and verti-
cal transmitting polarization channel. Under reciprocity conditions,
the [S] scattering matrix is symmetrical, i.e.; S, =Sy

In the earlier studies, ship detection has been mainly tackled us-
ing single-polarization SAR imagery processed according to CFAR
(Constant False Alarm Rate) schemes [5] [6]. Recently, Pappas et
al. [7] proposed a superpixel-level CFAR method for ship detec-
tion, which shows a better detection performance than some classi-
cal CFAR detectors. In fact, these CFAR-based approaches greatly
depend on the background clutter distribution. Thus, their detection
performance may degrade rapidly in the heterogenous areas where
the statistical characteristics difference between the sea surface and
ship is not large [3].

When dealing with PolSAR approaches, the first attempts to ex-
ploit polarimetric information were based on: data fusion among
the different polarimetric channels; the scattering power detectors,
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e.g., the SPAN (Total Power) detector, PWF (Polarimetric Whiten-
ing Filter) [8], and the power maximization detector [9]. However,
although power-based methods can detect ships, they may loss ef-
fectiveness when ships have weak backscattered intensity. Hence,
to fully exploit polarimetric information, inter-channel phase is
needed. Within this context, several approaches have been pro-
posed. In [10], two scattering-based algorithms, computed from
Yamaguchi Polarimetric Decomposition (PD), were proposed for
ship detection. Cloude et al. [11] used the entropy and a angle that
are both calculated from the Cloude — Pottier decomposition to de-
tect ships successfully. Nunziata et al. [12] exploited the RS (Re-
flection Symmetry) characteristic of the sea clutter to detect man-
made objects at sea. Similarly, based on the dual-pol SAR data and
different polarimetric models, Shirvany et al [13] utilized the de-
gree of depolarization (DoD) for detecting man-made objects at
sea. Marino et al. [14] [15] proposed a new detector, i.e., GP-PNF
(Geometrical Perturbation - Polarimetric Notch Filter) for object
detection by using the Huynen fork, which extracted the target fea-
tures in the polarimetric target complex space.

In the context of Dragon 4 program ID 32235, we addressed
ship and oil platform detection by developing tailored algorithms.
In detail, one algorithm is developed for ship detection that im-
proves the GP-PNF by introducing a new features vector. Two met-
rics are proposed to detect oil platforms that aim at demonstrating
the superiority of PoISAR with respect to single-polarimetric meth-
ods in enhancing oil platforms even under challenging conditions.
Experiments, undertaken on actual DP SAR scenes collected by
Sentinel-1 and TerraSAR-X, demonstrate the soundness of the pro-
posed rationale.

The rest of the paper is organized as follows. Section II pres-
ents the proposed algorithm and metrics. The experimental results
are given in Section III. Finally, Section IV concludes the paper.

2 THE PROPOSED ALGORITHMS FOR MA-
RINE TARGET DETECTION

2.1 Theoretical background

When dealing with distributed targets, the 3x3 coherence/cova-
riance matrix derived from [S] is often adopted [4] as second-order
descriptor. In this paper, we select the covariance matrix [C] to con-
struct our methods.

For the dual-pol case, the scattering matrix [S] can be simpli-

fied as a column vector k,  =[k,.k,] [13]. The element

k, and k, respectively indicate the polarimetric scattering elements
obtained from [S]. Conventionally, k, , can be constructed using
three different combinations of scattering amplitudes: &k, , =
[SumsSuv b E 4y = SygsSwlor k., =SSy ) Then, the dual-pol

covariance matrix [C,

ual-
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2.2 An improved GP-PNF method (IGP-PNF) for ship de-
tection

] is defined as:
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GP-PNF is proposed by Marino et al. [14] [15] and it is an ad-
aptation of GPF (Geometrical Perturbation Filter) to work as a
notch filter in the polarimetric space. Extensive experiments dem-
onstrated the effectiveness of GP-PNF on ship detection. In GP-
PNF, a partial scattering feature vector t is firstly constructed based

on the dual-pol scattering vector k, . i.e.,

SX(ARRCTMIA
)

where ', is a complete set of 2x2 basis matrix under a Hermi-
tian inner product and k, (i=1,2) are the elements of k, . After
mathematical manipulations [14]—/[17], the final dual-polarimetric

detector is defined as:
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where RedR is a parameter called Reduction Ratio, P and P, stand
for the power of clutter pixels and target pixels, respectively.

Since each feature exhibits specific advantages and disadvan-
tages in terms of detection capabilities, in this study, a new feature
vector k, . is proposed to further improve the performance of GP-
PNF. This feature vector is augmented by three new features, name-
ly the power feature SPAN, the multiplying amplitude feature (we
call it 'MTC' here) [18], and DoD (Degree of Depolarization) [13].
Note that, we here choose the VH/VV combination as the dual po-
larimetric mode. Therefore, the extended vector is defined as :

1= (USR0S0 (180 S ),
(SPAN) ,(MTC).DoD | (5)

Moreover, to reduce the dimensionality of k, ., PCA (Principal
Component Analysis) [19] is used. Thus, the new feature vector is
finally constructed as [19]:

L= |:<J](‘1P(JA|2>’<J](‘2P(JA|2>,<l|](‘3P(JA|2>] (6)

where f"“ (i=1,2,3) are the new features after the PCA operator.
Then, the expression of the detector IGP-PNF is built,
1
Y= (7)
1
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here, #,is a normalized version of the vector representing the
target t,. [20].

2.3 Oil platform detection

Platforms installed in shallow water consist of vertical metallic
towers sustained by submersed pylons fixed to the sea floor. Fig.
1b, shows an interpretation of the different scattering contributions
for a given azimuth angle [21]. The tower's altitude can be of sever-
al tens of meters and, hence, it may result in several scattering
mechanisms that, at once, generate multiple bright spots aligned
along the range direction (indicated by the yellow arrows in Fig.
la). The first mechanism is due to what is commonly referred as
layover (dashed red line path in Fig. 1(b). The second mechanism
is mainly caused by double reflections between the platform verti-
cal structures and the ocean surface (dashed green line path in Fig.
1b with yellow diamonds indicating the possible point of reflec-
tions). The third mechanism accounts for triple reflections (or even
higher order) between the platform and the surrounding sea surface
(dashed black line path in Fig. 1(b). They could be due to the elec-
tromagnetic wave reflected off the sea, a platform structure, again
on the sea and back to the sensor (see yellow diamonds along with
the dashed black path in Fig. 1(b). They are located after the plat-
form, since the path that the electromagnetic wave has to travel is
longer. According to this simplistic model, these three main mecha-
nisms make possible the detection and, hence, platform monitoring
using SAR data [13] [22].
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However, platform detection is not at all straightforward and
the detection performance depends significantly on both incidence
angle and polarization. In fact, as it will be clearer in the follows,
when co-polarized channels (HH or VV) are used, some oil plat-
forms can be hardly recognized in the SAR image plane, despite

(a) TS-X WSC patch showing the typical platform

backscatter signature

the use of fine spatial-resolution imagery. We demonstrate that, in
this very challenging scenario, PoISAR has the potential to im-
prove significantly the detection exercise. Two simple metrics are
used based on the GP-PNF and the DoD detectors.
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Fig.1 Schematic sketch of the radar signatures observed in medium resolution X-band SAR data

3 EXPERIMENTS

3.1 Experimental results of IGP-PNF on Sentinel-1 data

In order to evaluate the ship detection performance of IGP-
PNF, we here conduct experiments on one Sentinel-1 IW dataset
with 24 real ships, which was collected in the English Channel on

(a) The optical image obtained from Google Earth
(Time: 2016/12/31)

12 January 2017. Note that, the oceanographic data achieved from
the UK Met Office [23] shows that high sea state condition were in
place. An optical (Google Earth) image along with the correspon-
dent SAR VH amplitude image are shown in Fig.2. Two conven-
tional detection algorithms, namely, DoD and GP-PNF are here ad-
opted as benchmark to evaluate the performance of the proposed
approach.

(b) SAR VH amplitude image augmented with orange circles that indicate ships.

The red rectangle indicates the sea clutter area used for quantitative analysis

Fig.2 The dataset

Fig.3 presents the results of these three methods. The output of
DoD detector, see Fig.3a, shows that it detects few ships, while re-
sulting in many false alarms. This is physically due to the fact that
strong clutter conditions are in place that contribute to increase
DoD values. Hence, the TCR (Target-Clutter-Ratio) is not large
enough to obtain a remarkable performance in terms of detected
targets and false alarms when DoD is used. When dealing with GP-
PNF (see Fig.3(b), it can be noted that a better performance is
achieved since it detects all the ships. This is physically due to the
fact that it uses more polarimetric features. In fact, for 24 ships, the

average TCR of GP-PNF (10.2 dB) is 3.38 dB higher than DoD
(6.82 dB). Results obtained using the IGP-PNF method are shown
in Fig.3(c). It can be noted that it achieves the best performance.
This is quantitatively justified by the largest average TCR value, i.
e.; 12.70 dB. The reason behind the enhanced TCR value is that
PCA sets the basis of the feature vector so that it aligns with the ax-
is where the sea clutter is mostly present or less present. In addi-
tion, it moves the center of the axis in the middle of the distribu-
tion, allowing a better separation between target and clutter dimen-
sions.
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(a) DoD

(b) GP-PNF

(¢) IGP-PNF. Red circles indicate
missing ships (Yellow dashed circles stand

for false alarms)

Fig.3  Ship detection results

3.2 Experimental results on TerraSAR-X data

In this subsection, two TS-X WSC mode datasets, collected at
different incidence angles and polarizations are adopted. Specifical-
ly, Fig.4(a) is obtained under a low incidence angle that ranges in
the interval 19.80°—21.15° (referred as low) and Fig.4(b) is ob-
tained under a high incidence angle that ranges in the interval

(a) The case of low incidence angle

(Time: 2014/08/14)

(b) The case of high incidence angle
(Time: 2014/05/01)

39.15°—40.15° (referred as high). A reference multispectral image
is also shown in false color in Fig.4(c) (band 4 in red, band 3 in
green, band 2 in blue). The wind condition is similar in the two ac-
quisitions. It is clear that, at low incidence angles, the platforms
cannot be observed in the SAR imagery, despite they are tens of
meters large and made by metallic structures.

! case high

(¢) The corresponding multispectral image

Fig4 TS-X WSC Datasets

Fig.5 introduces the incoherent detection using a single polar-
ization. It can be noted that the co-polarizations do not allow ob-
serving well-distinguishable signals associated with the platforms
at low incidence angles. When other detectors are used and we per-

form dual pol coherent detection, we can identify some of the plat-
forms that were missing. Note that Fig. 6 shows the results of these
dual-pol detectors when combined on a single map.

(a) HH

(b) HV
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(¢) VH (d) Vv

Fig. 5 Multi—temporal ground projected calibrated amplitude SAR data collected by TS=X/TD-X over a cluster of 3 offshore
platforms in GoM (labeled as P1, P2 and P3)

(a)—(b) ground projected and byte—scaled features PNF and DoD in correspondence of the platform P1, P2 and P3
_—— DoD
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(¢)—(d) Respective normalized 3D plots in satellite coordinate

Fig. 6 Case HH-VV low coherent analysis

4 CONCLUSIONS plished during the Dragon 4 project ID 32235. Three algorithms de-
signed to detect marine targets using DP SAR data were analyzed.
This paper describes the innovative studies related to maritime When dealing with ship detection, we propose an improvement of

target detection (i.e.; both ships and oil/gas rigs/platforms), accom- the GP-PNF method (i.e., the IGP-PNF method) that consists of re-
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defining the feature vector that is augmented by three polarimetric
features. Then, a PCA operator is executed on the improved feature
vector before applying GP-PNF. Results, obtained processing an
actual Sentinel-1 dataset, show the effectiveness of IGP-PNF that
results in a gain in TCR of around 2 dB with respect to convention-
al PoISAR methods. When dealing with oil platform detection, two
metrics (i.e., GP-PNF and DoD) are developed and analyzed in this
paper. Experimental results, undertaken on two TS-X datasets col-
lected at different incidence angles and polarizations, demonstrate
that, when dealing with the challenging low incidence angle case:
(1) single-polarization co-polarized imagery does not show remark-
able hints related to the metallic targets; (2) the coherent channel
combination helps in highlighting the targets.
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