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Abstract

A new paradigm for ship detection in polarimetric synthetic aperture radar (Pol-SAR) image is presented. We
firstly utilize the scattering similarity parameters to investigate the differences of scattering mechanism between
ships and sea clutter.  Based on these differences, we propose a novel ship detection metric, denoted as the
scattering similarity based metric (SSM), to conduct ship detection task. The distribution model of SSM metric is
investigated and modeled by kernel density estimation (KDE). Based on the statistical distribution, an adaptive
constant false alarm rate (CFAR) detection scheme is implemented. We compare the proposed SSM with two
classic polarimetric metrics, i.e., the polarimetric cross-entropy (PCE) and the reflection symmetry metric (RSM).
The experimental results conducted on C-band RADARSAT-2 Pol-SAR data demonstrate the feasibility and
advantage of the proposed SSM metric both in sea clutter modeling and in ship detection.
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1  Introduction
Ship detection plays an important role in the field of marine

surveillance applications, such as fisheries management, search
and rescue of vessels, and pollution monitoring (Lang et al.,
2014). The synthetic aperture radar (SAR), due to the ability to
image through cloud cover and independence of illumination,
together with a fine spatial resolution, has become the key re-
mote sensing tool to observe metallic targets at sea. With the de-
velopment of sensor techniques, advanced polarimetric SAR
(Pol-SAR) systems, which contain multiple channels, provide a
more complete description of target scattering behavior than tra-
ditional single-channel SAR systems. Recent years, ship detec-
tion using Pol-SAR data has drawn much attention (Wang et al.,
2015).

The literature focusing on ship detection techniques based on
Pol-SAR data is extensive. A recent survey of ship detection tech-
niques can be found in (Ouchi, 2016). Fundamentally, polarimet-
ric analysis techniques can be divided into two categories: one
exploits different polarimetric channels as independent meas-
urements for the same scene (Wang et al., 2015); the other con-
structs a specific measurement metric that can jointly exploit in-
formation from polarimetric data and then be linked to a de-
cision criterion (Liu et al., 2005). The latter is rather popular. The
key issue is the construction of a reasonable and feasible metric
based on the scattering differences of the physical characteristics
between sea clutter and ships.

The polarimetric scattering similarity parameter proposed by
Yang et al. (2001) is an effective and convenient method to un-
derstand the scatterer. By checking the similarity between a giv-

en scatterer and some other canonical scatterers, a direct charac-
terization of the scatterer can be obtained. However, Yang’s
parameter can only measure the similarity between two single
scatterers. To overcome this shortcoming, a random similarity
parameter is proposed by Li et al., which can measure the simil-
arity of any two scatterers (Li and Zhang, 2015). In this paper, we
utilize Li’s parameter to analyze the scattering mechanism of
ships and sea clutter. The experimental results reveal the differ-
ences between them. Based on these differences, a novel metric
denoted as the scattering similarity based metric (SSM) is pro-
posed for ship detection. Then the probability density function
(PDF) of SSM is modeled by the method of the kernel density es-
timation (KDE), which yields much smaller bias than some
widely used fitting methods. Based on the statistical model, the
constant false alarm rate (CFAR) detection is conducted. Experi-
ments performed on the RADARSAT-2 Pol-SAR data demon-
strate the effectiveness of the new metric and the usefulness of
the model for practical ship detection applications.

2  Data and methods

2.1  Scattering mechanism analysis
As for a given mixed scatterer T and a canonical mixed scat-

terer Tc, the similarity parameters modified by Li and Zhang
(2015) can be defined as

r (T,Tc) =
Trace

(
TTH

c

)
Trace (T)Trace ([Tc])

, (1)
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where Trace (·) denotes the operation of matrix trace, super-
script H denotes the operation of conjugate transpose. Accord-
ing to Eq. (1) and the coherence matrix of canonical scatterer, the
similarity parameters corresponding to the different canonical
targets can be derived and listed in Table 1.

We utilize two real SAR images as shown in Fig. 1 to analyze
the SSM between ships and sea clutter. A Pol-SAR data set ac-
quired by RADARSAT-2 is processed to analyze the scattering
mechanism of ships and sea clutter and validate the proposed
method in this paper. The detailed information of Data#1 and
Data#2 is listed in Table 2.

In order to statistically analyze the scattering mechanism of
ships and sea clutter, we first manually sampled the pixel of ships
and sea in two SAR images. After the sampling is completed, ac-
cording to the similarity parameters corresponding to the differ-

ent canonical targets as shown in Table 1, we calculate the simil-
arity parameters of each pixel corresponding to the odd-bounce
scatterers, the even-bounce scatterers, the volume scatterers, and
the extension volume scatterers, respectively. Then we calculate
the average values of the similarity parameters of the pixels be-
longing to ships and sea clutter separately. The results are shown
in Fig. 2. In the process of sampling, we acquire more than 105

sampling points of ships and more than 106 sampling pixels of
sea clutter on each SAR image, to ensure the validity of the stat-
istical results.

According to Fig. 2, as the extension of rv, the parameter rv1,
rv2 and rv3 is competent to model the highly random volume scat-
tering resulted from the even-bounce and odd-bounce struc-
tures. They are not competitive but cooperative. The mean of
these parameters belonging to ships and sea clutter is calculated

Table 1.   Modified scattering similarity parameters
Scattering model Canonical scatterer (Tc) Similarity parameter (r)

Odd-bounce scatterers
To =

   
  
  

 ro =
T

T + T + T

Even-bounce scatterers
Te =

   
  
  

 re =
T

T + T + T

Volume scatterers
Tv =

   
  
  

 rv =
T

T + T + T

Extension volume scatterers 1
Tv =





   
  
  

 rv =
T + T

 (T + T + T)

Extension volume scatterers 2
Tv =





   
  
  

 rv =
T + T + T + Re (T)

 (T + T + T)

Extension volume scatterers 3
Tv =





  − 
−  
  

 rv =
T + T + T − Re (T)

 (T + T + T)

         Note: Tmn represents the element value of the m-th row and the n-th column of the matrix T.

Table 2.   Data used for SSM analysis.
Sensor Acquired time Incidence/(°) Pass Pixel spacing/m Mode

Data#1 Radarsat-2 2010-07-14 05:39:22 48.9 descending 5.2×4.7 Fine Quad

Data#2 Radarsat-2 2014-09-26 06:07:15 40.2 ascending 4.7×4.8 Fine Quad

a. Data#1 b. Data#2

 

Fig. 1.   Data used for SSM analysis
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respectively. As shown in Fig. 2, for ro, re and rv, ships are domin-
ated by ro and re, while sea clutter is dominated by ro, which is
much larger than that of ships. Although both ships and sea are
not dominated by rv, rv for ships are slightly larger than that for
sea clutter; for rv1, rv2 and rv3, sea clutter is dominated by rv2 and
rv3, ships are dominated by them all at the same time, and rv1 of
ships is larger than that of sea clutter obviously. The reason be-
hind the phenomenon above is that the even-bounce scattering
of ships may mainly attributed to the dihedral reflectors, such as
the deck-hatch, deck-cargo handling gears structure (Xi et al.,
2017), while the volume scattering is mainly caused by some
complex structures on board; the odd bounce, for ships, may
mainly be contributed by the trihedral and the flat structure, the
odd bounce for the rather rough sea surface is mainly caused by
the Bragg scattering

2.2  Detection metric
As analyzed above, the scattering similarity parameters re-

veal the differences between ships and sea background, which
motivates us to construct a metric for ship detection. The re, rv

and rv1 of ships are larger than those of sea clutter, while the ro,
rv2 and rv3 of sea clutter are larger than those of ships, therefore a
new ship metric can be constructed as Eq. (2). Obviously, the
SSM of ships is much larger than that of sea clutter, which can
improve the ship-sea contrast effectively. In Eq. (2), λ3 is the third
eigenvalue of the coherency matrix which can discriminate the
system noise (Sun et al., 2012).

SSM =
(re + rv)

ro
· rv
(rv + rv)

λ. (2)

As we can see, the sum of the polarimetric scattering similar-
ity parameters corresponding to odd-bounce, even-bounce and
volume scattering is equal to one. Theoretically, this indicates the
combination of ro, re and rv can achieve a good cover of the scat-
tering mechanism; thus good characterization is guaranteed. In
other words, the scattering mechanism of each scatterer can be
fully represented by them. Another similar case is the polarimet-
ric scattering similarity parameters rv1, rv2 and rv3. On the other
hand, the metric constructed by these two sets of the similarity
parameters meets the law of conservation of energy.

2.3  Kernel density estimation

{Xi, i = , , · · · ,N}

To implement the CFAR technique according to the SSM, a
crucial and fundamental issue is to develop a precise and effect-
ive distribution to model the SSM. Kernel density estimation
(KDE) is a nonparametric procedure for probability density mod-
eling, which has been widely and successfully used in various
fields (Bors and Nasios, 2009). In KDE, a kernel function is as-
signed to each data sample , and the probab-

ility density function (PDF) that represents these data is approx-
imated by

ψ (X) =

Nh

N∑
i=

κ

(
X− Xi

h

)
, (3)

where κ is the kernel function, and h is the kernel bandwidth. The
kernel function and bandwidth are two fundamental parameters
that control the smoothness and modeling ability of the KDE. We
follow the existing studies and choose the Gaussian as the kernel
function due to its properties of approximation and for having
the derivatives of all orders defined over the entire space (Jones
et al., 1996). A classical bandwidth estimation method derives
from minimizing the error between the underlying distribution
and its estimation (Sheather, 2004), and the optimal bandwidth
can be obtained

hopt =
.

N



σ, (4)

{Xi, i = , , · · · ,N}where σ is the standard deviation of the given data .

3  Experiments

3.1  Experiments data
We utilize two real SAR images as shown in Fig. 3 to test the

fitting performance and detection performance of the method we
proposed. The detailed information of two SAR images is listed in
the Table 3. Data#3 is a multi-look PolSAR data with 3-look in
azimuth direction and 1-look in range direction while Data#4 is a
multi-look PolSAR data with 2-look in azimuth direction and 1-
look in range direction. We sampled two sub-regions consisting
of 356×386 pixels from the Data#3 and 1 061×1 161 pixels from
the Data#4, respectively to conduct our experiments.

3.2  Fitting results
The proposed KDE methodology is applied on the test data.

For comparison, some widely used fitting models such as the K
distribution, Weibull distribution (WBL), logarithmic normal dis-
tribution (LGN), are also used to fit the test data. Furthermore, to
provide a quantitative comparison, the commonly used symmet-
ric Kullback-Leibler (KL) distance (Kullback and Leibler, 1951),
which measures global similarity between estimated and theoret-
ical PDFs, is employed as the goodness-of-fit (GoF) measure in
our experiments. Figure 4 and Table 4 provides the fitting results
and the KL values of different distributions for the test data. For
Data#3, the KL value of proposed KDE is just 0.002 3, which is al-
most 85% smaller than the WBL, whose KL value 0.015 3 is
second best in all compared methods. For Data#4, the KL value
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Fig. 2.   Main scattering mechanism analysis of the Data#1 (a) and Data#2 (b).
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of proposed KDE is just 0.001 8, which is almost 97% smaller than
the LGN, whose KL value 0.065 0 is the second best in all com-
pared methods. The visual inspection also clearly shows that the
proposed distribution almost perfectly matches the real SSM stat-
istics histograms.

3.3  Ship detection
After the effectiveness of the proposed modeling method for

the SSM is validated, the next goal is to investigate its suitability
and capability in practical ship detection applications. To com-
plete this task, the experiment is performed on two sub-regions
as shown in Fig. 3. Because of the lack of available automatic
identification system (AIS) data for the region, the ships are iden-
tified by experts in SAR image analysis, as shown in Fig. 5a and

Fig. 6a. For Data#3, to present a detailed understanding of the
proposed metric, we conduct a series of experiments by varying
probability of false alarm (PFA) from 0.000 07 to 0.001 at an inter-
val of 0.000 005. For Data#4, we conduct a series of experiments
by varying probability of false alarm (PFA) from 0.000 1 to 0.01 at
an interval of 0.000 05. For each experiment, we employ pixel-
level figure of merit (FoM) to evaluate the ship detection per-
formance, which can be defined as

FoM =
Nd

Nt + Nf
, (5)

where Nd denotes the number of correctly detected pixels, Nf is
the number of false alarm pixels, and Nt is the ground truth num-

Table 3.   Data used for testing the modeling and detection performance of SSM
Sensor Acquired time Incidence/(°) Pass Pixel spacing/m Mode

Data#3 Radarsat-2 2015-11-21 19:14:14 20.6 ascending 4.8×4.7 Fine Quad

Data#4 Radarsat-2 2010-07-12 09:50:22 33.4 ascending 4.7×4.5 Fine Quad

Table 4.   The KL distance between the distributions and image histogram
LGN WBL NKG K-root G0 Our method

Data#3 0.060 2 0.015 3 0.018 0 0.039 3 0.083 0 0.002 3
Data#4 0.065 0 0.215 5 0.104 3 0.079 4 0.255 9 0.001 8

          Note: The black bold denotes the best performance.
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Fig. 3.   RADARSAT-2 data. The region of interest (black rectangle) is used in the detection experiment.

0.045
0.040
0.035
0.030
0.025
0.020
0.015
0.010
0.005

P
ro

b
ab

il
it

y
 d

en
si

ty
 f

u
n
ct

io
n

0 50 100 150 200 250 300

Detection metric

Hist
LGN
WBL
NKG
K-root
G0

KDE

a. The fitting results for Data#3

0.05

0.04

0.03

0.02

0.01

0P
ro

b
ab

il
it

y
 d

en
si

ty
 f

u
n
ct

io
n

0 50 100 150 200 250 300

Detection metric

Hist
LGN
WBL
NKG
K-root
G0

KDE

b. The fitting results for Data#4
 

Fig. 4.   Sea clutter modeling with different comparative methods.

148 Lang Haitao et al. Acta Oceanol. Sin., 2020, Vol. 39, No. 5, P. 145–150  



ber of ship target pixels.
For Data#3, with the increment of PFA, the FoM of SSM de-

tector increases gradually, and the maximum FoM 0.850 8 is ac-
quired when PFA is 0.000 3, the corresponding detection result is
shown in Fig. 5d. where twenty-two targets are detected correctly
and there is no false alarm target. The performance of the pro-
posed method is compared with two classic polarimetric ap-
proaches, i.e., the polarimetric cross-entropy (PCE) (Chen et al.,
2009) and reflection symmetry metric (RSM) (Nunziata et al.,
2012). PCE output, as shown in Fig. 5b, witnesses that in this case
the filter is not able to work properly. Although the targets have
been correctly detected, many false alarms are present in the sea
clutter area and part of targets are incomplete, leading to the
FoM of PCE only 0.355 0. The output of the RSM is shown in Fig.
5c. Although the targets have been correctly detected and no
false positive is present, the FoM of RSM is only 0.762 1, many
pixels belonging to ships are missing.

For Data#4, with the increment of PFA, the FoM of SSM de-
tector increases gradually, and the maximum FoM 0.712 8 is ac-
quired when PFA is 0.002 9, the corresponding detection result is
shown in Fig. 6d. where eighteen targets are detected correctly
and there is no false alarm target. The performance of the pro-
posed method is compared with two classic polarimetric ap-

proach, i.e., the PCE and RSM. PCE output, as shown in Fig. 6b,
witnesses that in this case the filter is not able to work properly.
Only the sidelobes around the ship targets are highlighted and
many false alarms are present in the sea clutter area, leading to
the FoM of PCE just 0.088 9. This odd result is inherently due to
the norm that PCE filter uses to distinguish targets from clutter,
i.e., the polarimetric entropy. The output of the RSM is shown in
Fig. 6c. Although the targets have been correctly detected and no
false positive is present, the FoM of RSM is only 0.608 1, many
pixels belonging to ships are missing.

4  Conclusions
In this paper, we have investigated the scattering mechanism

of ships and sea clutter using the scattering similarity parameters.
Based on the differences between them, we propose a new detec-
tion metric SSM, and the third eigenvalue of the coherency mat-
rix is utilized to suppress the disturbances. At the same time, we
develop a statistical model of the metric with KDE method and
based on which a CFAR detection scheme is achieved. The ex-
tensive experiments verify the good performance of the de-
veloped statistical model and demonstrates the advantage of the
CFAR detection based on the proposed SSM metric.

a

c

b

d

 

Fig. 5.   The detection results for Data#3. a. Visual interpretation image, b. the PCE detection result corresponding to FoM 0.355 0, c.
the RSM detection result corresponding to FoM 0.762 1, and d. the SSM detection result corresponding to FoM 0.850 8. The red circle
indicates the false alarm target, the yellow circle indicates that the target shape is incomplete, and the green circle indicates that the
target area is significantly larger.
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