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Abstract: The  quality  of  synthetic  aperture  radar  (SAR)  image
degrades in the case of multiple imaging projection planes (IPPs)
and multiple overlapping ship targets, and then the performance
of  target  classification  and  recognition  can  be  influenced.  For
addressing this  issue,  a method for  extracting ship targets with
overlaps via the expectation maximization (EM) algorithm is pro-
posed.  First,  the  scatterers  of  ship  targets  are  obtained  via  the
target detection technique. Then, the EM algorithm is applied to
extract  the  scatterers  of  a  single  ship  target  with  a  single  IPP.
Afterwards, a novel image amplitude estimation approach is pro-
posed, with which the radar image of a single target with a sin-
gle  IPP  can  be  generated.  The  proposed  method  can  accom-
plish IPP selection and targets separation in the image domain,
which  can  improve  the  image  quality  and  reserve  the  target
information  most  possibly.  Results  of  simulated  and  real  mea-
sured  data  demonstrate  the  effectiveness  of  the  proposed
method.
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1. Introduction
Radar  imaging  for  ship  target  is  important  for  maritime
surveillance  [1−4].  However,  two  special  circumstances
in the synthetic  aperture radar (SAR) imaging are disad-
vantageous  for  the  target  classification  and  recognition.
One is the multiple imaging projection planes (IPPs), the
other is  overlapping multiple targets.  Hence,  it  is  impor-
tant for achieving IPP selection and target separation.

In  the  first  case,  the  IPP is  changing within the  imag-
ing interval,  which is  aroused by the complex motion of
maritime  targets  [5−7].  For  this  reason,  the  SAR  image
obtained  by  the  conventional  algorithm  shows  multiple
attitudes of ship targets. For improving the image quality

and better  extracting target  feature,  multiple IPPs should
be  restricted  as  the  single  IPP  firstly  [8−11].  Generally,
the  common  solution  is  to  select  the  optimal  time  inter-
val,  and  many  effective  methods  are  proposed  for
decades. In [12,13], Pastina et al. achieved the IPP selec-
tion  combined  with  the  angular  motion  parameters  esti-
mation technique. In [14−18], several optimal time selec-
tion methods were presented with measuring the station-
arity of Doppler frequency. These methods can obtain the
single IPP, however two main issues are involved: (i) the
image  sequence  usually  needs  to  be  generated,  which
consumes  large  computational  complexity;  (ii)  the  SAR
image needs to be inverse-mapped into the echo domain.

In  the  second case,  the  multiple  ship  targets  are  over-
lapped  in  the  SAR  image  owing  to  the  close  range  and
azimuth  positions  [19].  Similar  with  the  first  case,  the
time  interval  is  selected  to  solve  this  problem,  in  which
only  the  single  target  is  illuminated.  This  operation  has
three  defects:  (i)  the  echo information is  wasted;  (ii)  the
image resolution is degraded; (iii) the completeness of the
target may be broken.

Great  challenges  are  presented  by  these  two  special
cases, especially for the imaging quality, target classifica-
tion and recognition. In this paper, this problem is solved
with  scatterer  classification  and  amplitude  estimation
from a novel perspective, which is different with conven-
tional  time  window  selection  methods  in  [12−18].  First,
the  scatterers  of  the  ship  target  should  be  well  extracted
from  the  SAR  image.  In  this  paper,  the  target  detection
technique  in  [5,20]  and  the  OTSU technique  in  [21]  are
employed  to  avoid  the  influence  of  background  noise,
clutter  and  high  sidelobe.  Then,  a  method  for  extracting
the  ship  target  with  overlaps  is  proposed,  which  can
achieve the IPP selection and target separation. The pro-
posed method is composed of the expectation maximiza-
tion  (EM)  algorithm  and  the  amplitude  estimation
method.  The  EM algorithm is  applicable  to  the  overlap-
ping scatterers, with which the scatterers of the single IPP
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and  single  target  can  be  well  extracted.  The  amplitude
estimation method is  proposed for  recovering the  ampli-
tude of these scatterers, which ensures the image quality,
the resolution and the completeness of ship targets.

As  mentioned  above,  the  classification  of  scatterers
impacts  on  the  performance  of  ship  extraction.  Espe-
cially  for  the  overlapping  scatterer,  it  should  be  consi-
dered as  belonging to  multiple  clusters,  instead of  a  sin-
gle cluster. Obviously, the classical clustering algorithms
such  as k-means  algorithm [21−23],  hierarchical  cluster-
ing algorithm [24,25] are inadequate in this  case.  There-
fore,  in  this  paper,  the  EM  algorithm  is  adopted  for  the
superior  classification  of  overlapping  scatterers  since  it
can  calculate  the  probability  that  each  pixel  belongs  to
each cluster [26,27].

The  rest  content  is  arranged  as  follows.  Firstly,  the
SAR  processing  method  and  data  preprocessing  tech-
nique are introduced in Section 2, and then the problem to
be  solved  is  described  as  the  estimation  of  two  dimen-
sional (2D) Gaussian mixture model (GMM). Afterwards,
the  proposed  method  is  elaborated  in  Section  3,  involv-
ing  the  EM algorithm and amplitude  estimation  method.
Subsequently,  the  availability  of  the  proposed method is
validated by results  of  simulated and real  measured data
in  Section  4.  Finally,  the  conclusions  are  drawn  in  Sec-
tion 5. 

2. SAR  processing  algorithm,  data  prepro-
cessing  technique,  and  mathematical
model establishment

In this section, the chirp scaling (CS) algorithm in [28] is
introduced  firstly  for  SAR  processing.  Afterwards,  the
data  preprocessing  technique  is  elaborated  integrally,
which  combines  the  target  detection  method  in  [20]  and
the OTSU method in [21]. Afterwards, the phenomena of
multiple IPPs and overlapping targets  is  interpreted with
the  mathematical  model,  after  that  the  problem  to  be
solved is described as the estimation of GMM. 

2.1    SAR processing algorithm

IO (m,n) m n
m = 1,2, · · · ,Na n = 1,2, · · · ,Nr

Na Nr

In this paper,  the CS algorithm in [28] is applied for the
SAR  imaging.  First,  the  CS  algorithm  compensates  the
range  curvatures  in  the  different  range  positions.  Then,
the residual range migration is compensated. Afterwards,
the residual phase compensation is accomplished after the
range  compression.  Finally,  the  SAR  image  can  be
obtained  with  the  azimuth  compression,  denoted  as

. Here,  and  are the azimuth and range posi-
tion,  respectively, , ,  and

 and  are  the  numbers  of  azimuth  and  range  bins,
respectively.

Then, the EM algorithm can be implemented to extract

the  multiple  target  attitudes  or  separate  the  overlapping
targets. Nevertheless, one precondition needs to be satis-
fied  that  the  potential  scatterers  of  the  target  should  be
well  extracted from the SAR image,  and the undesirable
samples  arose  from  background  noise,  clutter  and  high
sidelobe  should  be  ignored.  For  this  purpose,  the  target
detection technique in [20] and the OTSU method in [21]
are adopted.  The integrated procedure will  be elaborated
in the next part. 

2.2    Data preprocessing technique

K KIt is assumed that there are  IPPs or  overlapping ship
targets  in  the  SAR image.  Generally,  the  integrated  pro-
cedure includes the following steps [20,21].
Step 1　Prescreening technique
A 2D window is designed to detect the potential  sam-

ples  of  the  ship  target.  The  window  is  composed  of  the
background area, the guarding area and the sample under
detection (SUD), as summarized in Fig. 1. The amplitude
ratio between the SUD and the average background noise
is used to detect the potential samples.
 
 

: SUD;

Wb

Wg

: Guarding area;

: Background area.

Fig. 1    Structure of 2D window
 

The background area can be expressed as

F (wm,wn) =



0, wm ∈
[
m−

Wg−1
2
,m+

Wg−1
2

]
;

wn ∈
[
n−

Wg−1
2
,n+

Wg−1
2

]
;

wm,wn ∈ Z
1, others

(1)

Wb >Wgwhere ,  both  of  them  are  odd  numbers,  which
express  the  lengths  of  2D  window  and  guarding  area,
respectively.

The  amplitude  of  background  noise  can  be  evaluated
by  the  average  amplitude  of  samples  in  the  background
area, which can be calculated as

Ib (m,n) =
1

W2
b −W2

g

·

m+(Wb−1)/2∑
wm=m−(Wb−1)/2

n+(Wb−1)/2∑
wn=n−(Wb−1)/2

IO (wm,wn) F (wm,wn) (2)

Afterwards,  the  SAR  image  after  the  prescreening
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technique can be obtained as

IP (m,n) =

IO (m,n) ,
IO (m,n)
Ib (m,n)

⩾Gp

0, others
(3)

IO (m,n) Gpwhere  is  the  amplitude  of  SUD,  and  is  the
threshold.
Step 2　Morphological filtering technique

IMF (m,n)

The  morphological  filter  is  employed  for  eliminating
the  isolated  samples,  after  which  the  SAR  image  is
denoted as .
Step 3　Labeling technique

l (l = 1,2, · · · ,L) L

Sl (m,n) sc (l) =
[ml,nl]T

The  multiple  connected  samples  are  labeled  as
 with the rule of 4-connectivity, where 

is  the  number  of  sets.  Subsequently,  the  2D  sample  set
 is  composed,  whose  centre  is  located  in 
.

Step 4　Rejection technique

GR

Some  sample  sets  are  rejected  with  a  more  severe
threshold  owing  to  the  small  size  and  low  intensity.
Here, the intensity of sample set is compared with back-
ground noise.

The integrated amplitude of sample set is calculated by

Ia (l) =
∑

m

∑
n

Sl (m,n). (4)

lThe background area of the th sample set can be cal-

culated via

Ĩb
(
wml
,wnl

)
= IMF

(
wml
,wnl

) ·F (wml
,wnl

)
. (5)

Then,  the  contrast  of  the  background  area  can  be
solved with

Ic (l) =

√
E
{[

Ĩb
(
wml
,wnl

)−E
{
Ĩb
(
wml
,wnl

)}]2}
E
[
Ĩb
(
wml
,wnl

)] . (6)

Ia (l)/Ic (l) ⩾GR lIf ,  the th sample set can be reserved.
Otherwise it is rejected.
Step 5　Fusion technique
The  fusion  technique  merges  the  adjacent  sample  set

and generate the entire target. If the distance between two
sample sets is  smaller than a threshold,  the smaller sam-
ple  set  will  be  merged  into  the  bigger  one.  This  proce-
dure  will  be  repeated  with  several  times  by  using  more
severe  thresholds  until  the  number  of  sample  sets  stops
changing.
Step 6　OTSU technique
It  is  considered  that  some  undesirable  samples  with

high  sidelobe  are  selected  by  Step  1,  which  is  hard  to
eliminate in the above steps. Hence, the OTSU method [21]
is  employed  to  eliminate  these  samples  and  obtain  the
final sample set.

The integrated data preprocessing procedure is summa-
rized in Fig. 2.
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Fig. 2    Flowchart of integrated data preprocessing technique
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2.3    GMM

S = {s1, s2, · · · , sJ}
I (m,n) s j =

[
m j,n j

]T
m j n j j
j = 1,2, · · · , J J

After the data preprocessing technique, the 2D sample set
can be acquired and denoted as , and the
SAR  image  is  expressed  as .  Here, ,

 and  are the azimuth and range positions of the th
( ) sample and  is the number of samples.

S K

µk Σk k = 1,2, · · · ,K

The  sample  set  of  can  be  classified  as  clusters
with the clustering analysis. Since the overlapping pixels
exist in the SAR image, the 2D GMM is selected for the
classification  in  this  paper,  where  the  mean  and  covari-
ance  matrix  are  denoted  as  and  ( ),
respectively.

P
(
s j ∈Ck |s j

)Actually,  the  procedure  of  classification  can  be
depicted  as  solving  the  posterior  probability  of

,  which  can  be  calculated  with  Bayes  for-
mula [29]:

P
(
s j ∈Ck |s j

)
=

P
(
s j|s j ∈Ck

)
P
(
s j ∈Ck

)∑
k

P
(
s j|s j ∈Ck

)
P
(
s j ∈Ck

) (7)

P
(
s j ∈Ck

)
P
(
s j|s j ∈Ck

)where  represents  the  prior  probability,  and
 is the conditional probability, which can be

expressed as

P
(
s j|µk,Σk

)
=

(2π)−
D
2 |Σk |−

1
2 exp

[
−1

2
(
s j−µk

)T
Σ−1

k

(
s j−µk

)]
(8)

D = 2and  in this paper.
SThe  optimal  GMM  for  the  sample  set  can  be

described as

p
(
S ;Θopt) =∑

k

Popt (S ∈Ck) P
(
S |µopt

k ,Σ
opt
k

)
(9)

Θopt =
{
µopt

k ,Σ
opt
k ,P
(
s j ∈Copt

k

)}
Θopt

where  is  the  optimal  para-
meter  set.  The  illustration  of  the  GMM  is  given  in
Fig. 3, and the solution of  will be elaborated in Sec-
tion 3.
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Fig. 3    Illustration of GMM, classification, and confidence area

 
In this paper, the confidence ellipse is applied to depict

the confidence area,  as  shown in Fig.  3.  The function of
confidence ellipse can be expressed as

x2

λk,1
+

y2

λk,2
= s0 (10)

x y

s0

α

where  and  are the samples in the range and azimuth
directions.  In  this  paper,  the  value  of  is  5.991  corre-
sponding to the 95% confidence level .

λk,1 λk,2The values of  and  can be obtained by the prin-
cipal component analysis:


Σopt

k V = V D

D =
[
λk,1 0
0 λk,2

] (11)

Vwhere  is  the  eigenmatrix,  which  shows  the  directions
of  major  and  minor  axes,  and  the  lengths  of  major  axis
and minor axis are as follows:

2ak = 2
√

s0λk,1, (12)

2bk = 2
√

s0λk,2. (13)

kThen, the confidence ellipse of the th Gaussian distri-
bution can be expressed as follows:
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[
x
y

]
= V
[

ak cosϕ
bk sinϕ

]
+µopt

k , ϕ ∈ [−π,π] . (14)
 

3. A  method  for  extracting  ship  target  with
overlaps in SAR image via EM algorithm

In this section, a novel method for extracting the ship tar-
get  with  overlaps  is  proposed,  which  involves  the  EM
algorithm  and  the  amplitude  estimation  method.  Firstly,
the principle of the proposed method is introduced. Then,
the  main  steps  of  the  proposed  method  are  given.  The
proposed  method  can  achieve  the  target  separation  and
IPP  extraction.  Consequently,  the  image  quality  can  be
improved,  the  image  resolution  can  be  ensured,  and  the
more complete target can be obtained. 

3.1    Principle of the proposed method

Θopt =
{(
µopt

k ,Σ
opt
k ,P
(
s j ∈Copt

k

))
,k = 1,2, · · · ,K

}
Primarily,  the  clustering  analysis  technique  is  imple-
mented. For calculating the posterior probability in (7), a
group of optimal parameters should be acquired, denoted
as .  In  this

Θ(0)

P(1) (s j ∈Ck |s j;Θ(0))
Θ(1)

Θopt

Popt (s j ∈Ck |s j
)

paper,  the  EM  algorithm  is  adopted  to  solve  this  issue,
and  the  main  steps  are  as  follows.  First,  with  the
initial  parameter  of ,  the  posterior  probability  of

 is  calculated  via  (7).  Second,  the
position,  intra-class  error  and  posterior  probability  of
each  sample  are  used  to  update  via  the  weighted
average.  The  aforementioned  two  steps  are  named  as
E-step and M-step, which are repeated until the precision
is satisfied. Finally, the optimal parameter of  and the
classification result of  can be obtained.

I
(
s j
)

Afterwards,  an  image  amplitude  estimation  method  is
proposed to generate the radar image with the single IPP
and single  target,  which ensures  the completeness  of  the
target.  The  illustration  of  amplitude  estimation  is  shown
in Fig.  4.  It  is  considered  that  the  image  amplitude  of

 consists  of  the  image  amplitudes  of  multiple  clus-
ters, which can be expressed as

I
(
s j
)
=
∑

k

Ik
(
s j
)

(15)

Ik
(
s j
)

s j ∈Ckwhere  is the image amplitude with .
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Popt (s j ∈Ck |s j
)

s j

Ck Ik
(
s j
)

It  is  observed  that  the  posterior  probability  of
 can  depict  the  possibility  that  belongs

to .  Hence,  the image amplitude of  can be esti-
mated by

Ik
(
s j
)
= Popt (s j ∈Ck |s j

)
I
(
s j
)
. (16)

K
I1 (S ) , I2 (S ) , · · · , IK (S )

Based on (16), the  radar images with single IPP and
single target can be obtained as .

s j Ck

Ik
(
s j
)

s j Ck

Ik
(
s j
)

k
Ik (S ) k k

In  (16),  when  hardly  belongs  to ,  the  value  of
 will  be  small.  When  almost  belongs  to ,  the

value of  will be large. Hence, the th radar image
of  only contains the th IPP or the th target, while
other IPPs or targets cannot be presented.

s j

s j ∈C1 s j ∈C2

Popt (s j ∈C1|s j
)

Popt (s j ∈C2|s j
)

Popt (s j ∈C1|s j
)

Popt (s j ∈C2|s j
)

I1
(
s j
)

I2
(
s j
)

Another  advantage  of  the  amplitude  estimation  with
(16)  is  that  the  more  target  information  can  be  retained.
Without the amplitude estimation, the overlapping pixels
will be lost, and the ship target in the SAR image will be
incomplete. A simple example is used for illustration. We
assume  that  is  an  overlapping  sample  in  the  SAR
image.  The  probabilities  of  and  are
denoted  as  and ,  respec-
tively. It can be predicted that  will be simi-
lar to . Hence, the amplitudes of  and

 are close.
s jWithout  the  amplitude  estimation,  the  sample  of  is
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s j ∈C1

s j

I1
(
s j
)
= I
(
s j
)

I2
(
s j
)
= 0

only  classified  as  a  single  cluster,  assumed  as .
The amplitudes of  in the first and second radar images
are  estimated  as  and ,  respec-
tively.  Apparently,  the  overlapping  pixels  will  appear  in
the  first  radar  image,  and  their  intensities  will  be  higher
than  other  pixels.  Furthermore,  the  second  radar  image
will  miss  these  overlapping  pixels,  and  the  ship  target
will  be  incomplete.  Therefore,  estimating  image  ampli-
tude  is  important  for  ensuring  the  completeness  of  ship
target in the radar image.

s j

I1
(
s j
)
= Popt (s j ∈C1|s j

)
I
(
s j
)

I2
(
s j
)
=

Popt (s j ∈C2|s j
)
I
(
s j
)

With the proposed method, the amplitudes of overlap-
ping pixel  in the first and second radar images can be
estimated  as  and 

,  respectively.  The  overlapping  pi-
xels will appear both in the first and second radar images,
which ensures the completeness of the ship target. 

3.2    Procedure of the proposed method

The  flowchart  of  the  proposed  method  is  shown  in
Fig. 5.
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Fig. 5    Flowchart of the proposed method
 

The main steps are as follows:
Step 1　Obtain the SAR image, and establish the sam-

ple set via the data preprocessing technique.
i = 0

Θ(0) δ

Step 2　Initialize ,  set a group of initial  parame-
ters , and determine the precision as .

P(i+1) (s j ∈Ck |s j;Θ(i)) j = 1,2, · · · , J k = 1,2, · · · ,K

Step  3　Accomplish  the  E-step  via  (7)  and  (8).  The
new  posterior  probability  can  be  denoted  as

, where , .
Step 4　Implement the M-step via (17)−(19).

µ(i+1)
k =

∑
j

s jP(i+1)
(
s j ∈Ck |s j;Θ(i)

)
∑

j

P(i+1)
(
s j ∈Ck |s j;Θ(i)

) , (17)

Σ(i+1)
k =

∑
j

(
s j−µ(i+1)

k

) (
s j−µ(i+1)

k

)T
P(i+1)

(
s j ∈Ck |s j;Θ(i)

)
∑

j

P(i+1)
(
s j ∈Ck |s j;Θ(i)

) ,

(18)

P(i+1) (s j ∈Ck
)
=

1
J

∑
j

P(i+1)
(
s j ∈Ck |s j;Θ(i)

)
. (19)

RMSE
(
Θ(i),Θ(i+1)) δ

Step  5　 Compare  the  root  mean  square  error
 with the precision of .

RMSE
(
Θ(i),Θ(i+1)) ⩽ δIf ,  we  can  obtain  the  classifica-

tion results as follows:

Popt (s j ∈Ck |s j
)
= P(i+1)

(
s j ∈Ck |s j;Θ(i)

)
, (20)

Θopt = Θ(i+1). (21)

Then, Step 6 is implemented.
i = i+1Otherwise, the iteration number is updated as ,

and Step 3−Step 5 are repeated.
RMSE

(
Θ(i),Θ(i+1))Here,  is calculated by

RMSE
(
Θ(i),Θ(i+1)

)
=

∑
k

(
µ(i+1)

k −µ(i)
k

)T (
µ(i+1)

k −µ(i)
k

)
DK

+∑
k

∑
s

∑
r

(
σ(i+1)

k,rs −σ
(i)
k,rs

)2
D2K

+∑
k

(
P(i+1) (s j ∈Ck

)−P(i) (s j ∈Ck
))2

K
(22)

σ(i)
k,rs Σ(i)

k r
s r, s = 1,2
where  is  the  element  of  in  the th  row and the

th column, and .

K I1 (S ) , I2 (S ) , · · · , IK (S )
Step  6　Estimate  the  amplitude  with  (16),  and  gene-

rate the  radar images of .

K
K

Remark 1　The recognition system can be applied to
distinguish  whether  the  special  case  exists.  The  radar
images with the proposed method are input to the recog-
nition system. With the given recognition threshold, if the
target can be successfully recognized, the value of  can
be determined. The value of  starts with 1 and increases
gradually.
Remark  2　Additionally,  the  recognition  system  can

distinguish  which  kind  of  special  case  appears.  If  the
recognition result  shows single  target,  the  case  of  multi-
ple IPPs will happen. If the recognition result shows mul-
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tiple  target  types,  the  case  of  overlapping  targets  will
exist. 

4. Experiment results
In this section, the k-means algorithm and EM algorithm
are  employed  to  extract  the  single  IPP  and  single  target
for comparison with the proposed method. 

4.1    Simulated data in the case of multiple IPPs

The  parameters  of  the  simulated  data  are  listed  in
Table 1,  and the scatterer model is  shown in Fig.  6.  The
ship  target  has  3D  sinusoidal  rotation  (roll,  pitch,  and
yaw),  the  rotation  amplitudes  are  1.80,  0.21,  and  0.24
degrees, respectively, and the rotation periods are 16.2 s,
28.3 s, and 13.3 s, respectively. The CS algorithm in [28]
is  adopted  for  the  SAR  imaging.  Obviously,  there  are
multiple  IPPs  in  the  SAR  image,  as  shown  in Fig.  7,
which degrades the image quality.
  

Table 1    Parameters of simulated data

Parameter Value
Sample frequency/MHz 200

Bandwidth/MHz 60
Pulse repetition frequency/MHz 200

Pulse width/μs 10
Carrier frequency/GHz 5.3

Aircraft height/km 10
Aircraft velocity/(m/s) 50
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Fig. 6    Scatterer model of ship target in the case of multiple IPPs
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Fig. 7    SAR image of ship target with multiple IPPs for simulated
data
 

Afterwards,  the  data  preprocessing  technique  is
employed  for  better  extracting  the  scatterers  of  ship  tar-
get.  The processing results are summarized in Fig. 8(a)−
Fig.  8(h).  First,  the potential  samples are selected by the

prescreening technique,  as  shown in Fig.  8(a).  Then,  the
morphological  filtering  technique  is  applied  to  remove
the isolated samples, as shown in Fig. 8(b). The samples
neighboring  in  the  4-connectivity  area  are  labeled,  with
which the 2D sample sets are generated. The labeled sam-
ple  sets  and  their  centres  are  demonstrated  in Fig.  8(c)
and Fig. 8(d), respectively. Afterwards, some sample sets
with  the  low  intensity  and  small  size  are  eliminated  via
the rejection technique, as shown in Fig. 8(e). Moreover,
the sample sets of the same ship target are merged via the
fusion  technique,  as  shown  in Fig.  8(f).  The  change  of
sample set number is demonstrated in Fig. 8(g) from the
steps  of  morphological  filtering,  rejection  and  fusion.
However, some high-sidelobe samples are still remained,
which are eliminated by the OTSU method, as shown in
Fig.  8(h).  Subsequently,  the  scatterers  are  extracted,  as
shown in Fig. 9.
 
 

(a) Prescreening technique (b) Morphological filtering

(c) Labeling technique (d) 2D sample sets’ centres

(e) Rejection technique (f) Fusion technique

(g) Number of 2D sample sets

(h) OTSU technique
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Fig. 8    SAR image with multiple IPPs after data preprocessing for
simulated data
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Fig. 9    Extraction results of scatterers in SAR image with multiple
IPPs for simulated data
 

Different  clustering  algorithms are  adopted  to  classify
the scatterers in Fig. 9. The results of different clustering
algorithms  are  shown  in Fig.  10.  The  green  and  orange
shadow areas represent the confidence ellipses of the first
and  second  clusters,  respectively.  Apparently,  the k-
means method cannot  classify  the  scatterers  of  two IPPs
correctly,  as  shown  in Fig.  10(a),  whereas  the  scatterers
of  two  IPPs  are  extracted  accurately  via  the  EM  algo-
rithm,  as  shown in Fig.  10(b).  Hence,  the  EM algorithm
has superior performance for the classification of overlap-
ping scatterers.

 

(a) k-means algorithm (b) EM algorithm

1 400

1 200

1 000

800

600
920 1 000

Range bin

1 080 920 1 000

Range bin

1 080

A
zi

m
u
th

 b
in

1 400

1 200

1 000

800

600

A
zi

m
u
th

 b
in

: Confidence ellipse 1; : Confidence ellipse 2.

: Cluster 1; : Cluster 2;

Fig.  10      Results  of  different  clustering  algorithms  in  the  case  of
multiple IPPs for simulated data

 
The  parameters  of  the  EM  algorithm  and  confidence

ellipse  are  listed  in Table  2,  including  the  mean
and  covariance  matrix  of  each  cluster,  the  eigenva-
lues  and  eigenvectors  of  the  covariance  matrix,  and
the lengths of the major and minor axis for the confiden-
ce  ellipse.  Here,  the  confidence  level  is  determined  as
95%.

 
 

Table 2    Parameters of EM algorithm and confidence ellipse for simulated data in the case of multiple IPPs

Cluster µ
opt
k Σ

opt
k

Eigenvalue Axis length of ellipse Eigenvector

λk,1 λk,2 ak bk vk,1 vk,2

1
[

1 009.5 933.9
]T [

1 341.5 −2 971.3
−2 971.3 9 830.2

]
405.0 10 767.0 49.25 253.98

[
−0.95 −0.30

]T [ −0.30 0.95
]T

2
[

1 002.0 1 021.0
]T [

1 300.0 3 495.0
3 495.0 2 162.1

]
716.0 22 205.0 65.50 364.73

[
−0.99 0.16

]T [
0.16 0.99

]T
 

The  extraction  results  of  the k-means  algorithm  are
shown in Fig. 11, where Fig. 11(a) and Fig. 11(b) are the
first  and  second  extraction  results,  respectively.  Obvi-
ously,  the  radar  images  in Fig.  11 cannot  present  the
entire  ship  target,  since  the k-means  algorithm  classifies
the scatterers of the ship target incorrectly.

 
 

(a) The first extraction result (b) The second extraction result
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Fig. 11     Extraction results of two IPPs via k-means algorithm for
simulated data
 

The extraction results  of  the  EM algorithm are  shown
in Fig.  12,  where Fig.  12(a)  and Fig.  12(b)  are  the  first
and  second  extraction  results,  respectively.  Compared
with the k-means algorithm, the ship targets in Fig. 12 are
more complete owing to the well classification, but some
overlapping pixels are lost.

 

(a) The first extraction result (b) The second extraction result
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Fig. 12    Extraction results of two IPPs via EM algorithm for simu-
lated data
 

The  extraction  results  of  the  proposed  method  are
demonstrated  in Fig.  13(a)  and Fig.  13(b),  respectively.
Overlapping  pixels  appear  simultaneously  in Fig.  13(a)
and Fig. 13(b). Moreover, the image quality is improved
compared with Fig. 8.
 
 

(a) The first extraction result (b) The second extraction result
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Fig. 13    Extraction results of two IPPs via the proposed method for
simulated data
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Hence,  the  proposed  method  can  improve  the  image
quality,  ensure  the  imaging  resolution,  and  reserve  the
completeness of the ship target. 

4.2    Simulated data in the case of overlapping targets

The parameters of the radar system are listed in Table 1.
The  scatterer  models  of  two  ship  targets  are  shown  in
Fig. 14. Obviously, two ship targets are overlapped in the
SAR image in Fig. 15, as shown in the area with the dot-
ted  line.  The  SAR  image  is  preprocessed  for  better
extracting  the  scatterers  of  the  ship  target,  and  the
extracted scatterers are shown in Fig. 16.
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Fig. 14    Scatterer model of ship target in the case of multiple over-
lapping targets
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Fig. 15    SAR image of multiple ship targets with overlaps for simu-
lated data
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Fig.  16      Extraction  results  of  scatterers  in  SAR image  with  over-
lapping targets for simulated data
 

Afterwards, the clustering results of the k-means algo-
rithm and the EM algorithm are shown in Fig. 17(a) and
Fig.  17(b),  respectively,  both  of  which  have  the  similar
performance.  The  parameters  of  the  EM  algorithm  and
the  confidence  ellipse  are  listed  in Table  3.  The  extrac-
tion  results  of  the k-means  algorithm  are  exhibited  in
Fig.  18(a)  and Fig.  18(b).  The  redundant  details  of  the
second  ship  target  exist  in Fig.  18(a),  while  the  second
ship  target  are  incomplete  in Fig.  18(b).  The  extraction
results  of  the  EM  algorithm  are  displayed  in Fig.  19(a)
and Fig. 19(b), which shows the similar performance with
the k-means algorithm.
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Fig.  17      Results  of  different  clustering  algorithms  in  the  case  of
multiple overlapping targets for simulated data
 

 
 

Table 3    Parameters of EM algorithm and confidence ellipse for simulated data in the case of multiple overlapping targets

Cluster µ
opt
k Σ

opt
k

Eigenvalue
(×103)

Axis length of ellipse Eigenvector

λk,1 λk,2 ak bk vk,1 vk,2

1
[

805.38 940.40
]T [

1 094.4 −369.1
−369.1 2 834.9

]
1.02 2.91 78.15 132.04

[
−0.98 −0.20

]T [
0.20 −0.98

]T
2

[
855.23 732.14

]T [
1 175.9 −1 448.4
−1 448.4 6 463.2

]
0.81 6.83 69.45 202.34

[
−0.97 −0.25

]T [
−0.25 0.97

]T
 

 
 

(a) The first ship target (b) The second ship target
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kFig. 18    Extraction results of ship targets via  -means algorithm in
the case of multiple overlapping targets for simulated data

 
 

(a) The first ship target (b) The second ship target
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Fig. 19    Extraction results of ship targets via EM algorithm in the
case of multiple overlapping targets for simulated data
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The  extraction  results  of  the  proposed  method  are
demonstrated  in Fig.  20(a)  and Fig.  20(b),  respectively.
Compared  with Fig.  18 and Fig.  19,  the  radar  image  in
Fig. 20(a) shows the lower amplitudes of the second ship
target,  meanwhile  the  more  details  of  the  second  ship
body  are  shown  in Fig.  20(b).  Hence,  the  proposed
method shows better performance.
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Fig. 20    Extraction results of ship targets via the proposed method
in the case of multiple overlapping targets for simulated data
  

4.3    Real measured data in the case of multiple IPPs

The  parameters  of  real  measured  data  are  listed  in
Table 4. The SAR imaging result of the multiple IPPs is
shown in Fig.  21. Obviously,  the complex motion of the
ship target induces multiple IPPs.
 
 

Table 4    Parameters of real measured data

Parameter Value

Sample frequency/MHz 100

Bandwidth/MHz 60

Pulse repetition frequency/Hz 500

Pulse width/μs 10

Carrier frequency C band

Range center/km 4.175

Aircraft velocity/(m/s) 50
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Fig. 21    SAR image of ship target with multiple IPPs for real mea-
sured data
 

The  SAR imaging  results  after  the  data  preprocessing
are  sketched  in Fig.  22(a)−Fig.  22(h).  Primarily,  the
potential  samples  of  ship  target  are  selected,  as  given  in
Fig.  22(a).  Then,  some isolated  samples  are  removed by

the  morphological  filter,  as  shown  in Fig.  22(b).  After-
wards, the connected samples are labeled and the sample
sets are generated, as displayed in Fig. 22(c). The centres
of  sample  sets  are  marked  in Fig.  22(d).  Moreover,  the
sample  sets  with  the  small  size  and  low  intensity  are
eliminated, as shown in Fig. 22(e). The sample sets of the
same  ship  target  are  merged,  as  demonstrated  in
Fig. 22(f). The change of sample set numbers is shown in
Fig. 22(g). Finally, the samples with the high sidelobe are
removed via the OTSU method, as shown in Fig. 22(h).
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Fig. 22     SAR image after data preprocessing in the case of multi-
ple IPPs for real measured data
 

Then, the scatterers of the ship target are extracted, as
shown in Fig. 23, which are classified by the k-means and
EM  algorithms.  The  cluster  result  of  the k-means  algo-
rithm is shown in Fig. 24(a), in which the scatterers can-
not  be  classified  correctly  based  on  the  IPP.  The  cluster
result  of  the  EM  algorithm  is  given  in Fig.  24(b),  in
which the scatterers are classified accurately. The param-
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eters of EM algorithm and confidence ellipse are listed in
Table 5.
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Fig.  23      Extraction  results  of  scatterers  in  the  SAR  image  with
multiple IPPs for real measured data

 

(a) k-means algorithm (b) EM algorithm
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Fig.  24      Results  of  different  clustering  algorithms  in  the  case  of
multiple IPPs for real measured data

 
 

Table 5    Parameters of EM algorithm and confidence ellipse for real measured data in the case of multiple IPPs

Cluster µ
opt
k Σ

opt
k

Eigenvalue
(×103)

Axis length of ellipse Eigenvector

λk,1 λk,2 ak bk vk,1 vk,2

1
[

288.50 139.44
]T [

441.84 95.72
95.92 38.18

]
16.63 463.39 9.98 52.69

[
0.22 −0.98

]T [
−0.98 −0.22

]T
2

[
303.19 134.67

]T [
300.82 −83.41
−83.41 30.22

]
6.58 324.47 6.28 44.09

[
−0.27 −0.96

]T [
−0.96 0.27

]T
 

The  extraction  results  of  two  IPPs  via  the k-means
algorithm are  demonstrated  in Fig.  25(a)  and Fig.  25(b).
Apparently,  the  ship  targets  in Fig.  25(a)  and Fig.  25(b)
are not complete.
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kFig. 25    Extraction results of two IPPs via  -means algorithm for
real measured data
 

The  extraction  results  of  two  IPPs  via  the  EM  algo-
rithm  are  displayed  in Fig.  26(a)  and Fig.  26(b).  Obvi-
ously,  the  radar  images  in Fig.  26 miss  some  details  of
ship body without the amplitude estimation.
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Fig. 26     Extraction results of two IPPs via EM algorithm for real
measured data
 

The  extraction  results  of  the  proposed  method  are
shown in Fig. 27(a) and Fig. 27(b). Compared with Fig. 26,

the  overlapping  pixels  are  shown  simultaneously  in
Fig.  27(a)  and Fig.  27(b).  Hence,  the  proposed  method
can recover more details of the ship body.
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Fig. 27    Extraction results of two IPPs via the proposed method for
real measured data
  

4.4    Real measured data in the case of
overlapping targets

The parameters of real measured data are listed in Table 4.
The SAR image is shown in Fig. 28, where the ship tar-
gets are overlapping in the range and azimuth directions.
Then,  the  scatterers  of  ship  targets  are  extracted,  as
shown  in Fig.  29,  which  are  classified  by  the k-means
algorithm and the EM algorithm.
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Fig. 28    SAR image of multiple ship targets with overlaps for real
measured data
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Fig. 29    Extraction results of scatterers in SAR image in the case of
multiple overlapping targets with real measured data
 

The clustering result of k-means algorithm is shown in
Fig.  30(a),  in  which  the  overlapping  scatterers  are  not
classified  well.  The  clustering  result  of  EM algorithm is
given in Fig. 30(b), in which the scatterers of two targets
are  classified properly.  The parameters  of  EM algorithm

and confidence ellipse are listed in Table 6.
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Fig.  30      Results  of  different  clustering  algorithms  in  the  case  of
multiple overlapping targets with real measured data

 
 

Table 6    Parameters of EM algorithm and confidence ellipse for real measured data in the case of multiple overlapping targets

Cluster µ
opt
k Σ

opt
k

Eigenvalue Axis length of ellipse Eigenvector

λk,1 λk,2 ak bk vk,1 vk,2

1
[

269.58 221.96
]T [

170.56 −85.78
−85.78 70.31

]
21.09 219.78 11.24 36.29

[
−0.50 −0.87

]T [
0.87 −0.50

]T
2

[
230.86 244.46

]T [
123.95 −119.26
−119.26 252.49

]
52.74 323.70 17.78 44.04

[
−0.86 −0.51

]T [
−0.51 0.86

]T
 

The  extraction  results  of  two  ship  targets  via  the
k-means algorithm are shown in Fig. 31(a) and Fig. 31(b),
respectively.  Obviously,  the  extra  detail  of  the  second
ship  target  exists  in Fig.  31(a),  and  the  body  of  the  se-
cond ship target is incomplete in Fig. 31(b).
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kFig. 31    Extraction results of overlapping ship targets via  -means
algorithm for real measured data
 

The  extraction  results  of  two  ship  targets  via  the  EM
algorithm are displayed in Fig. 32(a) and Fig. 32(b). Visi-
bly, the performance is better than the k-means algorithm,
whereas some overlapping pixels are lost.
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Fig. 32    Extraction results of overlapping ship targets via EM algo-
rithm for real measured data

The  extraction  results  of  the  proposed  method  are
demonstrated in Fig. 33(a) and Fig. 33(b). Compared with
Fig. 32, the more details of the ship target are depicted in
Fig. 33 after the amplitude estimation. Therefore, the pro-
posed method has the superior performance.
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Fig. 33    Extraction results of overlapping ship targets via the pro-
posed method for real measured data
  

5. Conclusions
This  paper  achieves  the  IPP  selection  and  target  separa-
tion for the ship target with overlaps in the SAR image. It
is  found that  the  overlapping pixels  belong to  the  multi-
ple clusters with certain probabilities,  which can be esti-
mated  via  the  clustering  analysis.  Given  above,  a  novel
method for extracting the ship target with overlaps is pro-
posed  in  this  paper.  Three  main  steps  are  composed  as
follows.  First,  the  scatterers  of  the  ship  target  are  well
extracted  with  the  data  preprocessing  technique.  Then,
the EM algorithm is adopted for the IPP selection and tar-
get  separation,  because  it  has  the  superior  performance
for  classifying  the  overlapping  pixels.  Afterwards,  a
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novel  amplitude  estimation  approach  is  proposed,  which
utilizes  the  posterior  probability  generated  by  the  EM
algorithm  adequately.  The  proposed  method  can  reserve
the more target  information,  ensure  the image resolution
and improve the image quality simultaneously. Results of
simulated and real measured data verify the effectiveness
of the proposed method.
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