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Abstract—Optimal time selection for inverse synthetic aperture
radar imaging of ship target is significant for the determination
of image project plane, and the performance of it is dependent
on the accuracy of ship centerline extraction. In this article, a
novel optimal time selection method based on the random sample
consensus (RANSAC) technique is proposed, which can extract the
ship centerline with high accuracy in the case of ship superstructure
and low signal to noise ratio. First, a necessary distance threshold
is determined for the RANSAC algorithm combined with the ship
body width estimation. Then, a novel cost function is proposed
according to the amplitude characteristic of radar image, which
can alleviate the influence of randomness. Finally, the robustness
of the optimal time selection method is demonstrated by the results
of simulated and real measured data.

Index Terms—Low signal to noise ratio (SNR), optimal time
selection, radar image, random sample consensus (RANSAC)
algorithm, ship centerline extraction, ship superstructure.

NOMENCLATURE
ISAR Inverse synthetic aperture radar.
SNR Signal to noise ratio.
LS Least squares.
RANSAC Random sample consensus.
Afq Doppler spread.
tm Slow time.
Cs Constant related to the size of ship target.
WE Effective angular motion.
Wi Horizontal component of wg.
wy Vertical component of wg.
k Slope of ship centerline.
AR, Number of range bins that is occupied by ship
target in the ISAR image.
C: Constant related to the aspect angle.
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loTsu Amplitude threshold via OTSU method.
I(m,n) Radar image.

m Azimuth order, m = 1,2,--- | N,.

n Range order,n = 1,2,--- | N,..

N, Number of azimuth bins.

N, Number of range bins.

X4 Position of sample, x; = [x¢, yt]T

I; Amplitude of sample, I; = I(x;).

t Sample order, t = 1,2,--- | T.

T Number of samples.

Dax Distance threshold.

Loum Iteration number in RANSAC algorithm.
1 Iteration order of RANSAC algorithm.
b Intercept of ship centerline.

Nin Number of inliers.

Xin Data set of inliers.

dy Distance between samples and line.
Xout Data set of outliers.

K Matrix of slope.

B Matrix of intercept.

Dy Width of ship body.

S Matrix of amplitude sum.

ST Sum of image amplitude.

L Iteration number of RANSAC method.
l Iteration order of proposed approach, [ =

1,2,---, L.

Sequence of distance threshold.
Number of distance threshold.
Matrix after sorting S’.

Sequence of amplitude sum.
[=1,2,---, L.

Selected number of amplitude sum.
Variance of {S(w, l~)}1xL0.

1. INTRODUCTION

ADAR imaging of the ship target is the important means

for the maritime monitoring and ship management, and
is applied widely in the military and civilian domain [1], [2],
[31, [4], [5], [6]. Abundant radar imaging algorithms have been
proposed to attain the high-quality radar image of ship target [7],
[8], [9], [10], [11], [12], while these algorithms only concern
about the short observation time. Actually, the issues of azimuth
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defocus and low imaging efficiency will appear when the obser-
vation time is long [13], [14], [15], [16], [17]. To address this
issue, the optimal time selection technique in inverse synthetic
aperture radar (ISAR) is aroused [4], [18], [19], [20], [21], [22].

In particular, the optimal time selection method proposed by
Pastina et al. [22] becomes a research hotspot recently as it can
estimate the angular motion to achieve the ISAR image with the
characteristic of ship’s single view, i.e., side view or top view.
The ISAR image with this feature is favorable for the target
feature extraction and recognition. Pastina et al. [22] proposed
the theory of angular motion estimation to export the optimal
time interval that features as single view. The effective angular
movement of ship can decompose into the vertical and horizontal
component. In a state of prominent vertical component, the
top-view ISAR image can be yielded. Conversely, in the state of
prominent horizontal component, the side-view ISAR image can
be achieved. Meanwhile, the theory of angular motion estimation
indicates that the horizontal component can be reflected by the
Doppler spread, and the vertical component is concerned with
the centerline slope. For the purpose of obtaining the radar image
with single view, the angular movement should be estimated
accurately, which is the key procedure for the optimal time
selection technique.

The ship centerline is the line between the bow and stern
along the direction of ship body, which can be extracted by
fitting or detecting lines [19]. Nevertheless, it is difficult to
extract accurately from the ISAR image with the influence of
ship superstructure and low signal to noise ratio (SNR). Here,
the ship superstructure refers to the structure above the ship main
body, which has the different shapes and directions compared
with the ship main body and is disadvantageous for the ship
centerline extraction. The low SNR is another negative factor
because the noisy samples will decrease the extraction precision.

Recently, many effective methods are proposed for the ship
centerline extraction, such as the least squares (LS) method
[22], [23], Hough transform [24], random sample consensus
(RANSACQC) algorithm [25], etc. The LS method is the classi-
cal fitting method, which uses all the observation data to fit
the straight line with the criterion of minimum variance [22].
Whereas, its performance is limited by the ship superstructure
and low SNR since these circumstances will produce the abnor-
mal data.

Then, the Hough transform is proposed, which has the steady
performance under the low SNR [26]. The parameters of line are
detected via searching the maximum values in the parametric
domain. However, the Hough transform usually detects several
different lines, which is difficult to determine the ship centerline.
Moreover, the performance of Hough transform is degraded
by the ship superstructure as the corresponding parameter of
maximum value is influenced. Although a novel ship centerline
extraction method with the Hough transform is presented in [27],
which is robust for the ship superstructure, the issue of multiple
optimal solutions cannot be solved.

Afterward, an iterative method named RANSAC algorithm is
proposed, which can eliminate the outliers induced by the low
SNR [25]. Initially, the parameters of line model are calculated
via selecting samples randomly. Then, the optimal solution
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Fig. 1. Contribution of the proposed approach.

is obtained with the cost function. Here, the cost function of
the conventional RANSAC algorithm is the number of inliers.
Whereas, the following issues exist as well. First, a necessary
distance threshold needs to be determined appropriately; oth-
erwise, the performance of the RANSAC algorithm will be
degraded obviously. Second, the fitting result is random because
the samples are selected randomly to calculate the model param-
eters. Third, the cost function is unsuitable for the case of ship
superstructure and low SNR.

In this article, a novel ship centerline extraction approach with
the RANSAC algorithm is proposed, then it is successfully used
in the optimal time selection for the ISAR imaging of ship target.
The proposed approach utilizes the advantage adequately that
the RANSAC algorithm can eliminate the outliers, which can
improve the extraction precision. The main procedures of the
proposed approach are as follows. First, the proposed approach
can determine an optimal distance threshold for the RANSAC
algorithm via the method of estimating the ship body width in
[27], which can improve the extraction precision obviously. Sec-
ond, a novel cost function is proposed to reduce the randomness
of extraction result. Given earlier, the proposed approach can
present the good performance for the ship centerline extrac-
tion, and features as good robustness under the case of ship
superstructure and low SNR. The contribution of the proposed
approach is summarized in Fig. 1.

The residual sections are organized as follows. First, the the-
ory of optimal time selection technique based on the angular mo-
tion estimation is introduced in Section II. Then, the procedure
of conventional RANSAC algorithm is illustrated in Section III,
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and the performance of it is discussed consequently. Afterward, a
novel ship extraction approach is proposed in Section IV, which
overcomes the defects of the conventional RANSAC algorithm.
Some results of the proposed approach and its applications in the
field of optimal time selection are demonstrated via the simu-
lated and real measured data in Sections V and VI, respectively.
Finally, we draw the conclusion of this article in Section VII.

II. THEORY OF OPTIMAL TIME SELECTION TECHNIQUE WITH
ANGULAR MOTION ESTIMATION

The effective angular motion of ship target induces the change
of ISAR imaging projection plane, and produces the hybrid-view
ISAR image. Usually, the ISAR image characterizing as single
view is expected and conducive for target feature extraction
and recognition. For this purpose, an optimal time selection
technique with the angular motion estimation is proposed in
[22].

The effective angular motion can be decomposed into hori-
zontal component and vertical component, which are denoted
as wyy and wy, respectively. The effective angular movement is
related to the Doppler spread of ship target [19], which can be
expressed as follows:

Afg (tm) = Cowg (tm) (1)

where A f; represents the Doppler spread, t,,, is the slow time,
Cs is a constant related to the size of ship target, and wg, denotes
the effective angular motion.

The vertical angular movement is correlated with the center-
line slope, which can be represented as follows:

AR,
where k expresses the slope of ship centerline, AR represents
the number of range bins that are occupied by ship target in the
ISAR images, and C, is a constant related to the aspect angle.

Therefore, the effective angular movement can be measured
with the Doppler spread, the vertical component can be observed
via the centerline slope, and the horizontal component can be
obtained from the relative relationship between them.

The time interval that can generate the single-view ISAR im-
age is denoted as the optimal time selection, which can be chosen
via the state of angular motion. Specifically, the top-view ISAR
image can be achieved by the preponderant vertical component,
corresponding to the maximum centerline slope and smaller
Doppler spread. The side-view ISAR image can be acquired by
the preponderant horizontal component, corresponding to the
zero-crossing centerline slope and larger Doppler spread.

As illustrated earlier, the achievement of optimal time interval
depends on the estimation of angular motion. Hence, the ship
centerline extraction is the key procedure for achieving the
single-view ISAR image, which can be implemented via the
straight-line fitting. Whereas, some interference factors cause
the challenge of extraction precision, such as ship superstructure
and low SNR environment. To solve this problem, a novel
approach of centerline extraction with RANSAC algorithm is
addressed in this article, which will be elaborated in Sections 11
and I'V.

= Crwy (tm) (2)
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III. CONVENTIONAL RANSAC ALGORITHM AND
PERFORMANCE ANALYSIS

The proposed approach involves the conventional RANSAC
algorithm, which is a straight-line fitting method as well.
In this section, the radar image preprocessing is introduced
first, then the theory and procedure of conventional RANSAC
algorithm are described, and the performance is discussed
finally.

A. Radar Image Preprocessing

First, the amplitude threshold is selected, and the samples
of ship target are extracted. Here, the amplitude threshold can
be determined with the OTSU method in [28]. The OTSU
method is a kind of unsupervised and nonparametric method,
which is simple, stable, automatic, and widely used in the field
of image processing. It selects the criterion of between-class
variance to analyze the “goodness” of amplitude threshold, and
the optimal threshold is determined automatically via maximiz-
ing the between-class variance. Here, the amplitude threshold
is denoted as lorsy, and the radar image is represented as
I(m,n), where n=1,2,--- /N, m=1,2,--- ,N,, N, and
N, are the numbers of range and azimuth bins, respectively.
With the condition of I(m, n) > lorsu, the amplitude sequence
and position sequence can be generated as {I1, I, -+, Ir}
and {x1,xs, -,z }, respectively. Here, the position of sam-
ple is expressed as x; = [z, yt]T, the amplitude of sample is
I, = I(x) = I(x¢,y¢), where t = 1,2,--- | T.

Afterward, the sequences of amplitude and position can be
utilized for extracting the ship centerline. Since the RANSAC
algorithm has the ability of eliminating the outliers, it is appro-
priate for extracting the ship centerline. Whereas, the perfor-
mance of conventional RANSAC algorithm is degraded in the
case of ship superstructure and low SNR. For restraining these
impacts, a novel ship centerline extraction approach is proposed
with the estimation of ship body width and the criterion of image
amplitude, which will be elaborated in Section IV.

B. Conventional RANSAC Algorithm and Performance
Analysis

The RANSAC algorithm was proposed first by Fischler and
Bolles, which is an iteration method. In the RANSAC algorithm,
the samples can be classified as the normal samples and ab-
normal samples, and named as inliers and outliers, respectively
[25]. First, several samples are selected to calculate the model
parameters. Then, the samples satisfied with certain condition
are reserved as inliers, and other samples are eliminated as
outliers. When the precision is achieved, the optimal model
parameters can be obtained.

Considering the ship centerline is a straight line, the model is
satisfied as follows:

y=kr+b 3)

where b and k are the intercept and slope, respectively.
The flowchart of the conventional RANSAC algorithm is
displayed in Fig. 2, and the main steps are as follows.
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Fig. 2. Flowchart of conventional RANSAC algorithm.

Step 1: Initialize the parameters.
The distance threshold and iteration number are set as D«
and [y, respectively. The following parameters are initial-
izedasi = 1, kop = 0, bopt = 0, NoP' = 0, x{¥* = 0. Here, i
is the iteration order, kqp and byp are the optimal slope and
intercept of the fitting line, N;" and x;!" represent the number
and data set of inliers, respectively.

Step 2: Select two samples randomly, and calculate the model
parameters.
The selected samples are denoted as x o and &, respectively

and the parameters of line are calculated as follows:

b — YA —YB (4)
A — ITB
b:yA—k:vA. (5)

Step 3: Calculate the distances between the samples and line.
The distance is computed as follows:

_ ke =y + 0|
VAR

Step 4: Compare d; with Dy, and generate the inliers and
outliers.
If d; < Dyyax, the sample of x; will be decided as the inlier
and involved in the inlier set of x;,. Then, the inlier set of i,
is generated.

dy (©)
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Otherwise, the data of a; will be regarded as the outlier and
added into the outlier set of x,u. Then, the outlier set of Xy
is formed.

Step 5: Calculate the number of inliers as Ny,, and compare Ny,
with Ny¥.
If Niy > NP, the model parameters are updated as ko = k,
bopt =0, X?;?[ = Xin and Ni?lpt = Nj.
Otherwise, the values of kopi, bopts Xin
changed.
Obviously, the number of inliers is regarded as the cost
function of the conventional RANSAC algorithm.

Step 6: Compare © with L.
If ¢ < Ihum, the steps are repeated from Step 2 and Step 6.
Otherwise, the RANSAC algorithm is finished, and the opti-
mal parameters of kop, bopts Xir > and N;7" are exported.

t t
and N;¥ are un-

C. Performance Analysis of Conventional RANSAC Algorithm

However, the following issues need to be solved in the con-
ventional RANSAC algorithm.

a) The distance threshold in Step I needs to be determined
appropriately, otherwise the fitting performance will be
poor.

b) The fitting result is random due to the operation of random
selection in Step 2.

¢) The cost function in Step 5 is the number of inliers, which
is unsuitable for extracting the ship centerline. The reason
is that the ship superstructure and noisy samples may be
regarded as the inliers and increase the number of inliers
consequently, which degrades the performance.

Here, an experiment is designed to illustrate the aforemen-
tioned issues. The samples are consistent with the line model of
y = 2x + 3, and the environmental noise exists as the outliers.
The different distance thresholds are selected, and the fitting
results are given in Fig. 3. Here, the green dot is the sample,
the red line represents the line model of y = 2z + 3, the blue
dotted line is the fitting result via the conventional RANSAC
algorithm, and the blue shadow shows the confidence area of the
fitting line model that is determined by the distance threshold.
The samples are fitted accurately in Fig. 3(a) owing to the
appropriate threshold of Dy, = 1, whereas the samples are
fitted incorrectly in Fig. 3(b) due to the inappropriate threshold of
Dax = 50. Obviously, the fitting result is related to the distance
threshold, which should be selected appropriately. Moreover,
the fitting results in Fig. 3(b) and (c) are different despite the
same distance threshold of D,,,.x = 50, which is induced by the
random selection of data in Step 2 and the inappropriate cost
function in Step 5.

The estimated slopes of the conventional RANSAC algorithm
with different distance thresholds are listed in Table I, and
the real value of slope is 2.0000. According to the absolute
and relative error, the inappropriate threshold will degrade the
estimated precision, and the randomness will influence the esti-
mated accuracy as well.

Therefore, the conventional RANSAC algorithm is ineffective
for extracting the ship centreline predictably.
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Fig. 3. Fitting results of conventional RANSAC algorithm with different

distance thresholds. (a) Fitting result with appropriate distance threshold.
(b) Fitting result 1 with inappropriate distance threshold. (c¢) Fitting result 2
with inappropriate distance threshold. (Corresponding to Table I).

TABLE I
ESTIMATION RESULTS OF CONVENTIONAL RANSAC ALGORITHM WITH
DIFFERENT DISTANCE THRESHOLDS

D, =50
Category D, =1
First fitting result ~ Second fitting result
Estimated slope 1.9927 3.1233 1.9756
Absolute error 0.0073 1.1233 0.0244
Relative error (%) 0.3652 56.1643 1.2189

IV. NOVEL APPROACH OF CENTERLINE EXTRACTION WITH
RANSAC ALGORITHM

In this section, a novel ship centerline extraction approach
with the RANSAC algorithm is addressed for extracting the
ship centerline more preciously. First, the estimation method
of ship body width in [27] is applied to determine the optimal
distance threshold. Second, a novel cost function is proposed
based on the characteristic of image amplitude. On this basis,
the influence of randomness, ship superstructure, and low SNR
can be suppressed, and the extraction precision of ship centerline
can be improved consequently.
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Fig. 4. Changes of amplitude sum under different cases. (a) Case 1: Changing
the slope when the optimal width is obtained. (b) Case 2: Changing the intercept
when the optimal width is obtained. (c) Case 3: Changing the slope when the
suboptimal width is obtained. (d) Case 4: Changing the intercept when the
suboptimal width is obtained.

A. Principle of Estimating Ship Body Width

Based on the method in [27], the width of ship body is related
to the amplitude sum of samples that are covered by the line
group. The sum of image amplitude is expressed as follows:

sj(k,bl;DS):Z Z

Tt yi€lkxi+br,kxi+bs]

I (5% yt) @)

where by = by + Dy, by < b, and Dy is the width of ship body.
Here, the line group consists of the lines whose slope is & and
intercepts are [by, bs].

The amplitude sum changes with the slope and intercept, and
the analyzing results under different cases are given in Fig. 4. The
coverage area of line group with the optimal slope and intercept
is shown as the blue lines, and the coverage area of line group
with the suboptimal slope and intercept is shown as the purple
dotted lines. The different areas of the two coverage areas are
represented as the blue and purple shadow area, respectively.

The assumption is that the number of samples in the ship
superstructure is apparently less than the number of samples in
the ship body, which conforms to the most ship targets in the
actual scenario.

When the width of ship body is optimal, the changes induced
by the slope and intercept are demonstrated in Fig. 4(a) and (b),
respectively. Apparently, the blue shadow area covers the main
ship body, whereas the purple shadow area covers the part of
ship superstructure. Since the area and sample number of ship
body are larger than those of ship super structure, the difference
of the two shadow areas is obvious. When the width of ship body
is suboptimal, the changes induced by the slope and intercept are
given in Fig. 4(c) and (d), respectively. Relatively, the difference
of the two shadow areas is smaller compared with the case of
optimal ship body width.

Hence, the amplitude sum is influenced severely with the
change of slope and intercept, which is the principle of esti-
mating the ship body width proposed in [27].
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B. Proposed Approach

First, the optimal distance threshold of D, is obtained via
estimating the ship body width with the principle in [27]. For
the RANSAC algorithm, the calculation of amplitude sum in (7)
is rewritten as follows:

>

51 (k,b; Diax) = I(we,y:). (8)
(z¢,9¢)EXin

According to the principle in [27], the slopes and intercepts
should be changed, which can be achieved with repeating the
RANSAC algorithm to produce random results. For each dis-
tance threshold, the RANSAC algorithm is implemented repeat-
edly. Then, the matrix of amplitude sum can be generated as
follows:

st (k11,b115d1) sy (kir,bin;dr)

Sr = :
s1 (kwr,bwr; dw)

©))

The distance threshold is setas d,, (w = 1,2,--- , W), and W

is the number of distance threshold. The RANSAC algorithm is

repeated for L times,and [ = 1,2, - - - | L. Correspondingly, the
matrices of slope and intercept can be obtained as follows:

s1 (kwi, bwisdw)

k11 ki

K=| : : (10)
kw1 kwr
bi1 bir

B=| : : (11)
bw1 bwr

Based on (8), the value of s;(kyi, bwi; dyw) is increased with
the larger width of d,,, and stable at the maximum value of
Smax = th Zyt I(x¢,y:). This relationship is sketched in
Fig. 5, which shows the amplitude sum curves with different
groups of slope and intercept. Apparently, the curve gradually
rises, tends to be stable, and finally reaches the maximum
value. For the ship with superstructure, the amplitude sum of
$1(Kwi, bwi; Dopt) is smaller than s,,x, Where Doy is the optimal
threshold.

The amplitude sums of each threshold are sorted, and the
matrix of S after sorting is denoted as S 1. For better estimation,
the Ly amplitude sums of each threshold are selected, and
the sequence of {S’I(w, l~)}~1X]LO7 [=1,2,---, Ly is generated.
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Afterward, the variance of {S(w,1)},, 1, 1s calculated as v,
and the variance sequence of {v,},, y, can be formed. The

width of ship body can be estimated as follows:
Dy =2Dgp = 2d (12)

(13)

Wopt
Wopt = argmax {UUI}l xW
w
where

1
T Log—1

Vw

2

. 1 -
X Z SI (kwl_’ bu)l~7 dw) B fozsl (kw[’ bw[7dw)
7

l
(14)

The extracting precision of ship centerline can be improved
greatly with the optimal distance threshold. For improving the
robust performance, a novel cost function is proposed to over-
come the influence of randomness, ship superstructure, and low
SNR.

Since the energy of noise covered by the line group is lower
than that of ship target, the proposed cost function can be defined
as the amplitude sum. Then, the optimal line parameters can be
obtained as follows:

(Kopt, bopt) = arg max sy (Dop) (15)

kb
where SI(Dopt) == {sl(kwop‘la bwop[l; Dopt)}1XL~
The flowchart of the proposed approach is demonstrated in
Fig. 6, and the main procedures are as follows.

Step 1: Initialize the parameters.
The iteration number is set as L, the scope of threshold is set as
{di,da,--+ ,dw},dy =0, and dyy = min{M, N}/2. Here,
N = max{y;} — min{y; }, and M = max{x;} — min{x;}.

Step 2: Implement the conventional RANSAC algorithm, calcu-
late the matrix of amplitude sum via (8) and (9), and obtain
the matrices of slope and intercept in (10) and (11).

Step 3: Sort the matrix of S, and obtain the matrix of S I-

Step 4: Select the Ly maximums in each row of S 1, and generate
the T sequences of {S(w, IN)}MLO.
Here, L can be selected as L/2 because the energy of ship
body is larger than the half-energy of entire ship target.

Step 5: Calculate variance of {Sy(w,1)},, L.+ and generate
variance sequence of {vy, }, yp -

Step 6. Estimate the width of ship body with (12) and (13), and
obtain the optimal distance threshold of Dyp.

Step 7: Estimate the optimal line parameters of (Kqp, bopt) Via
(15).

Here, the conventional RANSAC algorithm can be repeated
for more than L times to improve the extracting precision.

The proposed approach can overcome the defect of ran-
domness compared with the conventional RANSAC algorithm.
The randomness of RANSAC algorithm is produced mainly by
the operation of selecting initial samples randomly, whereas
the proposed approach alleviates this issue via the estimation
of ship body and the better cost function. The results of an
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result for scatterers.

additional simulation are exhibited for illustration. The selected
radar image is displayed in Fig. 7(a), and the scatterer distri-
bution is extracted as shown in Fig. 7(b). Here, the real slope
value is —0.5774. The conventional RANSAC algorithm and the
proposed approach are implemented to extract the centerline of
ship target. The extraction procedure is repeated by multiple
times, which are 15 times here, and the extraction results are
summarized in Fig. 8. Apparently, the proposed approach is
stable, while the conventional RANSAC algorithm presents the
random extraction results. Furthermore, the absolute and relative
errors of the estimated slope for the two methods are calculated,
as given in Fig. 9(a) and (b), respectively, which depicts the

randomness of RANSAC algorithm and the stability of the
proposed approach.

V. EXPERIMENTAL RESULTS FOR NOVEL APPROACH OF
CENTERLINE EXTRACTION WITH RANSAC ALGORITHM

The effectiveness and robustness of the proposed approach are
verified in this section. Here, two scatterer models are employed.
The first kind is the ship target with superstructure, and the height
of superstructure will be changed to verify the robustness of the
proposed approach. The second kind is the ship target without
superstructure, and the noise energy will be increased to test the
performance of the proposed approach under the low SNR.
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Moreover, the LS method, Hough transform, and conventional
RANSAC algorithm are utilized for comparing with the pro-
posed approach.

A. Centerline Extraction Results of Simulated Data in the
Case of Ship Superstructure

First, the radar image of ship target with superstructure is
exhibited in Fig. 10(a), and the scatterers of ship target are
extracted via the OTSU method, as given in Fig. 10(b).

Then, the sequences of image amplitude and position can be
obtained. Within the range of distance threshold, the RANSAC
algorithm is implemented repeatedly, and the matrix of ampli-
tude sum can be calculated via (8) and (9), as shown in Fig. 11(a).
When the width of ship body is small, the number of inliers
and the sum of image amplitude are small. With enlarging the
width of ship body, the number of inliers and the sum of image
amplitude are increased and reach to the maximum. After sorting
the matrix, the distribution of amplitude sum in Fig. 11(b) is
attained, and the variance sequence is generated as demonstrated
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in Fig. 11(c). Obviously, two peak values exist in Fig. 11(c),
which are located at 33 and 55, respectively. The optimal width
of ship body is regarded as Dg = 33, and the width of entire ship
target is considered as 55. The reason of two peaks is that the ship
target has the apparent superstructure. Under this circumstance,
the first peak position can be selected as the optimal width.

Hence, the distance threshold is determined as 16.5. The
RANSAC algorithm is repeated for multiple times to improve
the extraction precision. The distribution of ship body via the
proposed approach is displayed in Fig. 12. Here, the green dot
and the red circle show the inlier and outlier, respectively. Espe-
cially, the green inliers are distributed on the ship body, which
illustrates that the width of ship body is estimated accurately.

Several conventional methods, including the LS method,
Hough transform, and RANSAC algorithm, are applied for com-
paring with the extraction precision. The extraction results of
ship centerline via different methods are contrasted in Fig. 13, in
which the yellow dot is the scatterer of ship, the red, blue, green,
and black lines represent the LS method, Hough transform,
conventional RANSAC algorithm, and the proposed approach,
respectively. Obviously, the proposed approach has the excellent
extraction performance.
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Fig. 13.  Extraction results of ship centerline with different methods.

TABLE II
ESTIMATION RESULTS OF SHIP CENTERLINE WITH DIFFERENT METHODS

Hough RANSAC Proposed
Category LS method transform algorithm approach
Estimated slope —-0.5515 —0.4452 -0.3603 —-0.5606
Absolute error 0.0258 0.1321 0.2171 0.0167
Relative error (%) 4.4711 22.8841 37.5996 2.9002
TABLE III

ESTIMATION RESULTS OF SHIP CENTERLINE FOR THE SHIPS WITH DIFFERENT
HEIGHTS OF SUPERSTRUCTURE

Multiple of
super- LS Hough RANSAC Proposed
structure method transform algorithm approach
height
1.0 -0.5515 —0.4452 —0.7368 -0.5728
1.2 —0.5446 —1.0000 —0.5493 —0.5833
1.4 -0.5188 —1.0000 -0.6771 -0.5610
1.6 -0.5176 —1.0000 —0.6852 —-0.5745
1.8 —-0.3986 —0.4245 —0.3878 -0.5070
2.0 -0.4132 —-0.6009 —-0.5000 —-0.5534

The estimated slopes of the ship centerline with different
methods are summarized in Table II. The real value of slope
is —0.5774. From the absolute and relative error, the proposed
approach has the highest estimation precision.

Afterward, the robustness of the proposed method for the
ship superstructure is measured. The height of superstructure
in the scatterer model is increased gradually. For the ship target
with the 1.0-2.0 multiple height of superstructure, the extraction
results of ship centerline are demonstrated in Fig. 14(a)—(f),
respectively. Obviously, the performance of LS method is de-
graded with the increased height, because the outliers generated
by the superstructure are not eliminated. The estimation preci-
sion of Hough transform is poor as well due to the ship super-
structure. The RANSAC algorithm performs unstably, which is
induced by the randomness and inappropriate cost function. The
proposed approach extracts the ship centerline most accurately,
because it can eliminate the outliers and use the maximum
amplitude sum as cost function.

The estimated slopes of ship centerline with different heights
of superstructure are listed in Table III, and the real value of
slope is —0.5774. The absolute and relative errors are given
in Fig. 15(a) and (b), respectively. Apparently, the proposed
method shows the higher precision. Hence, the proposed ap-
proach is robust for the ship target with superstructure.
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Fig. 14.  Extraction results of ship centerline for the ships with different heights
of superstructure. (a)—(f) Represent the cases of 1.0, 1.2, 1.4, 1.6, 1.8, and 2.0
times height of superstructure, respectively.

B. Centerline Extraction Results of Simulated Data in the
Case of Low SNR

Here, the ship model without the superstructure is utilized
for the low SNR environment. First, the SNR is set as 0 dB,
and the radar image and the extracted samples are shown in
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Fig.16. Radarimage and scatterer distribution. (a) Radar image. (b) Extraction
result of scatterers.

Fig. 16(a) and (b), respectively. Obviously, there are several
abnormal samples in Fig. 16(b).

Then, the distributions of amplitude sum before and after
sorting are demonstrated in Fig. 17(a) and (b), respectively. The
variance sequence is shown in Fig. 17(c), in which only one peak
exists, and the optimal width of ship body is Dy = 99.

Hence, the distance threshold is set as D, = 49.5. With
the proposed approach, the ship body is extracted as shown in
Fig. 18, and the abnormal samples are eliminated.

The ship centerlines extracted by different methods are given
in Fig. 19. Obviously, the Hough transform and conventional
RANSAC algorithm have poor performance, while the proposed
approach can extract the centerline accurately.

The estimated slopes via different methods are summarized
in Table IV, and the real value of slope is —0.7002. Apparently,
the proposed approach has the highest precision, while the LS
method has lower precision owing to the low SNR.

Moreover, the proposed approach is robust under the low
SNR. Here, the Monte Carlo experiment is implemented, the
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TABLE IV
ESTIMATION RESULTS OF SHIP CENTERLINE WITH DIFFERENT METHODS

Hough RANSAC Proposed
Category LS method transfirm algorithm app?oach
Estimated slope —-0.6300 —-1.0000 —-0.3960 —0.7033
Absolute error 0.0702 0.2998 0.3042 0.0031
Relative error (%)  10.0298 42.8148 43.4397 0.4487
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Fig.21. Radarimage and scatterer distribution. (a) Radarimage. (b) Extraction
result of scatterers.

SNRs are set as —10-0 dB, and each fitting method is repeated
for 100 times, respectively.

The root mean square errors (RMSEs) produced by different
methods are given in Fig. 20. Obviously, the Hough transform is
stable under the low SNR, whereas its precision is relatively low.
The performance of LS method is degraded with reducing the
SNR. The conventional RANSAC algorithm shows better per-
formance compared with the LS method, whereas its extraction
precision is lower than the proposed approach.

C. Centerline Extraction Results of Real Measured Data

The radar images of the real measured data are used to extract
the ship centerline. The shore-based ISAR works at X band,
the pulse repetition frequency is 250 Hz, and the bandwidth is
400 MHz.

The radar image and scatterer distribution of the ship target are
given in Fig. 21(a) and (b), respectively. Then, before and after
sorting, the matrices of amplitude sum are displayed in Fig. 22(a)
and (b), respectively. With calculating the variance sequence, the
optimal width of ship body can be obtained as D = 38. With
the optimal distance threshold, the ship body can be extracted, as
observed in Fig. 23, where the inliers are distributed on the ship
body. Meanwhile, we can see that the extraction result of the
proposed approach is accurate and robust for the superstructure.
The extraction results with different methods are contrasted in
Fig. 24. Apparently, the performances of other methods are
affected by the ship superstructure, and the proposed approach
has the highest precision.
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D. Analysis of Ship Centerline Extraction Results

The results in Section V-A—C illustrate that the performance of
the proposed approach is superior to the other three methods. The
reason of superiority is that the proposed approach can overcome
the defects existing in these methods and improve the extraction
precision and robustness consequently.

In the LS method, all the observation data are used for fitting
straight line, which implies that some abnormal data deriving
from the low SNR environment and ship superstructure cannot
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be rejected. Hence, the performance of LS method is poorer
when it applies in the domain of ship radar imaging.

The Hough transform is stable in the low SNR environment.
As similar with the LS method, all the observation data are
involved in the Hough integration for extracting straight line,
therefore the precision of Hough transform is affected signifi-
cantly by the ship superstructure. Moreover, the issue of multiple
solution exists in the Hough transform, which is disadvantageous
for the ship centerline extraction.

Different with the LS method and Hough transform, the
conventional RANSAC algorithm can reject the abnormal data
induced by the noise and ship superstructure. However, its
performance is influenced strongly by the selection of initial
samples and distance threshold. Furthermore, its cost function
of maximal inliers number is inappropriate for the ship centerline
extraction, which does not utilize the amplitude information of
radar image adequately.

The proposed approach can overcome the defects of the
aforementioned methods, which is characterized by the stability
and has good robustness for the situation of low SNR and
ship superstructure. First, the proposed approach utilizes the
advantage of conventional RANSAC that the outliers arising
from the low SNR and ship superstructure can be eliminated.
Predictably, it has better performance in solving the issue of
ship centerline extraction compared with LS method and Hough
transform.

Second, the selection of distance threshold cannot degrade the
extraction precision of the proposed approach compared with the
conventional RANSAC algorithm, because it is well determined
via the estimation of ship body width.

Third, a novel cost function of amplitude sum is applied in
the proposed approach, which overcomes the randomness of
the conventional RANSAC algorithm and further improves the
extraction precision.

Hence, the proposed approach shows the better performance
in the application of ship centerline extraction compared with
the other methods.

VI. EXPERIMENTAL RESULTS FOR OPTIMAL TIME SELECTION
VIA THE PROPOSED APPROACH

The proposed approach can be applied well in the field of
optimal time selection. In this section, four different methods
are implemented to represent the curve of centerline slope,
which are LS method, Hough transform, conventional RANSAC
algorithm, and the proposed approach. First, the ship centerlines
in each time interval are extracted, which can reflect the vertical
rotational motion of ship target. Then, the optimal time intervals
are selected according to the theory in [22].

Predictably, the extracted ship centerlines are different via the
various methods, which are related to the extraction precision.
Hence, the different optimal time intervals will be selected.
Some cases may appear, such that in the selected optimal time
interval, the view of radar image should be a top or side view
with the theoretical analysis, while the radar image shows the
inverse (side or top) view or hybrid view actually. These cases
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TABLE V
PARAMETERS OF SIMULATED DATA

Category Parameter Value
Bandwidth 300 MHz
Sample frequency 600 MHz
Carrier frequency 10 GHz
ISAR system ..
Pulse repetition frequency 400 Hz
Pulse width 8 us
Central range 20 km
Translational velocity 1.5 m/s
Rotational amplitude (roll) 5.5°
Rotational period (roll) 232s
Ship Target Rotational amplitude (pitch) 1.2°
Rotational period (pitch) 14.6 s
Rotational amplitude (yaw) 6.5°
Rotational period (yaw) 162's
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Fig. 25.  Ship scatterer model. (a) 3-D view of scatterer model. (b) Top view
of scatterer model. (c) Front view of scatterer model. (d) Side view of scatterer
model.

can illustrate that the low extraction precision affects the optimal
time interval selection.

In this section, the extraction results and the ship views in
the ISAR images will be provided to reflect the performance of
different extraction methods.

A. Optimal Time Selection Results of Simulated Data

The parameters of ship target and ISAR system are summa-
rized in Table V, and the ship target has the 3-D sinusoidal
angular movement and translational movement. The 3-D view,
top view, front view, and side view of ship scatterer model can
be observed in Fig. 25(a)—(d), respectively. The SNR of echo
is set as —5 dB to simulate the low SNR environment, and the
ship target has the mast as the superstructure. The ship target is
observed for up to 18.0 s, which is too long for ISAR imaging,
and causes the azimuth defocus. Several ISAR images before
selecting the optimal time interval are shown in Fig. 26, which
are defocused and exhibit the ship’s hybrid view. Therefore, the
optimal time selection technique should be implemented.

First, the four extraction methods are adopted to generate the
curves of centerline slope in Figs. 27(a)-30(a). The curves of
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method. (a) Curve of centerline slope with LS method. (b) Curve of Doppler
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Doppler spread are same in Figs. 27(b)-30(b), which reveal the
obvious shape of sinusoidal curve. Here, the curve is produced by
the Fourier fitting with the minimal RMSE, which is appropriate
considering the sinusoidal rotation movement.

Defocused ISAR images before optimal time selection. (a) Time interval of [0 s, 4.5 s]. (b) Time interval of [4.5 s, 9.0 s]. (c) Time interval of [9.0 s,
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Fig.29. Optimal time selection results via extracting ship centerline with con-

ventional RANSAC algorithm. (a) Curve of centerline slope with conventional
RANSAC algorithm. (b) Curve of Doppler spread.
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proposed approach. (a) Curve of centerline slope with the proposed approach.
(b) Curve of Doppler spread.

The curves in Figs. 27(a) and 28(a) are deficient in the
shape of sine owing to the poor extraction precision of LS
method and Hough transform. The curves in Figs. 29(a) and
30(a) demonstrate the expectative sinusoidal shape, which re-
flect the higher precision of RANSAC algorithm and proposed
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OPTIMAL IMAGING TIME INTERVALS VIA DIFFERENT SHIP CENTERLINE EXTRACTION METHODS FOR SIMULATED DATA

me interval order 1 ) 3 4 5
method
LS method [0.80 s, 1.44 s] [5.52's,6.16 5] [7.04 s, 7.68 s] [8.86's,9.50 s] [16.26 s, 16.90 s]
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Fig. 33. ISAR imaging results of optimal time intervals via Hough transform.

(a) Time interval of [0.00 s, 0.64 s]. (b) Time interval of [3.76 s, 4.40 s]. (c) Time

interval of [8.20 s, 8.84 s]. (d) Time interval of [11.10 s, 11.74 s]. (¢) Time interval of [14.12 s, 14.76 s].

approach. Whereas, the disturbance can be observed apparently
in Fig. 29(a), which is induced by the inappropriate cost function
and randomness of RANSAC algorithm. Moreover, the distance
threshold of RANSAC algorithm is set by estimating the ship
body width, without which the curve shape will be not closed to
the sinusoidal shape.

Several examples of extraction results with different meth-
ods are contrasted in Fig. 31(a)—(d). Obviously, the proposed
approach can extract the ship centerline more accurately, while
other methods produce larger errors due to the low SNR envi-
ronment and ship superstructure. As given earlier, the proposed
approach characterizes better performance.

With the theory in [22], the optimal time intervals are ex-
ported, as described in the orange and purple area in Figs. 27—
30. These optimal time intervals are summarized in Table VI.
Theoretically, the radar images yielded by the time intervals
in Table VI should feature as single view of ship, whereas
the unexpected hybrid-view results may appear owing to the
extraction errors. The ISAR imaging results corresponding to
the time intervals in Table VI are exhibited in Figs. 32-35.
Apparently, some of these results represent the unexpected
hybrid view, such as in Figs. 33(d), 34(b), and (e). Moreover,
Table VII lists the theoretical views of ship corresponding to the
time intervals in Table VI, and gives the actual views of ship
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Fig. 34.

ISAR imaging results of optimal time intervals via conventional RANSAC algorithm. (a) Time interval of [1.44 s, 2.08 s]. (b) Time interval of [3.56 s,

4.20 s]. (c) Time interval of [7.70 s, 8.34 s]. (d) Time interval of [11.80 s, 12.44 s]. (e) Time interval of [15.90 s, 16.54 s].
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Fig. 35.

ISAR imaging results of optimal time intervals via the proposed approach. (a) Time interval of [0.11 s, 0.75 s]. (b) Time interval of [3.76 s, 4.40 s].

(c) Time interval of [7.68 s, 8.32 s]. (d) Time interval of [11.83 s, 12.47 s]. (e) Time interval of [15.48 s, 16.12 s].

TABLE VII
COMPARISON OF SHIP VIEWS IN DIFFERENT OPTIMAL IMAGING TIME INTERVALS FOR SIMULATED DATA

Time interval order

method ! 2 3 4 5
LS method Thc?rization Top v?cw Side V'iCW Top v?cw Side V.iCW Top v%cw
Reality Top view Top view Top view Top view Top view
Theorization Top view Side view Top view Side view Top view
Hough transform . . . . . P .
Reality Top view Side view Top view Hybrid view Top view
RANSAC algorithm Thegrization Top v%cw Side \./icvs./ Top v?cw S%dc V?CW Top V.iCW.
Reality Top view Hybrid view Top view Side view Hybrid view
Theorization Top view Side view Top view Side view Top view
Proposed approach . . . . . . . .
Reality Top view Side view Top view Side view Top view
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Fig. 36.
of [27.6480 s, 41.4720 s]. (d) Time interval of [41.4780 s, 55.2960 s].

in Figs. 32-35. Obviously, the unsatisfying circumstance that
the actual view does not match the theoretical view appears in
the results of LS method, Hough transform, and conventional
RANSAC algorithm, which is induced by the poor extraction
results of ship centerline.

Hence, the extraction of ship centerline with high accuracy
is significant for the optimal time selection. Compared with
other methods, we can see that the proposed approach shows

Range bin

© Ran(g;:)bm

Defocused ISAR images before optimal time selection. (a) Time interval of [0 s, 13.8240]. (b) Time interval of [13.8240 s, 27.6480 s]. (c) Time interval

higher precision, and has wide applicability in the field of radar
imaging.

Remark 1: The selection of optimal time interval is related
to the estimation of vertical rotational motion, which can be
reflected by the slope of ship centerline. Hence, when the ship
centerline cannot be extracted accurately, the selected optimal
time interval will be incorrect. For the other methods (LS, Hough
transform, and RANSAC algorithm), their extraction precisions
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TABLE VIII
PARAMETERS OF REAL MEASURED DATA

Category Parameter Value
Bandwidth 200 MHz
Pulse repetition frequency 500 Hz
ISAR system Carrier frequency X band
Entire imaging interval 55296 s

Number of range bin 962
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Fig. 37.  Optimal time selection results via extracting ship centerline with LS

method. (a) Curve of centerline slope with LS method. (b) Curve of Doppler
spread.
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Fig. 38. Optimal time selection results via extracting ship centerline with

Hough transform. (a) Curve of centerline slope with Hough transform. (b) Curve
of Doppler spread.

of ship centerline are lower, therefore the actual result may not
match the theoretical analysis. Some cases may appear, such that
in the selected optimal time interval, the view of radar image
should be a top or side view with the theoretical analysis, while
the radar image shows the inverse (side or top) view or hybrid
view actually.
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Fig.39. Optimal time selection results via extracting ship centerline with con-

ventional RANSAC algorithm. (a) Curve of centerline slope with conventional
RANSAC algorithm. (b) Curve of Doppler spread.
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Fig. 40.  Optimal time selection results via extracting ship centerline with the

proposed approach. (a) Curve of centerline slope with the proposed approach.
(b) Curve of Doppler spread.

B. Optimal Time Selection Results of Real Measured Data

The parameters of real measured data are summarized in
Table VIII, and the extra 0 dB-noise is added. The entire imaging
interval is long, and the ISAR images without the optimal time
selection are listed in Fig. 36, which are defocused and show the
hybrid views. For obtaining the focused and single-view ISAR
image, part of the entire imaging interval is used for optimal
time selection.

The four extraction methods of ship centerline are applied, and
the curves of centerline slope are shown in Figs. 37(a)—-40(a).
Clearly, these curves are distinct, and the curve via the proposed
approach depicts the best shape of sine. The curves of Doppler
spread are same in Figs. 37(b)—40(b). Based on the theory in
[22], the optimal time intervals are selected, as labeled in the
orange and purple area in Figs. 37—40.
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Examples of extraction result via different ship centerline extraction methods. (a) Example 1. (b) Example 2. (¢c) Example 3. (d) Example 4.

TABLE IX
OPTIMAL IMAGING TIME INTERVALS VIA DIFFERENT SHIP CENTERLINE EXTRACTION METHODS FOR REAL MEASURED DATA
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ime interval order
method

1

2

3

4

36.5000s, 38.5480s]
40.0700s, 42.1180s]
36.3500s, 38.3980s]

[40.4300s, 42.4780s

[40.0100s, 42.0580s

[43.4300s, 45.4780s]
[43.3700s, 45.4180s]

LS method [33.7100s, 35.7580s] [
Hough transform [34.3100s, 36.3580s] [
RANSAC algorithm [33.8900s, 35.9380s] [
Proposed approach [34.3400s, 36.3880s] [

36.9200s, 38.9680s]

[43.0700s, 45.1180s]

]
[41.6600s, 43.7080s]
]
] [42.6800s, 44.7280s]

[39.9500s, 41.9980s
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ISAR imaging results of optimal time intervals via LS method. (a) Time interval of [33.7100 s, 35.7580 s]. (b) Time interval of [36.5000 s, 38.5480 s].

(c) Time interval of [40.4300 s, 42.4780 s]. (d) Time interval of [43.4300 s, 45.4780 s].
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ISAR imaging results of optimal time intervals via Hough transform. (a) Time interval of [34.3100 s, 36.3580 s]. (b) Time interval of [40.0700 s,

42.1180 s]. (c) Time interval of [41.6600 s, 43.7080 s]. (d) Time interval of [43.3700 s, 45.4180 s].

Several examples are demonstrated in Fig. 41 for comparing
the extraction results of the four methods. Visibly, the proposed
approach extracts the ship centerline accurately.

The selected time intervals are summarized in Table IX, with
which the ISAR imaging results are exhibited in Figs. 42-45.
Obviously, some hybrid views exist in Figs. 42(b), 43(d), 44(b)
and (c), which show the unexpected ship superstructure. The
actual and theoretical views of ship in Figs. 42—45 are summa-
rized in Table X. Apparently, the actual results conform to the
theoretical analysis in the proposed approach, whereas several
unmatched results appear in other methods.

As given earlier, the proposed approach has superior perfor-
mance and is suitable for the optimal time selection.

Remark 2: Recently, the deep learning technique is popular
and applied extensively in the domain of image processing.
Some methods for detecting straight line with the deep learn-
ing technique are proposed, such as line convolutional neural
network, improved line segment detection, efc. In this kind of
methods, the data set should be obtained as prior information,
then the line feature is extracted assisted with the traditional
detection straight line method generally, finally these line fea-
tures are analyzed by the learning pool to detect the straight line.
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ISAR imaging results of optimal time intervals via conventional RANSAC algorithm. (a) Time interval of [33.8900 s, 35.9380 s]. (b) Time interval of

[36.3500 s, 38.3980 s]. (¢) Time interval of [40.0100 s, 42.0580 s]. (d) Time interval of [43.0700 s, 45.1180 s].
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ISAR imaging results of optimal time intervals via the proposed approach. (a) Time interval of [34.3400 s, 36.3880 s]. (b) Time interval of [36.9200 s,

38.9680 s]. (c¢) Time interval of [39.9500 s, 41.9980 s]. (d) Time interval of [42.6800 s, 44.7280 s].

TABLE X
COMPARISON OF SHIP VIEWS IN DIFFERENT OPTIMAL IMAGING TIME INTERVALS FOR REAL MEASURED DATA

Time interval order

method ! 2 3 4
LS method Theqrizalion S?de v?ew Top v.iew' Top v%ew S%de v%ew
Reality Side view Hybrid view Top view Side view
Hough f Theorization Side view Top view Side view Top view
ough transform
& Reality Side view Top view Hybrid view Side view
Theorizati S - - -
RANSAC algorithm egr]za ion Sfde erw Top v.1ew. Top V.ICW. Side \./1evx./
Reality Side view Hybrid view Hybrid view Hybrid view
Theorization Side view Top view Top view Side view
Proposed approach . . . . . . .
Reality Side view Top view Top view Side view

With the deep learning technique, the detecting robustness and
precision can be improved under some complicated cases, such
as low SNR condition.

VII. CONCLUSION

The ship centerline extraction is the key procedure for the
optimal time selection. The ship superstructure and low SNR
influence the extraction precision of ship centerline and the
obtainment of single-view ISAR image consequently. To address
this issue, a novel approach of ship centerline extraction with
the RANSAC algorithm is proposed in this article. First, the
width of ship body is estimated to determine the optimal distance
threshold, which can improve the extraction precision. Second,
anovel cost function of the amplitude sum of inliers is proposed
for overcoming the randomness. The proposed approach is
robust in the case of ship superstructure and low SNR, which
is illustrated adequately by the results of simulated and real
measured data. Meanwhile, this article applies the proposed

approach in the optimal time selection technique, and the results
show the superior performance of the proposed approach.
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