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Abstract

This paper has proposed a high autonomous sea front detection algo-
rithm based on SAR data. Through the innovative introduction of empirical
mode decomposition method, a good image de-trend and de-stripe effect is
achieved. By introducing the calculation of the maximum interclass variance,
the automatic conversion of binary images is realized; through the use of
polynomial fitting method, the independent screening of front information
is realized, and the continuity of front detection results is improved. After
comparison, it is found that the new algorithm proposed in this paper has
greatly improved detection accuracy and autonomy compared with the old
algorithm. Finally, a SAR data of the GF-3 satellite on the west side of Taiwan
Island is used to test the new algorithm proposed in this paper. The results
show that the detection results are highly consistent with the original image
in morphology, and the changes in frontal intensity are also very detailed,
verifying the accuracy and autonomy of the new method.
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1 Introduction

Ocean front is an important sub-mesoscale phenomenon. It is a narrow transi-
tion zone between two or several water bodies with different characteristics.
There are strong horizontal convergence/divergence and vertical movement
nearby, in which there is a gradual degeneration process and various scales of
bending. It has important research value in marine resource development and
military [1-4].

With the development of remote sensing technology, people have been
able to conduct large-scale observations of the ocean. As a result, many
ocean front automatic detection algorithms based on remote sensing fusion
data products have been developed [5-7]. One of the more common ones
is the gradient detection algorithm, and operators such as Canny, Sobel,
Prewitt, and Roberts are commonly used to extract the ocean front bound-
ary [8-10]. In recent years, due to its high observation resolution, all-
weather, all-weather work, and synchronous, large-scale real-time acquisition
of observation data [11-13], synthetic aperture radar (Synthetic Aperture
Radar, SAR) is widely used in the study of small and medium-scale ocean
phenomena [14-17].

Among them, Li Tingting et al. [18] started from the perspective of image
processing and studied the ocean front detection method based on SAR data,
and achieved good detection results. This article conducted an in-depth study
on the method and found the following problems: (1) The detection process
is highly subjective. Multiple links in the detection process have not formed
a judgment standard, and the threshold setting may vary from person to
person, resulting in unstable detection results, detection methods difficult to
be fixed, and weak universality and popularization. (2) The detection effect
needs to be further improved. It is mainly reflected in two aspects. One is
that the detection results are not in good agreement with the real front in
the image, and the other is the lack of ability to characterize the changes in
the width of the ocean front, which makes the front details not prominent
and cannot effectively reflect the local strength changes of the front. (3)
No effective interference information removal method is proposed, and the
interference information in the edge detection results cannot be removed from
the algorithm level. (4) The frontal continuity problem cannot be solved well.

In view of the above problems, this paper further studies the ocean
front detection method based on SAR image data. By introducing meth-
ods such as empirical mode decomposition, maximum interclass variance
calculation, graph roundness calculation, polynomial fitting, etc., and based
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on the original algorithm, a new efficient and highly autonomous ocean
front detection method is proposed. Through comparative analysis, the new
method overcomes the above-mentioned shortcomings in the old method and
broadens the thinking for the extraction of ocean front information.

2 Method Principle

2.1 Imaging Principles of Ocean Front in SAR Images

SAR is an active microwave imaging sensor that can receive the backscat-
tered signal of the observation object, and form a distribution image of the
backscattering coefficient in the observation range by analyzing the amplitude
and time phase of the signal. The sea surface mainly affects the backscattering
coefficient through its roughness, which causes the gray value in the SAR
image to change. At the place where the seawater converges, the roughness
of the sea surface is large, and the backscattering coefficient is high. The gray
value of the corresponding position in the SAR image is high, and the image
appears bright, otherwise it is dark. Due to the strong convergence/divergence
and vertical movement of the sea near the ocean front, the roughness of the
sea surface is changed, which affects the backscattering coefficient, which is
finally reflected in the SAR image as a bright or dark streak.

2.2 Main Algorithm

2.2.1 Empirical mode decomposition

Unprocessed SAR images often have light and dark stripes, and their gray
values often have an overall trend in a certain direction. These phenom-
ena make the local and overall thresholds in edge detection unable to be
effectively unified, resulting in missed and false detections of the boundary.
To solve this problem, we introduced the Empirical Mode Decomposition
(EMD) algorithm. The algorithm is a signal decomposition method based
entirely on the data itself [19]. The data f(¢) can be decomposed into a series
of Intrinsic Mode Function (IMF) and a residual term (R), the process is as
follows:

(a) Find all extreme values of f(t);

(b) Use the cubic spline fitting method to connect these maximum and
minimum values to obtain the upper and lower envelopes of f(t), and
find the mean curve between the upper and lower envelopes m; 1 (1);

(c) Subtract mq 1(t) from f(t) to get a new time series hy 1 (t);
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(d) Repeat the above operations (a) to (c) for the new time series until the
following condition is met,

[l ma(t)dt
[l bk (t)2dt
Where £ is the number of repetitions of operations (a) to (c), m; (t) and

hi x(t) are the mean envelope and time series obtained after the operations
are repeated k times.

< 0.1, (1

hag(t) = hag—1(t) — mix(t), 2

Let IMFy = hy ,(t), IMF} is the first natural mode decomposed from
f(@).

Remove IMF; from f(t) to get fi(t) = f(t) — IMF; and repeat the
above operations (a) to (d) for fi(¢) until f,,(¢) is monotonic

fa(t) = faa(t) = IMFy, 3)

Let R = f,,(t), and R is the changing trend of f(¢) in the T" time period.
Thus, the result of EMD decomposition of a time signal S can be expressed as:

S=IMF+IMF,+---+IMF, + R, 4)

Where, IMFy,IMF,,...,IMF, represent the amount of pulsation
with different time scales in the signal S (the larger the time scale, the stronger
the periodicity), and R represents the change trend of S.

We decompose the gray value data of each row (column) by EMD one by
one, and remove the trend item and the first two items with the largest scale,
which well removes the changing trend of the image and the periodic light
and dark stripes, and effectively improves the accuracy of edge detection.

2.2.2 Calculation of maximum interclass variance

When detecting ocean fronts, in order to facilitate subsequent edge detection,
the image needs to be converted into a binary image. In the old method, the
threshold for converting an image to a binary image is manually selected.
It is necessary to repeatedly observe and compare the converted binary
image effect according to the human eye, and finally determine the threshold.
Obviously, this process is extremely dependent on the experience of the oper-
ator. Different people are likely to set different conversion thresholds when
performing this step. Even the same person may set different thresholds at
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different time periods, influencing the image conversion effect. Furthermore,
the binary conversion is the initial step of the entire detection algorithm, and
its effect is very obvious on the entire detection process, and ultimately affects
the detection effect of the front.

In order to avoid the above problems, this paper introduces the maximum
between-class variance method for binary conversion. The maximum inter-
class variance method (OTSU) is a global-based binarization algorithm that
can adaptively divide the image into two parts: foreground and background
[20]. The calculation is as follows:

Let T be the segmentation threshold between foreground and background,
the ratio of foreground pixels to the total number of pixels is wy, the average
gray value of foreground pixels is ug, the ratio of background pixels to the
total number of pixels is w1, and the average gray value of background pixels
is u1, the average gray value of all pixels in the image can be expressed as:

U =Wy X ug + wy X uy, ®))

The interclass variance between the foreground and the background is as
follows:
g =wp X (ug — u)? 4wy x (ug —u)?, (6)

Then g can finally be expressed as:
g=wo X wi X (ug —uy)?, (7)

Where wg + w1 = 1.

When the variance g reaches the maximum, the difference between the
foreground and the background is considered to the maximum, and the
segmentation threshold at this time is the optimal threshold for binary conver-
sion. This method solves the problem of segmentation threshold value during
the conversion of image binary image, thereby avoiding the interference of
artificial factors, reducing the influence of subjective factors, and improving
the autonomy of the algorithm.

2.2.3 Graphic screening based on polynomial fitting

In the front detection, we found that no matter what pretreatment method
is used, the detected front line will inevitably break. There are two main
reasons for this phenomenon: First, due to the weak signal in some areas of
the front line, the detection is missing. Secondly, the front line itself is indeed
discontinuous in the observation data due to some reason. However, judging
from the human eye, these broken lines have the strong positional logical
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relationship, and it is easy to judge from the form that they belong to the
same front. For this situation, we introduced a polynomial fitting algorithm
to judge whether the detection results belong to the same front, and connect
the structures belonging to the same front to solve the problem of continuity
of the detection results. The operation process is as follows:

(a) Perform curve fitting on the coordinates of all pixels of the sus-
pected front signal. Among them, according to the results of multiple
experiments, we found that linear Fourier fitting is better;

(b) Keep the test results that are crossed by the fitted curve and close enough
to the fitted curve (the distance between polygon centroid and fitting
curve is small enough), and according to their spatial relationship, find
the nearest 10% points between the adjacent test results, and connect
these points to complete the front connection works.

2.3 Front Detection Process

The ocean front detection algorithm in this article is developed based on
MATLAB, and its specific operating procedures include (As shown in
Figure 1):

(1) SAR image preprocessing, including detection range selection, image
rotation, etc.;

This algorithm has certain requirements for the detection image. It
requires that there is one and only one front body in the image, otherwise it
will cause inaccurate polynomial fitting and cause misjudgment of the front
signal.

(2) Remove trends and stripes with EMD algorithm;

In the process of SAR observation, With the increase of incident angle,
there will be a change trend of SAR image brightness. The purpose of
removing trend is to solve this problem. And in the results of EMD, the
large-scale term represents the regular signal in the data, the small-scale
term represents the detail signal in the data, and the light and dark stripes
have strong periodicity, which correspond to the large-scale terms in the
decomposition results of the data. After a lot of experiments, we find that
removing the first two items with larger scale can effectively remove the
fringe phenomenon in SAR image.

(3) Convert the image to a binary graph using the maximum interclass
variance method.
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At this time, the SAR image is converted into a black and white image
with only two values of 0 and 1;

(4) Remove polygons with smaller area in the image;

After the conversion, we found that there are many isolated graphics with
a small area (less than 8 pixels) in the image, most of which are the original
noise in the SAR image, which should be removed first;

(5) Image closing operation;

Use the diamond structure element to expand the image first and then
perform the corrosion operation, the purpose is to merge the small area
polygons that are closer in the image;

(6) Graphic roundness screening

During the operation, we found that most of the frontal signals will
show slender features. In order to further remove noise signals, we conduct
roundness inspections on all detected polygons and remove polygons with
higher roundness, in this paper roundness R is defined as

Where S is the area of the polygon and L is the perimeter of the polygon.
The closer the polygon is to the circle, the closer the value of Ris to 1;

(7) Graphic edge extraction and centroid calculation;
(8) Curve fitting

Curve fitting is performed on the positions of all pixels suspected to
be frontal signals. In this paper, a linear Fourier fitting is used. In actual
operation, other fitting methods can also be used;

(9) Confirmation of frontal signal

We use two rules to determine whether the image signal is a frontal signal.
First, we consider the polygon that is crossed by the fitted curve as the front.
Secondly, we consider the figure whose centroid is close enough to the fitted
curve as the front signal. In this study, we use the amplitude of a linear Fourier
fitting curve as the threshold distance. Polygons whose distance is less than
the threshold are regarded as frontal signals;

(10) Graphical connection
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After selecting the front signal, calculate the distance between adjacent
polygons, select the 10% point with the smallest distance between the two
polygons, and connect them;

(11) Extract frontal bones and boundaries.

Remove binary Removed merge the
SAR Data . | wendsand graph small +"| small area
stripes polygons polygons

Image
EMD oTsu <8pixels closing
operation

remove

.| polygons C':)’;_f;:;':::l“n - detection
with higher stihal 4 result

roundness

Curve Graphical
fitting connection

Figure 1 Process flow chart.

3 Test and Analysis

3.1 Test Data

In order to compare with the method in Li Tingting et al. [18], this paper
selects the same LevellB product data of the ENVIST satellite A SAR for
front extraction. The SAR image was taken on June 7, 2009. The image area
is 550 x 233 pixels, and the image resolution is 7.8 m x 4.06 m. As shown
in Figure 2, the front surface is shown as a bright stripe.

Figure 3 shows the image processing process. Among them, Figure 3a
is the image after the original image is decomposed by EMD (At this time,
the value of the image data is small, so the picture is dark); Figure 3b is the
image converted into a binary image using the maximum interclass variance
method. It can be clearly found that the gray value distribution of the image is
more uniform than that of the original image and the horizontal stripes of light
and dark in the original picture have also been greatly improved; Figure 3¢
shows the effect after removing the smaller polygons; Figure 3d shows the
effect after the closing operation; Figure 3e shows the effect of roundness
screening, after removing polygons that are too round.
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Figure 2 The original SAR image of eastern Hainan Island on June 7, 2009.

] ] 4] ]

Figure 3 The intermediate process of image processing (from left to right are the results
after EMD removal of background, binary conversion, figure area filtering, closed operation,
and roundness filtering).

After the above operation, we extracted the boundaries of all polygons,
and performed a linear Fourier fitting on all suspected frontal signals, as
shown in Figure 4a. According to the selecting method proposed in this
article, the polygons that are crossed by the fitted curve and within two
amplitudes of the fitted curve are retained, as shown in Figure 4b. These are
all frontal signals.
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Figure 4 Front signal selection using curve fitting.

Calculate the distance between the polygons, select close enough points
on the adjacent graphics, and connect them. The connection effect is shown in
Figure 5a, where the red line is the connection line. Then fill in the gaps, and
the effect is shown in Figure 5b. This image is the final ocean front detection
result; Figure 5c shows the corresponding graphic skeleton.

Figures 6a and 6¢ show the ocean front extracted by Li Tingting et al. [18]
and the ocean front extracted in this paper, respectively. Figure 6b shows
the position of the frontal skeleton in the original image, where the red line
is extracted by the old method, and the green line is extracted by the new
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Figure 5 Front connection and skeleton extraction.

b Comparison of the front
. bone extraction results of the ¢ Detection results of
a The old method extraction o
new and old methods (the red  the new method in this
results [18] . . .
line and the green line are the article

the old and new results)

Figure 6 Comparison of ocean front detection results of the new and old methods.

method. In contrast, the performance of the new method is significantly better
than the old method, which is mainly reflected in the following two aspects:

(1) Significant improvement in frontal morphology: From the morphologi-
cal point of view, the frontal bone extracted by the new method almost
completely overlaps the frontal surface in the original image, while the
bone extracted by the old method has a large deviation;
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ad

Figure 7 SAR image data and observation location.

(2) The change of frontal width is more detailed: we found that the frontal
width extracted by the new method has obvious differences in different
parts. It appears thick where the frontal phenomenon is strong, and looks
thinner where the frontal phenomenon is weak. Through human eye
comparison, these changes correspond well to the frontal changes in the
original image. In contrast, the front extracted in the old method has
almost no change in its width from top to bottom, which obviously does
not reflect the local strength changes on the front.

3.2 Method Verification

This paper selects the SAR data of the GF-3 satellite in the west side of
Taiwan Island on July 27, 2017 to verify the algorithm. The data is the full
polarization strip 1 (QPSI) imaging mode, the standard resolution is 8 m and
the width is 30 km, with full polarization (HH/HV/VH/VV) imaging. The
center latitude and longitude are 24.2°N, 119.6°E. The image width is 5530
and the height is 5265, and the width and height resolution are 2.2484 m and
5.0407 m (Figure 7).

Figure 8 shows the key steps when using the data for algorithm verifica-
tion. Figures 8a to 8i are: (a) binary graph conversion, (b) closing operation,
(c) roundness filtering, (d) boundary extraction, (e) calculation of the largest
external polygon, (f) curve fitting, (g) image connection, (h) front extraction
result, (i) front bone.

Figure 9 shows the result of front extraction, and the red line is the ocean
front boundary. It can be seen that the extracted front morphology and the
front on the original image are very consistent, and the width of the front
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Figure 8 Image stitching and skeleton extraction process.

..

Figure 9 Results of ocean front detection.
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changes well with the intensity of the phenomenon, and the front extraction
effect is excellent. It demonstrates that the ocean front extraction algorithm
proposed in this article has good universality.

4 Conclusion

Based on the research of Li Tingting et al. [18], this paper proposes a
new highly autonomous ocean front detection method. First of all, using
the EMD decomposition method, effective processing of SAR image trends
and stripes has been done to lay a good foundation for subsequent image
processing. Then, it effectively avoids the problem of requiring the human eye
to determine the conversion threshold by calculating the maximum interclass
variance, while ensuring the best conversion effect of the binary graph. Later,
the curve fitting method was creatively used to further screen the frontal
signals and prepare for the front connection. Through comparative analysis of
the detection results with the old method, the new algorithm is significantly
better than the old method in detection accuracy and detection efficiency. It
is mainly reflected in three aspects: the high degree of agreement between
the front shape detected by the new algorithm and the objective phenomenon,
the meticulous depiction of the change of the front intensity and the high
autonomy. The new algorithm especially focuses on avoiding the dependence
on people in the detection process, improving the autonomy of the algorithm,
and improving the universality and generalizability of the algorithm.

However, the new algorithm currently has some shortcomings: (1) The
algorithm has not yet fully achieved independence and the fitting method
used in curve fitting needs to be determined after the effect comparison. (2)
The algorithm currently only addresses the situation where there is only one
front in an image. (3) In the front connection, this algorithm uses the straight
line connection between the adjacent nearest points and does not consider the
morphological logical relationship between the graphics, which may cause
the front morphology to deviate from the actual situation.

Compared with other ocean remote sensing methods, SAR has many
unique advantages, especially in terms of resolution, which allows us clearly
to observe some small and medium-scale ocean phenomena on the ocean
surface. This article discusses a highly autonomous ocean front detection
algorithm based on SAR images from the perspective of image processing.
With the development of SAR technology, the research of ocean phenomena
based on SAR data is bound to receive more attention. This front detection
algorithm will also have higher application value.
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