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Coastline extraction based
on multi-scale segmentation
and multi-level inheritance
classification
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Detailed management of the coastline is critical to the development of coastal
states. However, the current classification of the coastline is relatively weak.
This study proposed an automatic method to detect coastlines with category
attributes based on multi-scale segmentation and multi-level inheritance
classification. Fully integrating the advantages of multi-scale segmentation
and multi-level classification, it solved the problems that traditional methods
could not solve, such as extracting coastlines with categorical attributes,
cultivation ponds that are easily affected by tidal flats, and complex coastal
terrain. The Chinese GF-2 satellite images are used to extract various types of
coastlines in Jiaozhou Bay and its surrounding areas such as the harbor-wharf
coastline, silt coastline, pond coastline, rocky coastline, and sandy coastline.
Compared with the human interpretation, it is found that the coastline
extracted by our proposed method is different by 10.104 km in the harbor-
wharf coastline, 0.099 km in the silt coastline, 2.677 km in the pond coastline,
8.831 km in the rocky coastline, and 0.218 km in the sandy coastline.
Furthermore, compared to the object-based region growing integrating edge
detection (OBRGIE) method, it is increased by 13.52%, 2.16%, 14.48%, 52.57%,
and 22.97%, respectively. The results show that our proposed method is
algorithmically more reasonable, accurate, and powerful. It can provide data
support for refined coastline management.
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Introduction

The coastline is the dividing line between sea and land
formed by the average high tide of the spring tide for many
years (Boak and Turner, 2005; Lui et al., 2011). It is the basis for
coastal zone management, as well as the baseline for ocean
navigation and sea area determination. The coastal zone is of
great significance to economic development and the natural
environment, although it has a higher risk of natural disasters
such as tsunamis, waves, and coastal erosion (Mulder et al., 2011;
Chen et al., 2021). Coastal areas have better resource exchange
opportunities and economic development capabilities than
inland areas (Rangel-Buitrago et al., 2015). Therefore, quickly
extracting coastline from remote sensing images plays a vital role
in the local government’s unified development, utilization, and
management of coastal resources.

High-resolution remote sensing technology provides a
technical means for coastline measurement with its advantages
of high resolution and high positioning accuracy (Lui et al,
2011). With the rapid development of high-resolution satellites,
the research on coastline extraction based on high-resolution
images has also been widely used. Various research scholars have
presented many methods for remote sensing interpretation of
coastline; the automatic coastline extraction methods such as
edge detection (Liu and Jezek, 2004; Sheng et al., 2021), region
growth (Jin et al., 2020), threshold segmentation (Wang et al.,
2016; Chen et al,, 2022), deep learning (Liu et al., 2019), and
object-oriented method (Ge et al., 2014; Wu et al., 2015) are used
worldwide, while traditional methods, such as the visual
interpretation of human-computer interaction, are still widely
used by experts to extract coastal information (Yasir et al., 2021).
The edge detection, regional growth, and threshold
segmentation methods are easily affected by the complex
coastal environment, and the type attributes of the coastline
cannot be obtained (Yasir et al., 2020; Chang et al., 2021; Yiet al,,
2022). The deep learning methods are required to produce a
large number of samples, which is challenging to cover various
scenes (Cheng, 2022). However, the object-oriented method can
accurately obtain the boundary of coastal features through
multi-scale segmentation and eliminate the influence of the
coastal environment through classification results.

In recent years, the object-oriented method to obtain
coastline has been widely used. Most scholars use the optimal
global segmentation scale to extract coastlines without types
(Wuetal, 2017; Bi et al., 2019; Zhang et al., 2022). For complex
coasts, some new methods based on object orientation have been
proposed, such as the OBRGIE method, which can delineate
aquaculture coastlines (Zhang et al,, 2013). A few scholars
applied the object-oriented method to distinguish coastline
types. It can be divided into two methods: one is to use the
threshold method (Ju et al., 2017), and the other is to use
the classification results (Wang, 2020) to determine the types
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of the coastline. However, their work has many flaws, such as the
types of the coastline are not clear, or some coastlines will lose
the category attribute. In view of these studies, we proposed a
method to automatically detect coastlines with category
attributes based on multi-scale segmentation and multi-level
inheritance classification. Our main contributions are as follows:

* Develop a method to automatically extract coastlines
based on multi-scale segmentation and multi-level
inheritance classification, which perfectly integrates
multi-scale segmentation and multi-level inheritance
classification. It can eliminate the influence of coastal
terrain on coastline extraction and obtain accurate
coastlines.

* Identify various types of coastlines such as harbor-wharf
coastline, pond coastline, rocky coastline, silt coastline,
and sandy coastline.

Methods

In this paper, a coastline extraction method based on multi-
scale segmentation and multi-level inheritance classification was
presented. The technical steps are shown in Figure 1.

Multi-scale segmentation

Image segmentation is the first step in object-oriented image
classification and analysis. The selection of the segmentation
scale directly determines the size of the image object and the
spatial scale level of the study area (Sun et al., 2018); thus, multi-
scale segmentation results determine the location accuracy of
coastline extraction. The method proposed by us performs
optimal segmentation according to the characteristics of each
coastal feature, which provides a basis for multi-level inheritance
classification. The specific principle is shown in Figure 2.

The near-infrared (NIR) band is sensitive to water. To better
segment ocean and land, the weight of the image bands is set as
blue:green:red:NIR = 1:1:1:2. Image segmentation needs to
determine the shape index and compactness, that is, the
weight of shape heterogeneity and the weight of compactness
heterogeneity. The sum of the weights of the shape index and the
spectral index is 1. If the shape index is determined, the spectral
index is also known, and the same is true for compactness and
smoothness. Many scholars have used the relationship between
homogeneity and heterogeneity to construct a segmentation
evaluation index and an optimal segmentation scale model to
select the optimal segmentation scale. However, the shape index
and compactness cannot be automatically determined.
Therefore, this paper adopts a trial-and-error approach to
determine these two parameters.
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FIGURE 1

The overall methodology flowchart adopted in current research work for coastline extraction.

When the segmentation scale matches the real ground
objects, the local variance will reach the maximum value. At
this time, the homogeneity within a single object and the
difference between the objects will reach the maximum, and
we can achieve effective segmentation of ground objects by
calculating the maximum value of the difference. The
Estimation of Scale Parameter (ESP) scale evaluation
algorithm is used to calculate the possible value of the
optimal scale (Dragut et al., 2014; Bai, 2020). The algorithm
determines the optimal segmentation scale by calculating the
mean of local variance (LV) and the rate of change of the mean
local variance rate of change (ROC). Equations (1) and (2) are

as follows:
1 m —0
LV:;EM(CL—CL) (1)
K-(K-1
roc = K=®E=D 1009 )

where C; is the average brightness of a single image object
in the band L, C; is the average brightness of all objects in the
image in the band L, m is the sum of the number of objects in
the image, K is the local variance of the target layer, and K - 1 is
the local variance of a layer.

When the ROC reaches the maximum value, the
segmentation scale corresponding to LV is the optimal
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possible value. Then, the optimal value is determined
according to the segmentation effect.

Multi-level inheritance classification

In order to obtain accurate classification results of each
coastal feature, we applied the multi-level inheritance
classification. Its working principle is as follows: each
classification layer extracts the corresponding coastal features
and then inherits other features to the next classification layer
until all coastal features are classified.

The selection of remote sensing interpretation marks is the
key to correctly identifying the type of coastline and extracting
the position of the coastline. The classification of coastal features
must be based on the interpretation marks of the coastline. Based
on the topic “Comprehensive Survey and Evaluation of China’s
Offshore Oceans”, China surveyed and evaluated the coastline
(Sun et al., 2011) and divided the coastline into a natural and an
artificial coastline. The natural coastline is further subdivided
into the following: rocky coastline, sandy coastline, silt coastline,
and biological coastline. The artificial coastline includes the
harbor-wharf coastline, the dam coastline, and the pond
coastline, among others. The classification marks of coastal
features in this paper refer to Sun’s interpretation
marks research.
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FIGURE 2
The principle of multi-scale segmentation.

According to the characteristics of coastal features, a total of
48 index features, spectral features, geometric features, and
texture features (Su et al., 2008; Wang, 2020) were selected for
the classification features (Table 1).

Based on each object segmentation, a classification hierarchy
is constructed according to the segmentation scale and
segmentation effect. The nearest-neighbor classification
method can extract coastal features layer by layer (Lin et al,
2018). Outside areas of the extracted coastal features are
inherited to the next level to reclass. Different features have
different feature expressions; when the classification features do
not apply to a particular feature, classification accuracy will be

TABLE 1 Categorical features including blue, green, red, and NIR
bands.

Content Features
Index NDWI
Spectral Brightness, Mean(4), Max, Difference standard deviation(4)

Edge contrast of neighbor pixels(4), StdDev.to neighbor pixels(4)
Mean diff. to darker neighbors(4), Mean diff.to brighter neighbors
(4)

Geometric  Area, Border length, Length, Width, Length/Width, Volume
Asymmetry, Border index, Compactness, Density, Elliptic fit
Rectangular fit, Roundness, Shape index

Texture Entropy, Contrast, GLCM Homogeneity(4), Angle 2nd Moment
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reduced. It is necessary to optimize the features of the samples
selected by each classification layer and finally classify all the
features. Then, all classification results will be inherited to
a layer.

Automatic coastline extraction steps

In this section, we describe how to automatically obtain
coastlines with attributes based on the classification result. The
classified coastal features have attribute information
corresponding to various shorelines. In this part, we only need
to filter the location according to the definition of coastline to
obtain various coastlines.

(1) By merging objects of the same type at adjacent
positions, we can reduce the number of objects and
find the largest area of the ocean from it. The largest
ocean as a basis for screening coastline.

(2) Filter the objects adjacent to the sea and convert them
into line features. Since the classification result has
attributes of coastline types, the line features also have
corresponding attributes. Traverse lines with attributes
of the breeding pond, harbor-wharf, rock, and land, then
filter those that are adjacent to the biggest sea. The pond
coastline, harbor-wharf coastline, rocky coastline, and
silt coastline can get. Similarly, keep the beach attribute
lines that are not adjacent to the sea. The sandy coastline
is available.

(3) Multi-scale segmentation is based on pixels, and the
obtained segmentation boundary will have a lot of
sawtooth, which will cause the extracted coastline to
be too curved. Thus, extracted lines need smoothing
before the final coastline can be obtained.

Experiments
Study area and data

Jiaozhou Bay is located in the south coast of Jiaodong
Peninsula, Qingdao City, Shandong Province, China, at 120°
06’-120° 22 east longitude, 36° 03’-36° 15" north latitude. The
total area is 25 km wide from east to west and 32 km long from
north to south, covers an area of 446 km?, and has a maximum
water depth of 64 m and an average water depth of 7 m (Shen,
2001). Figure 3 depicts the geographical location of the
study area.

In the current study, we collected four images from the GF-2
Chinese satellite of the year 2018 for the region of Jiaozhou Bay
and surrounding areas. The images were acquired from the
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FIGURE 3

The geographical location of the study area.

China Centre for Resources Satellite Data and Application
website (http://36.112.130.153:7777/DSSPlatform/index.html),
and the specific details of the parameters are listed in Table 2.

Data preprocessing is the premise of the whole
experiment. First of all, radiometric calibration, atmospheric
correction, and orthorectification were performed on the
panchromatic bands of the four images. Radiometric
calibration and orthorectification were performed on the
multi-spectral bands. Then, the processed panchromatic and
multi-spectral bands are fused and mosaicked to obtaina 1 x 1 m
resolution image of the study area (Wang, 2021). Second, the
Normalized Difference Water Index (NDWI) image was
obtained by band calculation on the mosaicked image (Gao,
1996), and the water edge (coastline) was extracted from NDWI
by the regional growing method (Liu et al., 2017; Incekara et al.,
2018) (Figure 4A). Equation (3) is as follows:

_ Green — NIR

NDWI = ————
Green + NIR

3)

where Green and NIR are bands of the GF-2 satellite image.

A 600-m-distance buffer was generated through the
extracted water edge. Finally, crop the research area from the
whole image scene as shown in Figure 4B.

Results

After investigating and analyzing the coastline of Jiaozhou Bay
and its surrounding areas, they are classified into the harbor-wharf
coastline, pond coastline, rocky coastline, silt coastline, and sandy
coastline. The feature segmentation parameters corresponding to
each type of coastline are determined (Tables 3, 4), and the
segmentation effect is presented in Figure 5.

TABLE 2 The details of the Chinese GF-2 sensor parameters used in the current study.

Sensor Bands Wavelength range /um Spatial resolution /m
Pan-camera Pan 0.45-0.89 1
Blue 0.45-0.52
Green 0.52-0.59
Multi-camera
Red 0.63-0.69 4
NIR 0.77-0.89
Frontiers in Marine Science 05 frontiersin.org
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Image pre-processing: (A) the result of the regional growth method coastline extraction corresponding to NDWI; (B) the buffer of the research

area.

According to the interpretation of coastline signs, combined
with the distribution characteristics of the coastline in Jiaozhou
Bay and its surrounding areas, a classification system was
established (Figure 6).

In the current study area, we performed multi-level
inheritance classification to attain the classification result
(Figure 7). Classification results include ocean, land, silt, pond,
sand, ship, rock, and harbor-wharf. After processing the
classification results, such as merging different categories, we
can get an accurate boundary between ocean and land, on which
the next step of coastline extraction can proceed.

Based on the post-processing result, the harbor-wharf
coastline, pond coastline, silt coastline, rocky coastline, and

TABLE 3 LV and ROC of each coastal feature.

sandy coastline were automatically extracted and then
smoothed to acquire the final coastline (Figure 8). The
coastlines have a very good effect on visuals.

Analysis

To verify the effectiveness of our proposed method, we used
the methods of canny edge detection, regional growth, and
OBRGIE to extract the coastline and compared the results
with our method. In the canny operator, we set the threshold
to 0.2, and in the regional growth method, the threshold is set to
0.15. Different techniques were used for the automated coastline

Index Ocean Sand Harbor-wharf Rock Ship
LV 145.74 3189 267.82 302.75 281.64
ROC 0.42 1.47 -2.36 -0.41 -0.16
TABLE 4 Segmentation parameters of each coastal land type.

Content Ocean Sand Harbor-wharf Rock Ship
Shape factor 0.3 0.6 0.9 0.6 0.8
Smoothness 0.5 0.8 0.5 0.3 0.5
Segmentation scale 2,816 1,506 1,008 510 465
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FIGURE 5
Different types of segmentation effects: (A) ocean, (B) sand, (C) harbor-wharf, (D) ship, and (E) rock.
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FIGURE 6
Coastline classification system.
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FIGURE 7
Classification result of coastal features of Jiaozhou Bay.
extraction, but our algorithm is the most applicable because it The accuracy assessment of the coastline can be described as
creates an accurate result (Figure 9). length and position. The statistical length of various coastlines
In different methods, manually adjust the river port line, by our method is shown in Table 5. Mean offset (mean) and root
Jiaozhou Bay Bridge, and the slender waterway in the breeding mean square error (RMSE) are used to verify the position
pond to make the evaluation standard uniform with human accuracy. For the coastline extracted by different methods, take
interpretation. The coastline of human interpretation is used as a point every 10 m and make the vertical distance from the point
the truth value to evaluate the accuracy of the extracted coastline. to the coastline of human interpretation. The mean and RMSE of
The extracted results by different methods are superimposed for the vertical distance were calculated (Tables 6, 7).
comparison, as shown in Figure 10. We concluded from From Table 5, it can be determined that the canny edge
Figure 10 that our extraction technique is more reliable and detection and regional growth method cannot obtain the
quicker than other techniques. coastline types. The principle of the OBRGIE method is to
Figures 9, 10 show that in Jiaozhou Bay, the impact of first extract the coastline from the image and then classify the
seawater has formed several kilometers of tidal flats, and people buffer zone. Finally, use ArcGIS to assign the attributes of the
have built large-scale breeding ponds on the edges of the tidal landline segment to the ocean line segment. When performing
flats. The extraction results of canny edge detection in tidal flats spatial connection of attributes, there are many possibilities in
and breeding ponds are not good, and the regional growth does space between landline and ocean line segments, such as
not achieve the ideal extraction effect in some tidal flats. The intersection and separation. This will lead to errors in the
OBRGIE method and our proposed method work well, but our length of the acquired coastline and partial loss of attributes.
method is more detailed and has better accuracy. Due to the defects of this method, the coastline extracted by this
Frontiers in Marine Science 08 frontiersin.org
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method has 34 km without the coastline type. Our method
differs from human interpretation by 15.957 km. The lengths of
our extracted harbor-wharf coastline, pond coastline, rocky
coastline, silt coastline, and sandy coastline differ from the real
coastline by 10.104 km, 2.676 km, 8.831 km, 0.099 km, and
0.229 km, which is the closest to the truth value among
all methods.

There are many ports in our research area, and the ships
parked at the port cannot be accurately segmented due to the
influence of the overhead crane. They will be classified as harbor-
wharf and increase the length of the harbor-wharf coastline.
Furthermore, due to the human activities around Niu Island in
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the Tangdao Bay coastline so it is identified as a harbor-wharf
coastline. After removing these two factors, it can be considered
that our result is reasonable.

The position accuracies are presented in Tables 6, 7. It can be
found that our method improved by an order of magnitude at
the mean, and the RMSE is the best of all methods. In the
OBRGIE method, the mean and RMSE of silt and sandy
coastline are very large, which indicates that this method is
unstable. In our method, the mean of various coastlines is less
than 10 m as a whole; the RMSE of various coastlines is
approximately 20 m. All data show that our method
outperforms other methods.
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FIGURE 9

Extraction results of Jiaozhou Bay: (A) the original image, (B) canny edge detection coastline, (C) the regional growth extracted coastline,
(D) OBRGIE extracted coastline, and (E) our method extracted coastline

Conclusion and future work

Our proposed method algorithmically combines multi-scale
segmentation and multi-level inheritance classification. Among
them, multi-scale segmentation introduces ROC and LV to
determine the optimal segmentation scale of each coastal
feature, and multi-level inheritance classification enables each
coastal feature to be classified with high precision. As a result, a

Frontiers in Marine Science
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coastline recognition algorithm is used, which can automatically
obtain various types of coastlines.

This method improved the defects of other methods in tidal
flats and breeding ponds. Based on the classification results, the
automatic extraction of the coastline is realized, which solves
the problem that the traditional methods cannot directly obtain
the attributes of the coastline. Compared with the different
methods, it is found that the coastline extracted by this
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TABLE 5 Length statistics of coastline types by different methods (unit: km).
Methods Types Total length
Harbor-wharf coastline Silt coastline Pond coastline Rocky coastline Sandy coastline
Canny - - - - - 422,978
Regional growth - - - - - 418.529
OBRGIE 182.913 3.395 63.682 107.732 20.708 413.248
Human interpretation 223.172 4.588 53.291 64.826 27.208 373.256
Ours 233.276 4.687 50.614 73.657 26.979 389.213

TABLE 6 Position accuracy of different methods (unit: m).

Index Methods
Canny Regional growth OBRGIE Ours
Mean 2239 95.12 30.56 7.94
RMSE 38.74 182.81 81.59 23.65
TABLE 7 Position accuracy of coastline types in different methods (unit: m).
Methods Index Types
Harbor-wharf coastline Pond coastline Rocky coastline Silt coastline Sandy coastline
OBRGIE Mean 14.20 22.61 2137 52.83 68.975
RMSE 30.14 59.16 55.85 66.98 105.40
Ours Mean 6.70 9.95 9.49 11.26 8.16
RMSE 21.89 34.93 17.71 20.78 17.48
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method has significant advantages in the accuracy of length and
position. The extraction result of our method is 9.04% higher
than the canny edge detection, 7.85% higher than the regional
growth, and 10.71% higher than the OBRGIE in length accuracy.
The mean and RMSE increased by 14.45 m and 15.09 m
compared to the canny edge detection, by 22.62 m and
57.94 m compared to OBRGIE, and by 87.18 m and 159.16 m
compared to the regional growth in position accuracy. It can be
used in the refined management of the coastline. This paper only
realizes the preliminary coastline extraction and has not
considered the influence of factors such as suspended
sediment, tide level, and season. Therefore, the next task is to
perform tide level correction according to the type of coastline to
acquire the real coastline.
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