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Abstract: The shoulder line is fundamental to geomorphic evolution and erosion monitoring research
on the Loess Plateau, which represents the boundary between positive terrain (intergully) and
negative terrain (inner gully). The existing extraction methods mainly suffer the problems of unclear
geological significance, poor landform application, and low efficiency of algorithms. This paper
proposes a new loess shoulder line automatic extraction method, in which topographic feature points
(ridge and valley points) were used as endpoints to generate continuous profiles, and two parameters,
analysis operator size (L) and filter threshold (o), were created for shoulder point extraction from
each profile. This method can be applied to complex landforms such as the continuous shoulder
lines of terraces and extracts. Herein, three typical areas on the Dongzhi Plateau were selected to
assess the performance of the method, and a digital elevation model (DEM) with a resolution of
5 m was used as source data. The accuracy assessment index was the Euclidean distance offset
percentage (EDOP), and the original evaluation method was improved based on Structure from
Motion-Multiview Stereo (SfM-MVS) technology. The experimental results showed that the average
accuracy of the proposed method in the three test areas reached 89.3%, which is higher than that
of the multidirectional hill-shading and P-N methods. Via testing in different areas, it could be
concluded that the extraction efficiency was less affected by the area of the test region, and the
approach exhibited a suitable robustness. Simultaneously, the optimal values of parameters L and o
were examined. This study increases the possibility of accurate shoulder line extraction in the large
area of the Loess Plateau.

Keywords: shoulder line; Loess Plateau; automatic extraction; accuracy assessment

1. Introduction

The Loess Plateau is hailed as one of the most valuable areas for geoscience research
globally because of its unique development pattern and various combinations of geo-
morphic forms [1-4]. Due to long-term soil erosion on the Loess Plateau, a fragmented
landscape of gullies and ravines has been formed, and the gravity erosion process, resulting
in landslides and collapses, is very active, seriously threatening the life and property safety
of residents on the Loess Plateau [5-8]. As the boundary between positive terrain (intergully
area) and negative terrain (inner gully area), the shoulder line is the topographic structure
line that best reflects the morphological characteristics of loess landforms, and it plays an
important role in gully erosion monitoring [9-11], mapping [12,13], and research on spatial
heterogeneity [14,15].

The accurate and rapid extraction of the shoulder line has always been a very im-
portant task in scientific research and mapping applications on the Loess Plateau [16].
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The previous method of extracting shoulder lines entailed manual delineation by using a
topographic map or a remote sensing image; the advantage of this method is that highly
accurate shoulder line extraction results can be extracted and used as a reference data if the
operator is experienced, but the disadvantage is that it is time consuming and difficult to
apply in large areas. With the increasing development of geographic information system
(GIS) technology and the multiple sources and enrichment of remote sensing data, a large
number of scholars have proposed many automatic extraction methods for shoulder lines
based on digital elevation models (DEMs), which are mainly divided into automatic ex-
traction methods based on image gradients and automatic extraction methods based on
geomorphic features. Among them, the basic principle of automatic extraction based on the
image gradient is to process the DEM as an image and extract shoulder lines with image
processing and computer vision techniques. Yan [17] used four edge detection operators,
such as Laplacian of Gaussian (LOG), to extract shoulder lines and obtained an edge detec-
tion operator with the best extraction effect by comparison. Although the method could
obtain a high accuracy, it generated a large amount of errors in the extraction process, and
the noise removal procedure was difficult to apply in large areas. Yan [18] and Song [19]
used the snake model and proposed a parallel algorithm to improve the computational
efficiency, which solved the problem of the discontinuous extraction of shoulder lines, but
the extraction results were influenced by the initial shoulder line, the accuracy was not
satisfactory, and the curve was too smooth to describe the realistic gully morphology.

Compared to the first category, the automatic extraction method based on geomorphic
features is highly recognized, and its principle is to take advantage of the slope mutation in
the slope of the terrain on both sides of the shoulder line, and the geological significance is
clear. The geomorphic feature-based methods include the terrain attributes method and the
terrain visibility method. The extraction method based on terrain attributes uses shoulder
line locations with a clear difference in elevation, slope, and curvature. Zhou [15] regarded
the slope mutation unit as a candidate unit based on the size 7 x 7 pixels analysis operator
and then extracted shoulder lines through directional expansion and noise removal steps.
Zhu [20] used the branching points of the flow network as seeds and the results of the
curvature feature analysis of the surface profile as the growth criterion to achieve the
automatic segmentation of intergully, gully slope, and gully bottom land in loess areas. The
advantages of both methods are simple operation and easy implementation. However, the
disadvantages are that the results are influenced by the threshold value, and it is difficult to
propose an adaptive threshold acquisition algorithm based on the local topography of the
study area. Evans [21] used a mean-filter DEM to obtain the difference from the original
DEM, and its outstanding advantage was the simplicity of the method, but this method
extracted low-lying terrain not induced by gully erosion, and it was difficult to denoise
the data, resulting in lower accuracy. Extraction based on terrain visibility is an indirect
method of using terrain features. Wang [22] used the topographic openness to extract
shoulder lines. The advantage is that the topographic openness fully reflects the multiscale
characteristics of the topography, which is conducive to improving the extraction accuracy,
but a large number of parameters could lead to excessive calculations, which is difficult
to apply in large areas. Na [23] proposed a bidirectional relief shading method, and this
method algorithm was simple and easy to implement on ArcGIS; on this basis, to adapt
the method to the applicability of the loess hilly landform type, Yang [24] proposed a new
method of gully identification based on a multidirectional hill-shading map. However, this
method is greatly influenced by the altitude parameter and produces erroneous extraction
zones and missed extraction zones in terraced, wide, and flat gully bottoms, so the results
need further enhancement.

Based on the study of the above problems and inspired by the definition of the shoulder
line, this paper proposes a new shoulder line extraction method, which includes three main
steps: (1) Topographic feature lines (ridge and valley lines) in the study area are extracted
based on the GIS hydromethod, and continuous raster profiles are generated along the
slope strike direction between the ridge and valley lines. (2) Based on the DEM, all pixels
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in the study area are traversed by the analysis operator, and the slope variation matrix in
each pixel is calculated. (3) Pixels are selected through prior ranking of the slope variation
in each profile, and finally errors are eliminated.

The objectives of this paper are (1) to propose an extraction method for shoulder
lines suitable for various landform types in the Loess Plateau; (2) to perform parameter
analysis and select the optimal values; and (3) to assess the accuracy and efficiency of the
proposed method.

2. Test Area and Data

The research area, the Dongzhi Plateau, is located in Qingyang city, eastern Gansu
Province (34°50'-37°19'N, 106°14'-108°42'E), in the hinterland of the Loess Plateau, ex-
tending north—south, and it contains the largest, thickest loess layer and represents the
best-preserved part of the Loess Plateau in China. It occurs east of the Malian River, west
of the Pu River, south of the Jing River, and north of the Caijiamiao River (Figure 1). The
total area of the study area is 2765.5 km?, of which the plateau area is 960.05 km?. Due to
the unique geographical environment and unreasonable human engineering activities, soil
erosion in the tableland area reached 2735.95 km?, accounting for 98.9% of the total area,
and the hazards of gully erosion are extremely serious.
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Figure 1. Location of the study area in Qingyang, Gansu Province, China, and the three test areas.

The surface layer of the Dongzhi Plateau is widely covered by Quaternary thick mas-
sive loess with a thickness of 100-200 m. The underlying bedrock is Tertiary mudstone (N)
and Cretaceous sandstone (K) with a nearly horizontal attitude. The annual precipitation in
the research area ranges from 600-800 mm, and the area exhibits the characteristics of a high
interannual variation in precipitation and an extremely uneven distribution during the year.
According to meteorological data, more than 70% of the total precipitation occurs during
the rainy season, with an average annual precipitation of 551 mm from June to September,
and with frequent heavy rainfall conditions, extreme rainfall events are considered a major
trigger for gully erosion [9,25,26].

Considering the representativeness of the test area and the complexity of geomorphic
types, the Bianjiagou, Nanxiaohe, and Chuanhegou watersheds (Figure 1) were selected
to assess the performance of the proposed method. The Bianjiagou watershed, north
of Dongzhi Plateau, belongs to the loess hilly landform type, while the Nanxiaohe and
Chuanhegou watersheds belong to the Loess residual tableland landform type. These three
watersheds exhibit typical geomorphic features of the Loess Plateau and notable gully
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erosion hazards. The data types and a description of the research area are provided in
Table 1.

Table 1. Study area data types and description.

Data Data Sources Area(km?) Resolution(m) Data Used

DEM in digital - . Automatic
contourst Digital topographic map 100.2 5 Extraction
DEM in UAV SfM-MVS technology 10 0.1 Assessment
DOM in UAV SfIM-MVS technology 10 0.1 Assessment
Satellite imagery Google Earth image 100.2 1 Assessment

* DEM data are based on contour lines to generate Triangulated irregular network (TIN), where 1:10,000 contour
lines support 5 m resolution DEM.

3. Materials and Methods
3.1. Basis for the Demarcation of the Shoulder Line

In this paper, the typical characteristics of the shoulder line were used as the basis

for demarcation. Based on previous research results and field surveys, the positive and
negative terrain on both sides of the shoulder line mainly exists in the following aspects:

1.

-

Shoulder-li

In terms of geomorphic features, there are obvious slope differences above and below
the shoulder line. Generally, it is the line consisting of the points on the profile with
the highest variation in slope. Especially in the loess tableland area and the loess
residual tableland area, some gully walls are nearly vertical (Figure 2a).

In terms of the spatial distribution, it is well developed along the slope strike direction
between the ridge and valley lines with a suitable continuity (Figure 2b).

In terms of land use, above the shoulder line, there are mostly terraces and vegetation
development; in contrast, there is usually a barren wasteland exposed due to gully
erosion in the positive terrain area, and these features can be reflected in remote
sensing images (Figure 2c).

The macroscopic morphology of the shoulder line mostly includes jagged (Figure 2d)
and palm-shaped patterns (Figure 2e).
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Figure 2. Demarcation basis of the shoulder line: (a) geomorphic features of the shoulder line;

(b) spatial distribution of the shoulder line; (c) land use of the shoulder line; (d) jagged erosion;

(e) palm-shaped erosion.
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Combining the above four features, the first two aspects were adopted as the basis of
automatic extraction, and the third and fourth points were employed as the basis of the
accuracy assessment.

It is worth noting that there are also slope mutations on both sides of the tableland line
(Figure 3), which is defined as the intersection line between the tableland and sloping land
regions, and most of them are attributed to human engineering activities. Compared to the
shoulder line, the macroscopic morphology of the tableland line is smoother. The slope
difference between the two sides of the tableland line is small, generally below 15 degrees.
Based on the above features, this paper overcame the interference of the tableland line on
the results through the design of the automatic extraction method.

Tableland-line (B<15°)

Shoulder-line

Tableland

The maximum

gully land varied slope point

; Slope land

-~ = = = Tableland-Line '
Shoulder-Line @ .

r———— Profile-Line

«~—— Positive terrain —«— Negative terrain —

(a) (b)

Figure 3. Location of the shoulder line in a typical profile: (a) planar graph provided by Google Earth;
(b) a typical profile.

3.2. Extraction Principle and Method
3.2.1. Extraction Principle

Based on the demarcation basis, the extraction principle of the proposed method is
shown in Figure 4.
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Figure 4. Flow chart of the principle of the automatic extraction of the shoulder line.
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3.2.2. Extraction Method

The extraction method of the shoulder line consists of five steps (Figure 5). First, the
topographic feature lines are automatically extracted based on the hydro-analysis module
of ArcGIS10.8. The second step is to generate a continuous raster profile along the direction
of the slope strike between the ridge and valley lines. The third step is to traverse all the
pixels based on the DEM with a 5 m resolution in the test area and calculate the slope
variation matrix. In the fourth step, pixels with a priority ranking of the slope variation in
each profile are screened as candidate units for the shoulder line. In the last step, the error
is eliminated via the depth first search (DFS) algorithm to extract the shoulder line in the
test area. The specific extraction steps are described below.

step1: terrain feature line extraction

Terrain Feature

Flow Flow ) Positive and -
Line

Direction Accumulation negative terrain

Anti-terrain
DEM

\

(

Terrain Feature
Line

I i Valley line I
Rigde line

L Neighbor analysis

—
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step2: Raster profile automatic generation
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Distance
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area gully head
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step3: Calculation of the slope step4: Shoulder line candidates top5: Ermo
variation matrix extraction - p N ," !
Elimination
Slope
direction slope l:{> candidates Extraction
Slope based on 0

degree Shoulder Line

Figure 5. Automatic shoulder line extraction flow chart.

The first step is to extract terrain feature lines. The topographic feature line is an
important geomorphic boundary line to describe the structure of the terrain skeleton and
reveal the nature of the geomorphology. It consists of ridge and valley lines, where the
ridge line is the line connecting the highest points of the ridge, which is the line formed
at the top of the strip-like rise in the topographic morphology (Figure 6a); in contrast, the
valley line is the line connecting the lowest points of the valley (Figure 6b) [27,28].
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Contour lines
(b)

Figure 6. Schematic diagram of the terrain feature lines: (a) ridge line; (b) valley line.

Currently, research on the extraction method of topographic feature lines is at a
relatively mature stage, and many methods have been proposed [29-31]. In this paper, the
flow threshold determination method based on the ArcGIS 10.8 hydroanalysis module was
used for extraction [30], and the algorithm is easy to implement, while the results are more
applicable to the subsequent shoulder line extraction.

In the positive and negative terrain extraction, the mean filtering method [21] was
chosen to extract it to prevent ridge lines from entering the negative terrain area and
similarly prevent valley lines from entering the positive terrain area. Although this method
can divide positive and negative terrain regions and obtain a continuous shoulder line,
the extraction accuracy is not high; generally, it reaches approximately 70% [19,23], and
especially in an area with more depressions, the distribution extraction accuracy cannot be
guaranteed. However, the algorithm of this method is simple and easy to implement, and
through testing, the error generated by it exerts little interference on topographic feature
line extraction [30]. According to the test in the study area, the size of the mean filtering
analysis window in this paper was set to 21 m * 21 m [21].

The second step is the generation of raster profiles. Topographic feature lines are
widely used in the task of extracting slope units in geological hazard evaluation [32,33] and
terrain data generation [34]. Inspired by this research and based on the feature whereby
shoulder lines develop along the direction of the slope strike, this paper extracted it based
on ridge and valley lines.

In order to extract continuous and complete profiles, we divided it into the profile
extraction of the gully sidewalls and gully head. First, the profiles of the gully sidewalls
were extracted, as we followed the principle of connecting units based on the nearest
distance; then, each unit of a ridge line was connected to the unit of its nearest valley line
to form a profile line, and the units where the profile line overlapped were extracted as a
raster profile, and the same occurred with the valley line. Secondly, the area enclosed by
the ridge line and the profiles on both sides were taken as the gully head extraction area
(Figure 7b), with the endpoint of the valley line as the center of the circle, which launched a
straight line that ended at the ridge units in the gully head extraction area. To improve the
efficiency of the operation, the angle « should satisfy the following Equation (1) to remove
profiles with too much overlap; additionally, as the profile extraction between different
regions does not interfere with each other, a parallel algorithm [19] was adopted in this
paper to improve the efficiency, as shown in Figure 8.

a(°) > 2tan"! % 1)
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Figure 7. Schematic diagram of raster profile extraction: (a) at the gully sidewalls; (b) at the

gully head.
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Figure 8. Parallel algorithm flow chart.

Where d is the length of the sides of the pixel, ! is the length of the profile being

generated, and « is the angle between the two profiles.

The extraction of raster profiles mainly includes the following two types (Figure 7):

In the extraction at the gully sidewalls, the ridge and valley lines have nearly the same
direction, and the extracted profiles are approximately linearly distributed as shown
in Figure 7a. The interval distance is the size of one pixel, represented as A.

In the extraction at the gully head, the location relationship between the ridge and
valley lines is shown in Figure 7b; the extracted profile has an approximately fan-
shaped distribution, and the intersection angle is o.

The third step is the calculation of the slope variation matrix. Zhou [15] designed an

analysis operator (Figure 9) to accurately extract the P-N topography of 48 geomorphic
units in different areas of the Loess Plateau using a 5 m resolution DEM as the original test
data. In this paper, a slope variation matrix of the test area was calculated based on this
analysis operator, and the aspect and slope matrix that could be derived from the DEM data
using ArcGIS 10.8 were used for the detection. The calculation principles are as follows:

1.

Through assessment of the upslope and downslope location relationship according
to the slope direction, the horizontal projection of the slope direction yields the
downslope position.

The slope of the upslope part is subtracted from that of the downslope part, and the
entire test area is traversed to generate the slope variation matrix.
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Figure 9. Analysis operator (size 7 * 7 pixels).
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The fourth step is the extraction of the shoulder line candidates. According to the
definition of the shoulder line, based on the slope variation matrix, the pixel with the
highest slope variation value (3, > 15°) in each profile was scanned and extracted as
a shoulder line candidate [15-17]. However, during the test, it was found that complex
landforms such as terraces interfered with the results, resulting in real shoulder points
being missed in the extraction. To improve the extraction accuracy, this paper extracted
pixels with rank « below the filter threshold (o) as shoulder line candidates. The value of
parameter o is examined in Section 5.2.2.

The final step is to eliminate errors. In step four, to overcome the interference of
complex terrain on the extraction results, we increased o, resulting in certain errors. The
main feature is the development of isolated shoulder line candidate units in the terrace
area. However, the shoulder line develops continuously along the slope strike direction in
the complete watershed. Based on this feature, this paper adopted the depth-first search
(DFS) method [35,36], the principle of which aims to eliminate isolated candidates with
lengths less than 50 m (10 units) to successfully extract the shoulder line in the test area.

3.3. Accuracy Verification

To verify the accuracy of the proposed method, the extraction results were compared
to the reference data and evaluated via two indexes, the Euclidean distance raster layer
(EDRL) and Euclidean distance offset percentage (EDOP) [18], where EDRL, is a European
distance raster layer consisting of a maximum offset distance a (in meters) set on each
side with the reference data as the base, calculated in ArcGIS 10.8 Euclidean distance
modules. The value of EDOP, represents the accuracy of extraction, and it can be calculated
as follows:

Niy
EDOP (%) = —— % 100% )
total
where Nj, is the number of pixels whose extraction results are located in EDRL, and Ny
is the total number of pixels extracted.

For the acquisition of reference data, scholars usually adopt the manual depiction

method based on satellite images [19,22,23], which suffers the following two defects:

1.  The satellite image is 2D and can only be recognized by image texture, and it is easy
to ignore the 3D information.

2. Satellite images are synthesized with multiple bands, and the maximum number of
bands can be more than 350, resulting in a large difference between the image and the
real terrain.

With the increasing maturity of low-altitude UAV technology in the field of soil
erosion [37-39], it can generate 3D models with centimeter-level accuracy based on SfM-
MVS technology (Figure 10), which is significantly helpful for the manual depiction of the
shoulder line. Based on this approach, we improved the accuracy assessment method in
this paper (Figure 11). Considering the time cost, we used an unmanned aerial vehicle
(UAV) to scan 10% of the area containing the larger test area. A nadir-only image set
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accompanied by the dense deployment of ground control points (GCPs) was used in the
flight plan, which yielded better results [38].

Image
sequence

v

Structure from
motion
(sfM)

v

Dense point Multi-View
cloud stereo

v

3D surface

’ Flight Range @ ‘ construction

Sparse point
> cloud

Flight Route

(a) (b)

Figure 10. UAV data processing technology based on SIM-MVS: (a) route flight module; (b) SfM-
MVS workflow.

UAV data Sentinel-1 data Automatic
munual extracion munual extracion extraction

No

EDOP1q > 95%
Yes

Retain munual extraction
from Sentinel-1

EDRL2o

Overlay
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Figure 11. Proposed method of accuracy verification.

Therefore, this paper used 1 m resolution Google images (Worldview, Quickbird)
combined with the 0.1 m resolution DOM from UAVs in typical areas as the remote sensing
verification data, and the manual depiction of three test areas was used as the reference data.

In addition, we also acquired the measured data in the field to verify the reference
data [8,9,40,41]. Ten typical gully heads were selected on the basis of the manual extraction
of shoulder line data, and 10 points were selected at 50 m intervals on the shoulder line of
each gully head area, while their corresponding latitude and longitude coordinates were
generated. The 100 typical points were verified with real measurements in the study area;
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if the Euclidean distance of the real shoulder line points was within 10 m, the reference
data were judged to be correct and the reference data could be considered reliable. The
results of the verification are shown in Table 2.

Table 2. Measured data verification.

Shoulder Points s
Data Types Gully Heads Per Gully Head Total Validations Total Corrects

10 10 100 99

4. Results

Based on the extraction method in Section 3.2, the performance of the proposed
method was assessed by choosing the Bianjiagou watershed as an example (Figure 12a).
The watershed is a typical area on the Loess Plateau with various landscape features. The
DEM of the test area is shown in Figure 12b, and the shoulder line extraction results are
shown in Figure 12¢c. According to the shoulder line extraction results, the continuity is
satisfactory because the development direction of the shoulder line matches the direction
of the slope strike in the test area. Moreover, in terms of macroscopic morphology, it is
developed in palm-shaped (Figure 12d) and jagged (Figure 12e) shapes.
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Figure 12. Result of automatic extraction: (a) remote sensing image map of the test area (acquired
from Google Earth); (b) digital elevation model (DEM) of the test area; (c) 3D surface reconstruction
of the test area; (d) jagged erosion; (e) palm-shaped erosion.

5. Discussion
5.1. Accuracy Verification via SfM-MV'S

Numerous studies have indicated that very-high-resolution topographic data can be
produced based on SfM-MVS, comparable to TLS [42,43]. It provides significant advantages
in feature extraction, and with great applicability and convenience [44—46], it helps to im-
prove the accuracy of the reference data and increase the conviction of accuracy verification.

In this paper, a typical area in the Bianjiagou watershed was scanned by the UAYV,
and a total of 634 aerial photographs were obtained during the aerial campaign, and all of
them were calibrated. The 3D surface reconstruction result based on SIM-MVS is shown
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in Figure 13a, and the extracted parameters are listed in Table 3. Moreover, based on the
Google Earth images, satellite images of the same location were obtained (Figure 13b).
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Figure 13. Comparison of the satellite and UAV images: (a) UAV image based on SfM-MVS (31
October 2021); (b) satellite image acquired from Google Earth (12 October 2021).

Table 3. Summary of the parameters in SEM-MVS.

Date Area Number of Dense Cloud Number of RMSE
(km?) Images Points GCPs (X/Y/Z)(m)
12 October 2021. 5.36 634 150365 40 0.021/0.012/0.019

Compared to the UAV images, although the satellite images could conform to the
manual extraction results to a certain degree, the satellite images were synthesized by
entailing multiple bands, resulting in an inability to employ color information as the basis
for extraction and an overreliance on image texture features, yielding a low extraction
accuracy. In contrast, the UAV images could distinguish positive and negative terrain
regions via barren land, vegetation, and color variation features. In addition, the 3D model
provided more details on the 3D structure of the gully sidewalls and gully heads, but
the satellite images lacked 3D information [47—49]. UAV imagery based on SfM-MVS
provided a valuable intermediate scale between the satellite and field scales, strengthening
the relationship between these scales, and these two sources of remote sensing data could
be compared and were complementary according to the research requirements [49,50].
Compared to single-scale data, disaster monitoring and mechanism analysis based on
multisource and multiscale data will comprise the main focus of future research.

5.2. Parameter Analysis
5.2.1. DEM Resolution Determination

The DEM resolution is highly uncertain for the representation of the loess erosional
gully morphology, and there is an optimal resolution range for calculating each gully
character expression indicators [51]. Dai [13] determined the most suitable resolution range
for gully mapping based on the multidirectional hill-shading method. In the shoulder line
extraction algorithm of this paper, as it was necessary to traverse the test area by analysis
operators to extract shoulder line candidate units, too high a DEM resolution would lead
to an exponential increase in computing volume and would also generate too much error,
making the extraction accuracy and efficiency reduced. The DEM resolution of 5 m was
confirmed by many scholars to be sufficient for the dynamic monitoring of shoulder lines
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and the study of spatial heterogeneity research of shoulder lines [15,17,19,22]. Furthermore,
the proposed algorithm was not very dependent on the high-resolution DEM and did
not improve significantly on the extraction accuracy. Therefore, this paper used a DEM
resolution of 5 m for the shoulder line extraction.

5.2.2. Parameter L and o

In the shoulder line extraction, the interference of the parameter values in the extraction
results was inevitable [15,23,24]. From the tests in the study area, it was determined that the
extraction accuracy of the shoulder line was strongly impacted by the extraction parameter
analysis operator size (L) and filter threshold (o).

This paper employed the analysis operator to calculate the slope variation matrix. To
obtain window analysis results that were closer to the real terrain, this paper aimed to
select the optimal value of parameter L according to the unique topographic conditions
on the Loess Plateau. Zhou [15] applied L = 7 when using the analysis operator to extract
positive and negative terrain. However, it was found that L is related to the different
erosion agents affecting the test area. In areas where gravity erosion was dominant and
with cliffs or dissected valleys as the landform type, the extraction results were minimally
affected by L. However, in areas where hydraulic erosion dominated and the slope was
relatively flat, the extraction results were greatly influenced by L. Specifically, the extraction
accuracy increased and then decreased with increasing L. The main explanation is that
in areas with cliffs, the shoulder line was more obvious and the extraction results were
minimally influenced by L (Figure 14a), while in areas with a relatively gentle slope, it can
be concluded that when L was small, the analysis operator could not completely reflect the
slope of the real terrain, and the extraction accuracy was poor (Figure 14b). With increasing
L, the fitting degree of the analysis operator to the slope began to increase, the extraction
accuracy was significantly improved, and an extraction accuracy peak was reached at this
moment; when L continued to increase, the landscape of the slope bottom or loess tableland
began to interfere with the detection (Figure 14c), and the accuracy began to decrease again,
so it is necessary to select the optimal value of parameter L via tests.
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Pz
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[ 221 ]
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e

Figure 14. Influence of terrain factors on extraction: (a) areas with cliffs; (b) areas with gentle slopes;
(c) areas with increasing size of the analysis operator.

The parameter o is the filter threshold of the slope variation points (candidate units).
At the beginning of the test, based on the definition of the shoulder line, we selected o =1
and aimed to extract units with the highest slope variation in each group of raster profiles
as candidate units of the shoulder line, but the accuracy of the extraction results was not
satisfactory. According to a field survey, the reason for this situation was the existence of
loess terraces in the study area, and the topography near the terraces also exhibited a slope
change, whose extension direction was the same as the development direction of the loess
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shoulder line, resulting in the interference of the extracted shoulder line by the terraces.
Therefore, the increase in parameter o in this paper mainly eliminated the influence of
loess terraces on the extraction accuracy, and o was mainly controlled by the number of
terraces in the study area. In an area with greater terrace development, parameter o should
be increased, while in contrast, parameter o should be reduced to avoid generating more
candidate points and increasing the difficulty of error elimination.

To select the optimal parameters L and o, this paper used EDOPy for evaluation, and
the calculation of EDOP is shown in Figure 10. When EDOPyj is larger, a better extraction
effect is achieved, and the parameter corresponding to the maximum EDOPy is the optimal
parameter. Tests were conducted with the Bianjiagou watershed as an example, and the
results for different parameter values were visualized in a two-factor heatmap (Figure 15).
It could be concluded that the proposed method in this paper attained the best extraction
effect for L = 11 and o =6.

0.90
7 4 0721 0.762 0.798

6 1 0761 0799 0821
—_ - 0.80
L 54 04 017 0se2
el L075
S S
= 4 [
175]
e Loro ©
= A
= 3 0775 0824 0803 m
St
5} - 0.65
=
2 0722 0792 0771

0.60

0.687 0.744 0.722
0.55

3x3 S5x§  7x7 9x9 11x11 13x13
Analysis operator size (L X L)

Figure 15. Two-factor heatmap of the effect of different values of L and o on the extraction accuracy.

5.3. Accuracy and Efficiency Assessment

At present, there are two methods most recognized by researchers in shoulder line
extraction: the multidirectional hill-shading method [24] and the P-N method [15]. The
shoulder lines in the three test areas were automatically extracted using the above two
methods and the proposed method, and the extraction results are shown in Figure 15. In
terms of the extraction accuracy, the accuracy obtained by the three different extraction
methods was computed via the assessment method shown in Figure 11.

Table 4 lists the results of the extraction accuracy of the three methods in the three
watersheds. The accuracy of the multidirectional hill-shading method and the proposed
method was high, close to 90%, while the accuracy of the P-N method was lower, below
80%, which made it difficult to reach the needs of scientific research. The main reason for
this is that the P-N method (Figure 16c¢) filters all pixels that meet the filtering criteria as
candidate points for the shoulder line during the extraction process. Although this method
is simple to apply, the extraction results are greatly influenced by the slope variation
threshold, making it difficult to develop an adaptive threshold acquisition algorithm. The
proposed method (Figure 16a) mitigates this shortcoming, as after obtaining ridge and
valley lines, the candidate units of the shoulder line are extracted from continuous profiles,
which not only greatly reduces the number of errors but also improves the continuity of
the shoulder line, and the accuracy is thus greatly improved over the P-N method. The
multidirectional hill-shading method (Figure 16b) improves on the bidirectional shading
method, significantly increasing the applicability of the landscape and improving the
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accuracy, but the extraction effect located in high steep hills or wide and flat gully bottoms
needs further improvement.

Table 4. Accuracy assessment of the three methods.

EDOPy (%)

Method Nanxiaohe Bianjiagou Chuanhegou Mean
P-N method 80.3 75.9 82.6 79.6
Multidirectional
Hill-shading method 88.1 87.2 0.0 884
Proposed method 90.1 86.8 91.2 89.3

(a)

>z

[ study area

Reference data

[ study area
Reference data 0 2 4

0 2 4 2
P-N method —

Perposed method ~— smmm———"Km

Figure 16. Extraction results of the shoulder line with the three methods: (a) proposed method; (b)
multidirectional hill-shading method; (c) P-N method.

Among the different watersheds on the Dongzhi Plateau, the accuracy of the extraction
results also differed. The specific performance indicated that the extraction effect was
better in the Nanxiaohe watershed and Chuanhegou watershed, while the extraction effect
accuracy was relatively low in the Bianjiagou watershed. This occurred because in some
areas on the plateau, the geomorphic features of the shoulder line were not obvious, and
there was no obvious slope difference between the two sides of the shoulder line, causing
extraction errors. Chen [5] and Na [23] encountered the same problem in extraction, and
it was difficult to produce shadows in these areas when simulating light, resulting in
inaccurate extraction. With the development of image recognition technology and deep
learning, combining high-precision images to improve accuracy constitutes the direction of
future development.

In terms of the extraction efficiency, this paper used a workstation with an Intel core
19-12900ks@3.600 GHz CPU, 4 GB RAM, and the Windows 10 64-bit operating system for
calculation, and the results are summarized in Table 5. By comparing the performance
efficiency of the three methods, the P-N method needed the shortest time, which could
be attributed to the simplicity of its algorithm principle. The average times between
the multidirectional hill-shading method and the proposed method were close, but the
proposed method attained improvements in both the extraction of the high steep hills
and wide gully bottoms. Hence, the proposed method could better meet the application
demands in scientific research. If the slow computation was caused by the large area of the
study area, the parallel algorithm proposed by Song [15] can provide a scientifically feasible
idea, as different regions do not interfere with each other in the calculation; thus, the total
task can be divided into different subtasks, which can further improve the efficiency of the
extraction algorithm in this paper and increase the possibility of achieving an accurate and
complete extraction of the shoulder line of the Loess Plateau.
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Table 5. Efficiency assessment of the three methods.
Run time (s) *
Watershed Area P-N Multidirectional Proposed
(km?) Method Hill-Shading Method Method
Nanxiaohe 37.9 10.3 33.1 33.7
Bianjiagou 29.3 8.9 23.7 28.8
Chuanhegou 33.0 9.6 28.0 30.8
Mean 334 9.6 28.3 31.1

References

1.

* A shorter run time suggests a higher extraction efficiency.

6. Conclusions

In response to the many problems in the shoulder line extraction process in previous
studies, such as an unclear geological significance, poor topographic application, and low
efficiency of algorithms, this paper proposed a new shoulder line extraction method. The
main conclusions are as follows:

1.  Based on the geomorphic definition of the shoulder line, a new shoulder line extrac-
tion method was proposed, which mainly included three main steps: topographic
feature line extraction based on the GIS hydroanalysis method, calculation of the
slope variation matrix for the test area, and filtering and error elimination of the
candidate units.

2. Through parameter analysis in the test area, it was concluded that the extraction
accuracy of the proposed method was optimal for L =11 and o = 6.

3. The accuracy of the extraction results of the proposed method was assessed based on
the EDOP index, and the previous evaluation method was improved on the basis of
SfM-MVS. The proposed method overcame the problems of discontinuous shoulder
line extraction and difficulty in extracting terrace areas. The average accuracy across
the three test areas was 89.3%, which is higher than that of the multidirectional hill-
shading and P-N methods. In addition, the efficiency was assessed in three areas of
the watershed. It could be concluded that the test area size imposed a slight influence
on the extraction efficiency, and the proposed method could achieve a favorable
robustness. This increases the possibility of shoulder line extraction in large areas and
complex landscapes on the Loess Plateau.
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