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Abstract: Terrain feature points, such as the peaks and saddles, are the basic framework of sur-
face topography and its undulations, which significantly affect the spatial distribution of surface
topography. In the past, terrain feature points were extracted separately for each type, while the
internal connections between the terrain feature points were ignored. Therefore, this work proposes
an integrated algorithm for extracting terrain feature-point clusters, including the peaks, saddles and
runoff nodes, based on the DEM data. This method includes two main processes: positive terrain-
constrained ridgeline extraction and terrain feature-point cluster extraction. Firstly, a threshold
determination method of flow accumulation in the hydrological analysis is proposed by combining
morphological characteristics with runoff simulation, and the ridgelines are extracted based on this
threshold. Subsequently, the peaks and their control areas are extracted by space segmentation.
Meanwhile, the saddles and runoff nodes are obtained by spatial intersection. Finally, the integrated
terrain feature-point clusters are obtained by merging the three extracted terrain feature points. This
method was experimented with in the six typical sample areas in Shaanxi Province and verified
its results by contour lines and optical images. It shows that the spatial positions of the extracted
terrain feature clusters are accurate, and the coupling relationships are great. Finally, the experiments
show that the statistical attributes of point clusters and their spatial distribution trends have an
obvious correlation with geomorphic types and geomorphic zoning, which can provide an important
reference for geomorphic zoning and mapping.

Keywords: digital elevation model; terrain feature-point cluster; feature extraction; digital terrain analysis

1. Introduction

The terrain surface is composed of a series of characteristic elements (including point,
line and surface elements), and its morphology and combination characteristics can be used
as the symbolic carrier of the interactions among the earth’s internal tectonic movements,
surface processes and climate evolution [1-3]. Among them, terrain feature-point clusters,
including mountain peaks, saddles and runoff nodes, are widely distributed on the terrain
surface, which are the controlling links in describing the terrain’s morphological structure
and formation. These three kinds of terrain feature points can not only describe an aspect
of terrain independently, but also have good coupling, matching quantity and topological
connection relationships among them, which can be combined to describe terrain relief,
distribution difference, dynamic development and change characteristics as a whole [4].
Thus, this paper proposes terrain feature-point clusters, which are organic structures with
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distance, orientation and topological constraints consisting of peaks distributed along the
ridgelines and their control ranges, related saddles and runoff nodes. As a high-level
abstraction of natural terrain, the terrain feature-point cluster links the micro-analysis and
macro-analysis of terrain, which presents the advantages of loading multi-level information.
For example, the connections between peaks and saddles describe the undulation degree
of ridge and fragmentation characteristics in the region, and the connections between
saddles and runoff nodes describe the current topographic erosion characteristics and
confluence kinetic energy characteristics. Meanwhile, topographic characteristics and
spatial orientation characteristics reflect the topographic differences between different
geomorphic regions, which are the powerful tools for geomorphological regionalization.

Existing studies usually focus on a single terrain feature point [5-8]. Due to the lack
of considering the matching and coupling of these points from the overall and global
perspective, there are many mismatches in the spatial connection relations and other
aspects among different types of point cluster elements obtained by existing methods [9].
Chen and Guevara proposed the very important points (VIP), which are important for
displaying terrain surface, and implemented the VIP extraction based on digital elevation
model (DEM) data [10]. On this basis, Gokgoz and Hacar proposed important points
and edges (IPE) and their extraction method [11]. However, all of these methods focus
on the TIN (Triangulated Irregular Network)’s construction, which only considers the
points” importance to the terrain surface, ignoring the geomorphological significance of
points and their intrinsic relations. Morse developed Cayley and Maxwell’s topographic
models [12,13] based on the differential topology, and applied his theory to geodesics and
other critical point extraction in high-dimensional manifolds [14,15]. Discrete Morse theory
and methods were developed to extract critical points from discrete data (e.g., DEM and
high-dimensional images) [16,17]. At the same time, surface models such as Reed graph [18]
and Pfaltz’s graph [19] were used to organize these critical points and lines. These methods
can obtain terrain feature points and lines containing topological information, providing a
new idea in feature extraction and terrain representation. However, these methods focus
on the gradient of manifolds from a topological perspective and lack consideration of
the geomorphological significance and scale dependence [20,21]. Therefore, it is urgent
to build an integrated terrain feature-point cluster extraction method that can realize the
simultaneous extraction of terrain feature-point clusters to ensure the accuracy of point
cluster positions and the relative consistency within the clusters.

Although the peaks exist as point elements, they are essentially abstractions of the
individual mountain in geographic space, occupying the corresponding spatial area, and
the saddles are located at the intersections of the control areas” boundaries corresponding
to these peaks. If the original terrain is divided, the control areas of each peak can be
obtained, and the saddles can be obtained by intersecting the control area boundaries with
the ridgelines. From the saddles, the peaks can be connected along the watershed lines, and
along the ravine lines are runoff nodes. In fact, the peaks’ control areas and the watershed
areas can be seen as the unstable Morse complex and stable Morse complex in the Morse
theory, respectively. Meanwhile, the saddles can be seen as the Morse-Smale complex [22].
The principle is shown in Figure 1.

Then the problem becomes how to extract ridgelines and the control areas of the
peak accurately. Ridgelines are a definite and objective terrain feature object as one of
the typical terrain structure lines. The current research on terrain structure line extraction
mainly includes the section extreme value method [23,24], skeletonization method [2,25]
and runoff simulation method [26-28]. The terrain profile analysis method includes three
major steps: candidate point extraction, pseudo candidate point elimination, and structure
line construction, but the analysis process generally only considers specific directions and
ignores other directions. The skeletonization method assumes that the terrain structure lines
are symmetrically distributed to the left and right, which is obviously inconsistent with the
fact. Currently, the runoff simulation method is widely used to extract the terrain structure
lines, among which the deterministic eight-node (D8) algorithm [26,29] is most commonly
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used. However, due to the lack of an explicit threshold selection instruction in the runoff
simulation, the uncertainty of the threshold in this process makes the extracted terrain
structure lines poorly comparable [30-32]. As for the peak control area acquisition, Luo
et al. proposed the space segmentation method with the height difference limitation [33].
The original terrain was turned into an anti-terrain, and a threshold-limited filling process
was performed. Then, the anti-terrain watershed areas [34-37] were extracted as the
mountain control areas. This method draws on the hydrological viewpoint, and the
obtained mountain control areas are consistent with geomorphological perception.
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Figure 1. Principle of the integrated point cluster extraction: the black triangles, green squares and
blue dots represent peaks, saddles and runoff nodes, respectively; the red lines represent ridgelines,
and the black dashed boxes represent the mountain control areas.

This paper proposes an integrated method for extracting terrain feature-point clusters
to overcome the above limitations. Firstly, the ridgelines are extracted by combining the
morphological features with the runoff simulation method. Meanwhile, the peaks and their
control areas are extracted by the spatial subdivision method [33]. Then, the ridgelines
intersect with the peaks” control area boundaries to obtain the saddles, and the control area
boundaries are self-intersected to obtain the runoff nodes. Finally, the integrated terrain
feature-point clusters are obtained by merging these extracted point clusters.

The main contributions of our work are as follows: (1) an integrated method for
extracting terrain feature-point clusters is proposed, revealing the structure and intrinsic
relationship of the feature points; (2) a way for determining the flow accumulation threshold
for ridgeline extraction based on the runoff simulation method is put forward, representing
an important attempt at digital terrain analysis; (3) the saddle dissection index is proposed
and the geomorphological significance of point clusters is explored.

Section 2 elaborates the materials and methods of this study, including the study area
and data (Section 2.1), positive terrain-constrained ridgeline extraction method (Section 2.2.1),
and terrain feature-point cluster extraction method (Section 2.2.2). Section 3 introduces
and validates the experiment results and discusses their geomorphology significance,
including the results of optimal threshold determination (Section 3.1), extraction results and
validations of point clusters (Section 3.2), statistics of point clusters’ properties (Section 3.3),
and point clusters’ properties and geomorphological regionalization (Section 3.4).
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2. Materials and Methods
2.1. Study Area and Data

The study area is Shaanxi Province (105°29'E to 111°15'E, 31°42'N to 39°35'N), which is
located in the hinterland of northwest China, with a land area of 205,700 kmZ. The northern
mountains and the Qinling Mountains divide Shaanxi Province into three natural regions:
the northern part is the northern Shaanxi plateau, including the wind—sand landscape and
the Loess Plateau (including loess tablelands, hills and ridges), with sparse precipitation
and serious soil erosion; the central part is the Guanzhong Plain, which is high in the west
and low in the east, and is the urban agglomeration in the province with strong human
activities; and the southern part is the Qinba Mountains, which has the landform structure
of “two mountains sandwiching one river”, and there are serious natural hazards such as
landslides and flash flooding. The various geomorphic differentiation causes the spatial
heterogeneity of natural disasters and human disturbances, providing a case basis for the
study of terrain point clusters and geomorphic differentiation (Figure 2a).
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Figure 2. Study area and typical sample areas: (a) the overview of the study area; (b) the locations of
the six typical sample areas in the DEM imageries.

In the selection of experimental sample areas, considering various factors such as the
representativeness of the experimental sample areas, the richness of landform types and
the existing research bases, the six counties of Hanyin (HT), Mizhi (MZ), Ningshan (NS),
Yanchuan (YC), Zhen’an (ZA) and Zhenba (ZB) were selected as typical sample areas in
this study. These six sample areas represent different periods of loess landform evolution to
a certain extent and cover the main landform types in Shaanxi Province [38]. The overview
of these typical sample areas is shown in Table 1 and Figure 2b.

Table 1. Overview of the typical sample areas.

Sample Area Name Landform Type Geomorphological Region
Ningshan County Qinling middle and high mountains Qinling Mountains
Zhen’an County Qinling middle mountains Qinling Mountains
Zhenba County Daba middle mountains Daba Mountains
Hanyin County Low hills and mountains Hanzhong low hill and basin area
Yanchuan County Loess ridge Loess Plateau

Mizhi County Loess hill Loess Plateau
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In this study, the DEM data are Shuttle Radar Topography Mission (SRTM) DEM,
which were jointly measured by the National Aeronautics and Space Administration
(NASA) and the US National Geospatial-Intelligence Agency (NGA), and covered almost
80% of the land surface area (from 60 N to 60 S). This time, we use the SRTM1 V3 down-
loaded from the United States Geological Survey (USGS) as the experimental data. The
spatial resolution of these data is one arcsecond (30 m along the equator) with a nominal
planimetric accuracy of 20 m and an elevation accuracy of 16 m, and the WGS84 coordi-
nate system and EGM96 elevation datum (orthometric) are adopted. The study area and
DEM data are shown in Figure 2.

2.2. Methods

The proposed method consists of two processes: positive terrain-constrained ridgeline
extraction and terrain feature-point cluster extraction. According to this workflow, the
digital elevation model data are used as input data to obtain the optimal flow accumulation
threshold for ridgeline extraction based on morphological analysis, and ridgelines are
extracted based on this optimal threshold. The peaks and their control areas are extracted
using the spatial subdivision method [33], and the saddles and runoff nodes are obtained
by spatial intersection. Finally, the integrated terrain feature-point clusters are obtained by
merging these extracted point clusters.

Among them, the positive terrain-constrained ridgeline extraction includes three steps:
(1) optimal window size determination of the positive terrain analysis; (2) optimal threshold
determination of the flow accumulation; and (3) ridgeline extraction based on the runoff
simulation method. In contrast, the terrain feature-point cluster extraction includes two
main processes: peak extraction based on the spatial subdivision method and feature-
point cluster extraction and calibration. More details of these steps are described in the
following subsections.

2.2.1. Positive Terrain-Constrained Ridgeline Extraction

A positive terrain-constrained ridgeline extraction method is proposed to overcome the
problem that it is difficult to determine the threshold of flow accumulation when extracting
ridgelines using the traditional runoff simulation method. Combining morphological
characteristics with runoff simulation, the simulated ridgelines are extracted using positive
terrain membership degree and morphological analysis, and the optimal threshold of the
flow accumulation is determined by the simulated ridgelines’ length. Then, the ridgelines
are extracted using the runoff simulation method with the optimal flow accumulation
threshold. The workflow of this method is shown in Figure 3.
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Figure 3. Processes of the positive terrain-constrained ridgeline extraction.
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Optimal window size determination of the positive terrain analysis. Ridgelines are
the prominent structural line of positive terrain. Positive and negative terrain are relatively
high or low parts of a certain area, respectively [39]. Based on the summary of previous
studies, Zhou et al. concluded that the positive terrain of the loess ridges and hills area
could be distinguished according to the valley lines, while other topography needs to be
analyzed according to local terrain [40]. According to the above views, the positive terrain
based on the DEM data can be defined as the relatively convex part under local window
analysis, while the negative terrain can be defined as the relatively concave part. This can
be distinguished by the macroscopic slope factor [41]:

(Y Hy)/n )
k=1

where H;; is the elevation value of the window’s center pixel, Z Hj is the sum of the
=1
elevation values in the window and # is the number of pixels in the window. When P > 0,

the center pixel of the window is a positive terrain pixel. The multi-scale characteristic
is ubiquitous in almost all geography-related fields [42,43]. Therefore, combined with
Equation (1), it can be seen that the analysis window size plays a vital role in whether it
is positive terrain. At present, the determination of the optimal analysis window size is
mainly to seek the analysis window size. The local mean variance (LMV) method is simple
to calculate and the results are easy to analyze, so it is widely used in scale analysis [44,45].
For regions with complex topography, such as karst areas, Li et al. proposed the local

normalized variance [46]:

LMV
INV = = @)

where LMV is the mean variance of the elevations in the analysis window, and r is the
number of grid cells corresponding to the analysis window’s radius. The variance values
are normalized to a uniform unit on one grid cell by dividing by the analysis window’s
radius, which improves the comparability of the method across different regions. Since the
topography of the Loess Plateau is more complex compared with that of the karst region,
normalization using 72 is not conducive to the presentation and analysis of topographic
details. Therefore, based on the characteristics of the Loess Plateau, this paper derives the
Loess local normalized variance:
LMV

LLNV = 5 3)

Based on Equation (3), calculating the LLNV sequences:
S = {LLNVjy| k=3,s,...,k—s,k} 4)

until it is found that:
LLNVj — LLNVj_g4—s <0 (5)

This means looking for the local maximum point LLNVj  of the LLNV sequence S, and
its corresponding analysis window size k is the optimal analysis window size for positive
terrain, where s is the step for finding the optimal analysis window size.

Optimal threshold determination of the flow accumulation. In hydrological analy-
sis, the threshold of the flow accumulation significantly impacts the results. An optimal
threshold of flow accumulation can greatly improve the quality of ridgelines obtained
from the hydrological analysis. The ridgelines can be regarded as the skeleton lines of
the positive terrain. Thus, the skeleton lines of positive terrain are obtained by thinning
the positive terrain’s profile. Next, the ridgelines’ lengths extracted by the hydrological
analysis are constrained by the skeleton lines’ lengths of the positive terrain, and thus, the
optimal threshold of the flow accumulation in the hydrologic analysis is obtained by these
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constraints. Meanwhile, considering the boundary fuzziness and hierarchical separability
of the terrain, it can be considered that there is a fuzziness about whether the center pixel in
the window on the DEM data is positive terrain. Thus, positive terrain should be continu-
ous in a sequence of multi-neighborhood analysis windows [47,48]. On the other hand, the
hierarchical separability of terrain indicates that the multi-neighborhood analysis window
must have the designated boundary of terrain hierarchy, and the terrain analysis from
one terrain hierarchy to another has no transverse comparability [49]. Therefore, instead
of directly using the positive terrain obtained with the optimal window size to extract
the skeleton lines of the positive terrain, this paper introduces multiple neighborhoods to
transform the positive terrain’s profile extraction into a fuzzy logic discrimination problem.
On this basis, the membership degree of positive terrain is defined as:

A= ﬂfc H(i,j),/ (max — min + 1) (6)

k=min

where H(i, j); is the positive terrain state value corresponding to the pixel (i, j), if the
pixel is in positive terrain when the window size is k, the state value is assigned to 1,
otherwise it is 0; min and max are the minima and maxima side lengths of the analysis
window, respectively. The min is usually set to 3, and the max is set to the optimal analysis
window size obtained by the LLNV mentioned in Step 1. In Equation (6), the positive
terrain obtained from neighborhood analysis with different windows sizes is considered
to be of equal importance, and its weighting function is defined as equal weight. After
obtaining the membership degree of positive terrain, the corresponding positive terrain
outlines are acquired according to the corresponding membership degree requirements.
Then, the skeleton lines of the positive terrain are obtained using a morphological thinning
operation [50], and their lengths L are calculated. On the other hand, the watershed
boundary lines under different flow accumulation thresholds are extracted using the runoff
simulation method [29]. Next, the boundary lines obtained by each flow accumulation
threshold T are filtered by positive terrain to obtain the potential ridgelines and calculate
their lengths f(T), respectively. The flow accumulation threshold T for obtaining potential
ridgelines can be constrained by the skeleton lines’ lengths L of the positive terrain extracted
by morphological analysis. Finally, the best flow accumulation threshold T’ can be obtained
by making L = f (T).

Ridgeline extraction based on the runoff simulation method. On natural surfaces,
water always flows from high to low along the steepest direction and continuously con-
verges downstream. The runoff simulation method determines the flow directions based
on this view. The water volume is redistributed by the flow directions, and each cell’s final
accumulated water volume in the DEM data after the end of the flow is calculated. Then,
the cells whose sink volume is greater than the manual threshold are taken as sink points
(valley points). Finally, these candidate points are connected according to specific rules, and
the results are considered as the sink lines (valley line) [26,51]. The upstream supply areas
can be obtained by searching upstream along the sink lines, and the watershed boundaries
can be obtained by sketching the water supply areas. In this paper, the watershed bound-
aries are extracted using this method with the above best flow accumulation threshold T".
Eventually, the ridgelines corresponding to the positive terrain are obtained by filtering the
watershed boundaries with positive terrain.

2.2.2. Terrain Feature-Point Cluster Extraction

Terrain feature points such as peaks, saddles and runoff nodes are the basic frame-
works that constitute the surface topography and undulation changes. The candidate
peaks and their control areas are obtained by the runoff simulation method. Then, the
ridgelines are intersected with the boundaries of the peaks’ control area to obtain the
candidate saddles. Meanwhile, the candidate runoff nodes are extracted by self-intersecting
the peak control areas’ boundaries. Finally, the integrated terrain feature-point clusters
are obtained by filtering and merging these feature points. The workflow of the proposed
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method is shown in Figure 4, including two steps: peak extraction by space segmentation
and feature-point cluster extraction and verification.

§ Step 1: Peaks Extraction by Space

Step 2: Feature Point Cluster Extraction and Verification
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Figure 4. Processes of the terrain feature-point cluster extraction [33].

Peaks extraction by space segmentation. The hydrological view believes that each
watershed has its own control area, and there are multiple levels of sub-watersheds within
this watershed. The watershed and its sub-watersheds at all levels are affected by spe-
cific topography, geomorphology, and lithology, showing a typical and irregular pattern.
Correspondingly, the mountainous area can be considered as a positive geomorphic sys-
tem consisting of the individual mountain, which controls different regional patches,
respectively. Therefore, the original positive geomorphic mountains can be reversed to
a negative watershed system, and the corresponding peaks can evolve into sinks in each
watershed (Figure 5). Based on this viewpoint, the space segmentation method [33] is
adopted to extract the peaks and their control areas. The original terrain is reversed into
an anti-terrain. The anti-terrain is sink-filled under the Height Difference between Peaks
and Saddles (HDPS) threshold limit, and the flow direction is calculated based on the
sink-filled anti-terrain. Then, the peaks and their control area’s boundaries can be ob-
tained by the anti-terrain watersheds extracted from the sink-filled flow direction. Among
them, the sink filling’s threshold can be regarded as the peak control area’s height differ-
ence limit. The processes of this method are as follows: (1) calculate the anti-terrain, let
InvertDEM = DEM x (—1); (2) fill sink on the anti-terrain with the given HDPS threshold;
(3) calculate the flow direction of the filled anti-terrain; (4) extract sinks based on the filled
anti-terrain flow direction as the candidate peaks of the original terrain; (5) extract the
watershed of anti-terrain based on the flow direction and sinks of anti-terrain, as peak’s
control area of the original terrain; and (6) obtain the peaks by searching the maximum
elevation value of the original DEM in each peak’s control area. The needed peaks and
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their control areas are finally obtained through the above processes. It is worth noting
that the “watershed extract” here is performed on the anti-terrain data, and its results are
the candidate peaks’ control areas. Therefore, this step’s input data and output results are
different from the “watershed extraction” in the step 3 of Section 2.2.1.

Peak B Saddle

Peak A
Reverse

— S W A

Watershed A

|

Saddle Watershed B
(@) (b)

Figure 5. Correspondence between peaks and saddles in original and anti-terrain: (a) the peaks and
saddles in the original terrain; (b) the peaks and saddles in the corresponding anti-terrain.

Feature-point cluster extraction and verification. The feature-point clusters include
peaks, saddles, and runoff nodes, among which peaks are obtained by the space segmenta-
tion method described above. The saddles and runoff nodes are obtained by intersecting
the ridgelines with the peak control areas’ boundary and self-intersecting the peak con-
trol areas, respectively. The point cluster verification is realized by positive and negative
terrain filtering. According to the geomorphological viewpoint, the peaks and saddles
are the convex points of the local terrain, which should be located in the positive terrain.
Correspondingly, the runoff nodes should be located in the negative terrain. Therefore,
the pseudo peaks and saddles can be eliminated by positive terrain checking, and pseudo
runoff nodes can be eliminated by negative terrain checking. Finally, the integrated terrain
feature-point clusters are obtained.

3. Results and Discussion
3.1. Results of Optimal Threshold Determination

As described in Section 2.2.1 of this paper, the LLNV and positive terrain constrain
method were used to determine the optimal window size of the positive terrain analysis
and the optimal threshold of flow accumulation in the runoff simulation, taking the six
typical sample areas as an example. Then, the LLNVs and potential ridgeline lengths
extracted using different parameters were counted, and their relationships are shown using
a scatter plot in Figure 6. In Figure 6, the orange stars represent the relationships between
the thresholds of flow accumulation in the runoff simulation and the extracted potential
ridgelines’ lengths. It can be seen that there is a significant exponential relationship between
the thresholds of flow accumulation and the potential ridgelines’ lengths, and the potential
ridgeline length decreases with the increase of the flow accumulation’s threshold. The
average value of the logistic regression’s coefficient of determination (R?) scores for the six
typical sample areas reached 0.96, especially in the Yanchuan and Mizhi counties, where the
R? scores reached 0.99 and 1.00, respectively. Therefore, it can be seen that an appropriate
threshold of flow accumulation is of great significance for the potential ridgeline extraction.
The blue triangles in Figure 6 represent the relationships between the window sizes of
the positive terrain analysis and the corresponding LLNVs. It can be seen that there is a
significant correlation between the window sizes and the LLNV's, and the LLNV's showed
a trend of increasing first and then decreasing with the increase of the positive terrain
analysis’s window size. The median value of the quadratic polynomial regression’s R?
scores of the quadratic regression for the six typical sample areas reached 0.675. The
optimal window sizes of the positive terrain analysis obtained by the proposed method are
plotted as blue vertical dashed lines, all located at the extreme value points of the LLNV
and adjacent to the fitted curve’s symmetry axis. It is noteworthy that the regression’s
R? scores for Yanchuan and Mizhi counties show significantly higher values, which may
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be related to the sample area’s topographic relief and topographic complexity. To further
analyze the relationship between the window size of the positive terrain analysis and the
positive terrain, Ningxia County is taken as an example to show the positive terrain’s
distribution with the window size from 3 x 3 to 51 x 51 (Figure 7), where Figure 7c
shows the distribution of the positive terrain with the optimal analysis window (s = 21)
sought by the proposed method. When the analysis window size is small (Figure 7a,b), the
positive terrain’s distribution is more fragmented, and the flatlands are marked as positive
terrain dispersedly, while there are still many positive terrain areas missing from the ridges.
With the gradual increase of the analysis window size (Figure 7c—f), the positive terrain
is mostly located on the ridges and highlands with a dendritic distribution. Meanwhile,
the distribution of positive terrain tends to be stable, and the distribution does not change
much with the increase of the window size starting from Figure 7c. Thus, the window
size of the positive terrain analysis significantly impacts the distribution of the positive
terrain, and the proposed method can obtain a typical analysis window size. To sum up,
the proposed method for determining the optimal threshold of the flow accumulation and
the window size of the positive terrain analysis has met the expectations.
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Figure 6. The response of the LLNV and potential ridgelines’ length to changes in the window size of
neighborhood analysis and flow accumulation threshold, respectively: the blue triangles represent the
response of the LLNV to changes in the window size of the neighborhood analysis, the blue dashed
lines represent the quadratic polynomial regression curves of the two, and the blue vertical dashed
lines represent the optimal window sizes of the neighborhood analysis obtained by the proposed
method. The orange stars represent the response of the extracted ridgeline’s length to changes in flow
accumulation thresholds in the runoff simulation, and the orange dashed lines represent the logistic
regression curves of the two.
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Figure 7. The results of positive terrain extracted with different window sizes of neighborhood
analysis in Ningshan County: (a—f) the positive terrain distribution of Ningxia County extracted with
different window sizes of neighborhood analysis. The positive terrain areas are shown as blue, the
upper left corners are the window sizes of these subplots, the analysis window sizes from subplot
(a) to subplot (f) are 3, 11, 21, 31, 41 and 51, respectively. Among them, subplot (c) shows positive
terrain distribution corresponding to the optimal analysis window size (s = 21) extracted using the
proposed method.

3.2. Extraction Results and Validations of Point Clusters

The integrated terrain feature-point clusters of six typical sample areas were extracted
using the method proposed in Section 2. Since the typical sample areas are large, it is
difficult to show the extraction effect directly, so the typical sample area is locally enlarged
and the results are shown in Figure 8. It can be seen that the extracted peaks of the six
typical sample areas are all located at the top of the slope, the saddles are mostly located
between the two peaks and at the lowest local terrain, and the runoff nodes are all located
in valleys. Theoretically, the three point clusters should be completely consistent. However,
due to the DEM data’s spatial resolution and elevation accuracy, the three point clusters
obtained based on the DEM data are not completely consistent. Therefore, the overall
distribution of the extracted terrain feature elements is in line with expectations. Notably,
the terrain segmentation threshold (i.e., the height difference from the peak to the saddle)
is a vital threshold for extracting the peaks and their control areas by space segmentation,
which is set to 40m here. The influence and significance of this threshold will be further
discussed in Sections 3.3 and 3.4 in this paper.

The extracted terrain feature-point clusters are overlaid with the ridgeline data and
optical image data (Figures 8 and 9, respectively) to verify the correctness and validity
further. Figure 8 shows that the extracted peaks and saddles are mostly located on the
ridgelines, and the runoff nodes are mostly located on the boundaries of the mountain
control area. In addition, the saddles are mostly located in the saddle-shaped depression
between two adjacent hills, and the runoff nodes are mostly located at the flat slope foot.
Figure 9 shows that the extracted peaks are mostly located at the top of the slope, and the
runoff nodes are mostly located in the valleys (such as roads, towns and cultivated land).
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Figure 8. Validation of extracted point clusters by the ridgelines: (a—f) correspond to six typical
sample areas, including Hanyin, Mizhi, Ningshan, Yanchuan, Zhen’an and Zhenba County, respec-
tively; the black triangles, purple squares and blue dots represent peaks, saddles and runoff nodes,
respectively; the yellow lines represent ridgelines, and the black dashed boxes represent the mountain
control areas.
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Figure 9. Validation of extracted point clusters by the optical image data: (a—f) correspond to six
typical sample areas, including Hanyin, Mizhi, Ningshan, Yanchuan, Zhen’an and Zhenba County,
respectively; the black triangles, purple squares and blue dots represent peaks, saddles and runoff
nodes, respectively.
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A quantitative evaluation of the extracted point clusters” localization accuracy was
performed. At present, it is still difficult to extract and verify the accuracy of terrain feature
points. Due to the lack of standards such as the peak or the saddle, the peak extracted
by each person is determined according to their own cognition, which cannot be well
matched to the real world to determine the accuracy. This is one of the reasons why many
researchers have done much work and tried to unify the understanding of topographic
features [48,52,53]. As a result, this paper does not evaluate the absolute accuracy of
the point clusters’ localization. Instead, we evaluate the relative localization accuracy of
the point clusters from the perspective of element consistency. The relative localization
errors of peaks and saddles are evaluated by the distance between the points and the
nearest ridgelines, and the runoff nodes’ errors are assessed by the distance between the
point and the boundaries of mountain control areas. For the extraction of terrain feature
points, Wood proposed using the second derivative to obtain the six types of terrain feature
points [54], which are widely used because of their simplicity and efficiency. Xiong et al.
extracted peaks by searching the local maximum point of watershed boundaries based
on the DEM data and achieved good results in the Tibetan Plateau [55]. Therefore, these
two methods were performed to extract the terrain feature points in order to verify the
relative position accuracy of the extracted point clusters with respect to others. The relative
localization errors of the point clusters extracted from the six typical sample areas were
calculated. The average localization errors are shown in Table 2, and their distributions
are shown by the boxplots (Figure 10). For the peak extraction, the proposed method’s
average (avg.) and standard deviation (std.) values of localization error are 21.46 m and
54.08 m, respectively, which is less than half of the other methods; the percent of fully
matching (PFM) (relative localization error of 0 m) of the proposed method is 47.32%, and
the percent of mostly matching (PMM) (relative localization error less than or equal to
the DEM spatial resolution) of the proposed method is 87.10%, nearly 50% higher than
other methods. For the saddle extraction, the upper quartile and median value of the
proposed method are close to 1/4 of the other methods; the average error is 4.11 m, close to
1/10 of the other methods. As for runoff node extraction, the PFM and the PMM are both
close to 100%. In summary, the relative accuracy of the peak locations extracted using our
method is better than the other methods. The saddles and runoff nodes extracted using
our method have natural high consistency with the ridgelines and mountain control area
boundaries, since they are extracted by intersecting the terrain feature lines. To sum up, the
terrain feature points extracted by the proposed method not only have a good coupling
relationship with each other, but also have high relative localization accuracy, which is
consistent with geomorphological and hydrological cognition.

Table 2. Relative localization errors of extracted point clusters.

Point Cluster Type Method Name Avg./m Std./m PFM/% PMM/%
Proposed Method 21.87 58.21 48.15 87.99
Peak Wood 55.32 112.68 37.63 73.38

Xiong et al. 84.28 129.80 26.58 54.23

Proposed Method 411 5.81 60.23 100.00
Saddle Wood 97.68 103.81 20.20 37.66

Xiong et al. 52.59 116.97 26.78 74.45

Proposed Method 0.00 0.02 99.92 100.00
Runoff Node Wood 58.74 291.74 88.31 92.81
Xiong et al. 99.16 415.83 84.94 89.62
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Figure 10. Relative localization error distribution of extracted point clusters: the different colored
boxes represent different methods; the upper and lower quartiles of the data are depicted by the box’s
upper and lower boundaries, respectively; the median and average values are depicted by the inner
horizontal lines and the red triangles, respectively; the whiskers extending from the ends of the boxes
are used to represent variables other than the upper and lower quartiles.

3.3. Statistics of Point Cluster Properties

The Height Difference between Peaks and Saddles (HDPS) is one of the main objects
of interest in geomorphology research. The primary consideration of extracting terrain
feature-point clusters using the integrated method is to determine a reasonable threshold
of the HDPS. Considering the significant controversy regarding the quantitative indicators’
determination of mountain undulation, this study does not attempt to put forward a new
quantitative indicator, but rather explores the influence and significance of the HDPS from
the perspective of attribute statistics.

The HDPS has a significant influence on the extraction of peaks and their control
areas, affecting the extraction of other terrain feature elements such as saddles and runoff
nodes [31]. To quantitatively analyze the influence of the HDPS, taking these six typical
sample areas as an example, each element in set T = {10n|n € [1,40]&n € N} (unit: m) is
used as the HDPS threshold to extract the terrain feature-point clusters, and the terrain
feature-point clusters and their control areas with different HDPS thresholds are obtained.
It is worth noting that the maximum value of the HDPS threshold of each typical sample
area is different. This is due to the different elevation undulations in each area—some
sample areas will not be able to extract the desired peaks and their control areas when the
HDPS threshold exceeds a certain limit. The response of the mountain control area size
and mountain undulation (the height difference between the peaks and the runoff nodes)
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to the HDPS changes is demonstrated using a scatter plot (Figure 11). The blue triangles in
Figure 11 represent the response of the average mountain control area size to changes in
the HDPS, and the blue dashed lines show the fitting relationship between them. For the
typical sample areas, the HDPS and the average mountain control area size show a typical
exponential relationship:

y = ae?™

@)
where y is the extracted average mountain control area size, x is the HDPS, and 4 and b
are the fitting coefficients. Its minimum fitting coefficient of determination (R?) reaches
0.97. Observing the overall trend, it can be seen that with the gradual reduction of the
topographic undulation (from the Qinling middle and high mountains to the loess hilly-
gully), the fitting coefficient a gradually decreases, and the coefficient b gradually increases.
Meanwhile, the orange dashed line in Figure 11 indicates the response of the average
mountain undulation to changes in the HDPS, which shows a typical linear relationship:

y=cx+d (8)

where y is the extracted average mountain undulation, x is the HDPS, ¢ and d are the
gradient and intercept of the regression line, respectively, and its average fitting R? reaches
0.94. Observing the overall trend, it can be seen that the regression lines” intercept d shows
a gradually increasing trend as the topographic undulation decreases.
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Figure 11. Response of mountain control area size and mountain undulation to HDPS changes in
the six typical sample areas: the blue triangles represent the relationship between the HDPS and the
mountain control area size; the orange stars represent the relationship between the HDPS and the
mountain undulation; the blue and orange dashed lines represent the regression curves of the two.

The whole Shaanxi Province was used as the experimental sample area for analysis
again to further verify the pattern of the fitting coefficients. The Shaanxi Province was
divided into 123 grid cells according to the cell size of 0.5° x 0.5°, and each cell belonging
to the geomorphological region was determined by the location for its centroid. The spatial
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distribution of these grid cells and the geomorphic zones they belong to were shown in
Figure 12. Then, the terrain feature-point clusters were extracted again for each cell. The
distribution probability histograms of the fitting coefficients were plotted (Figure 13) to
analyze the relationships of the HDPS with mountain control area size and mountain
undulation extracted from 123 grid cells grouped by geomorphological zones. As shown
in Figures 13a and 9b, the fitting coefficient a decreases with the decrease of topographic
undulation as a whole, while the fitting coefficient b increases, which is consistent with
the analysis results of the six typical sample areas. As shown in Figure 13d, the fitting
coefficient d increases with the decrease of topographic undulation. In particular, there is
no significant correlation between the fitting coefficients’ distribution and the landform
types in the Guanzhong Plain and the Wind and Sand Transition Zone, which indicates
that the HDPS is not effective in depicting the flat terrain and still needs further research.
In summary, there are obviously exponential and linear correlations between the HDPS
and mountain control area size and mountain undulation, respectively, and the fitting
coefficients are greatly correlated with the landform types.
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Figure 12. Spatial distribution of grid cells in Shaanxi Province: the blue dot represents the centroid
of each gird; colored rectangles indicate the spatial extent of these cells, and different colors are
adopted for different geomorphological regions.
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Figure 13. Relationship between the HDPS and mountain control area size and mountain undulation
in each sample area of Shaanxi Province: (a,b) the coefficient distribution histogram of the exponential
regression between the HDPS and the mountain control area size; (c,d) the coefficient distribution
histogram of the linear regression between the HDPS and the mountain undulation, while coefficient
c and d are the gradient and intercept of the regression line, respectively; six colors in the figures
correspond to six geomorphological zones in Shaanxi Province.

3.4. Point Cluster Properties and Geomorphological Regionalization

The relationship between the HDPS and mountain control area size and mountain
undulation was analyzed above, and their fitting coefficients were found to be highly
correlated with geomorphic zones. Therefore, further analyses were performed to validate
the relationships between the point cluster properties and geomorphological zones. This
paper’s study area is dominated by loess landforms [56]. There are many parameters that
can measure the characteristics in the terrain analysis, but from another perspective, we
could consider evaluating the cutting of the saddles and compare the differences between
landscape types on this basis. Nir pointed out that the commonly used relative height is
not a very good index, because even if the relative height was the same, the absolute height
difference might also be different [57]. Likewise, when the relative height between the peak
and the outlet is the same, the height difference between the saddles and peaks may also
be different. Thus, here we define the Saddle Dissection Index:

SDI = (Hpeak - Hsuddle)/(Hpeak - Hdischarge) 9

where Hyear, Hsaadle and Hyiscrarge are defined as peak height, saddle height and the outlet
height relative to the peak; thus, the SDI can be interpreted as the ratio between the HDPS
and the degree of ups and downs.

Based on the terrain feature-point clusters extracted from the 0.5° x 0.5° grids of
Shaanxi Province in Section 3.2, the HDPS and SDI of each peak are calculated. Then,
the statistical attributes of each peak are interpolated using the natural neighborhood
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method to obtain the spatial distribution of the HDPS and SDI at 1 km spatial resolution
in Shaanxi Province (Figure 14). As shown in Figure 14a, the statistical attributes of point
clusters better reflect the overall characteristics of the terrain in Shaanxi Province, i.e.,
the topographic undulation shows an overall increasing trend from north to south. The
topographic undulation in the Wind and Sand Transition Zone and Guanzhong Plain is
low, the topographic undulation in Qinling and Daba Mountains is large, and the Loess
Plateau is between them. In addition, the spatial distribution trend of the HDPS can be well
distinguished from the Wind and Sand Transition Zone, the Loess Plateau, Guanzhong
Plain and Qinling Mountain. The relatively weak portrayal appears between Guanzhong
Plain and Qinling Mountain and Daba Mountain, which may be related to this region’s
narrow distribution and complex topographic conditions. Figure 14b shows that the erosion
in Shaanxi Province increases from south to north as a whole, and the northern part of
the Loess Plateau is seriously eroded, showing a strong fragmentation trend, while the
topography of the southern Loess Plateau and Guanzhong Plain is the most complete. The
SDI can better distinguish the Loess Plateau, Guanzhong Plain and Qinling Mountains
and the poorly carved area is the Hanzhong Basin. This may be due to the interaction of
mountains around the basin, which leads to a certain fragmentation trend in the spatial
trend of this region [58,59].
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Figure 14. Spatial distribution of the HDPS and SDI: (a) spatial distribution of the HDPS in Shaanxi
Province; (b) spatial distribution of the SDI in Shaanxi Province.

To sum up, the terrain feature-point clusters and their statistical attributes can reflect
the fragmentation of the plane and mountains, and the stereoscopic undulation to a certain
extent. At the same time, their results have a good correspondence with geomorphological
divisions, which can serve for geomorphological classification and mapping. In general,
the DEM we use has limited elevation accuracy and a large grid cell size. Research on
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the areas with less relief requires high-precision DEM data, such as LiDAR point cloud
data. Therefore, under the condition of limited DEM accuracy, the ability to describe the
landform of point clusters in the flat area is relatively weak, and further research is needed.

It is worth noting that terrain representation and various terrain-based geological
analyses are significantly scale-dependent [60]. The scales of terrain analysis include
geographic scale, observational scale, structural scale and analytical scale, all of which have
scale effects [61,62]. For terrain feature extraction, the most significant is the analytical
scale, i.e., what scale is used to extract the terrain features. To address this issue, the LLNV
method was adopted to determine the optimal analysis scale in this paper. As for the scale,
the effects caused by the geographic scale (i.e., the geographic extent of the study area)
and the observational scale (i.e., the spatial resolution and height difference accuracy of
the DEM data) need to be further researched using more data. On the other hand, this
paper used morphological and runoff simulation methods to obtain integrated terrain
feature-point clusters; according to Baker and Enzmann’s classification of geomorphologic
features, the result is a feature point at the small-scale landform with an area about 103
to 10~ km? [63,64]. Further study is required for when the scale becomes larger, such as
medium-scale tectonic units.

4. Conclusions

Terrain feature-point clusters determine the overall structure and characteristics of the
terrain. They play a vital role in terrain representation and reconstruction, hydrological
analysis of watersheds and other scientific studies and engineering applications. This work
proposes an integrated extraction method for terrain feature-point clusters. Firstly, this
method combines the morphological characteristics and runoff simulation to determine
the best flow accumulation threshold quantitatively, and extracts the ridgelines based
on this threshold. Then, the integrated terrain feature clusters are extracted using space
segmentation and spatial analysis.

Experiments on six typical sample areas in Shaanxi Province show that the terrain
feature-point clusters extracted by the proposed method are not only accurate in spatial
position, but also have a good coupling relationship with each other, which is consistent
with geomorphological and hydrological cognition. The point clusters” attribute statistics
show that there is an exponential dependency y = ae?® and a linear dependency y = cx+d
of the mountain control area size, and of the mountain undulation, respectively, from the
HDPS. Meanwhile, the fitting coefficients have a great correlation with the landform types.
The fitting coefficient a decreases with the decrease of terrain undulation as a whole, while
the coefficients b and d increase. In addition, there is a good correspondence between
the spatial distribution trend of point cluster attributes and the geomorphological zoning
boundaries of Shaanxi Province.

In summary, the point cluster extraction results of the proposed method are consistent
with geomorphological cognition, and their attributes have important geomorphological
significance, which can serve for geomorphological zoning and mapping. However, due to
the limitations of DEM data accuracy and topographic undulation size, the terrain feature-
point clusters are relatively poorly depicted in plain areas, which needs further research.
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