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Abstract

:

Digital Elevation Model (DEM)-based mountain vertex extraction is one of the most useful DEM applications, providing important information to properly characterize topographic features. Current vertex-extraction techniques have considerable limitations, such as yielding low-accuracy results and generating false mountain vertices. To overcome these limitations, a new approach is proposed that combines Hotspot Analysis Clustering and the Improved Eight-Connected Extraction algorithms that would quickly and accurately provide the location and elevation of mountain vertices. The use of the elevation-based Hotspot Analysis Clustering Algorithm allows the fast partitioning of the mountain vertex area, which significantly reduces data and considerably improves the efficiency of mountain vertex extraction. The algorithm also minimizes false mountain vertices, which can be problematic in valleys, ridges, and other rugged terrains. The Eight-Connected Extraction Algorithm also hastens the precise determination of vertex location and elevation, providing a better balance between accuracy and efficiency in vertex extraction. The proposed approach was used and tested on seven different datasets and was compared against traditional vertex extraction methods. The results of the quantitative evaluation show that the proposed approach yielded higher efficiency, considerably minimized the occurrence of invalid points, and generated higher vertex extraction accuracy compared to other traditional methods.
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1. Introduction


Digital Elevation Model (DEM) is a physical model depicting ground elevations using ordered numerical arrays and exists in several data formats (e.g., raster, vector, TIN, point cloud). DEM is usually defined in 2.5D, with 2D plane coordinates (x, y) and an elevation attribute (h). DEM is a form of digital terrain model (DTM) that describes the spatial distribution of various geomorphic factors, such as slope, slope direction, and slope change rate. DEM is a zero-order single digital geomorphic model, which can be used to generate other geomorphic factors [1,2]. The generation methods can be roughly divided into two categories. First is using photogrammetric processing technology [3,4] to directly generate DEM by processing images from satellites [5], aircraft [6], UAV [7], and other platforms. The second is using contour lines and elevation point data, constructed through high-precision GNSS [8] and laser scanning [9,10], to establish the irregular triangular network and use bilinear or inverse distance interpolation algorithm to generate the DEM [11]. Compared with conventional maps, the DEM is characterized by high data accuracy, easy calculations, and diverse expression forms [12]. It can efficiently produce multiple terrain factors, such as the mountain vertex, slope, aspect, mountain volume, river network density, surface area, and surface roughness [13]. DEM can be applied in terrain and landform analysis, agricultural planting [14], land use [15], water resource utilization [16], environment and resource protection [17,18], urban construction and development [19,20], and other fields. The use of DEM can significantly promote efficiency and analytical development in various fields and provide accurate data to support social, natural, and applied science research.



Mountain Vertex is one component that can be derived using the DEM. For mountain ranges, a landform peak can be defined as a point with higher elevation than the adjacent areas. The shape is a geometric property of the peak on the arbitrarily selected surroundings (depending on the scale or level of detail) and is morphologically expressed as either being sharp, blunt, oblong, circular, conical, or other [21]. For this paper, mountain vertex extraction was based solely on DEM data in obtaining the highest peak values. As shown in Figure 1, the red point indicates the mountain vertex extracted from the raster DEM, while the blue point(s) shows the mountain peak(s) extracted from the same raster DEM. Some mountains may have one or more mountain peaks, but generally, most have only one mountain vertex.



One of DEM’s most important applications is to define and characterize topographic features, in which the function of extraction of the mountain vertex is particularly useful. However, due to the influence of terrain changes, analysis scale, and other factors, mountain vertices extracted from the DEM can have inaccurate positions and incomplete information. In order to achieve rapid and efficient extraction of the mountain vertex, a number of methods have been proposed in the past few decades. These methods can be divided into two categories: (1) extraction methods that analyze local features of the mountain vertex [22,23,24], and (2) extraction methods that divide the spatial topography and geomorphology. For the first type of Mountain Vertex extraction methods, one study [25] used the Terrain Profile Analysis Method, which automatically extracted the maximum elevation value points in a local area through curve-fitting the horizontal (or vertical) section. However, this method was found to overlook key points and resulted in low accuracy. In another study [26], slope description factors and mathematical morphology were used to obtain the mountain vertex value. This method is also susceptible to missing points during processing, which could significantly affect the final results. At present, the most commonly used mountain vertex extraction is the Neighborhood Analysis-Comparison Method [27,28,29]. This approach constructs a sliding analysis window to obtain the maximum point of the current window by calculating the terrain feature factor. This is then used as a pre-selected point and is combined with the real mountain vertex areas to determine the required mountain vertices. However, this method has limited accuracy based on the size of the analysis window and requires eliminating relevant camouflage points.



The second type of extraction method divides the spatial topography and geomorphology to obtain the mountain vertex and includes methods, such as the Hydrological Basin Extraction Method and the Contour Subdivision Method [30,31,32,33,34]. The Hydrological Basin Extraction Method [35] reverses the positive mountainous landform system, computes the flow direction to subdivide the watershed, and then calculates the grid to obtain the mountain vertex. Affected by the DEM interpolation, the fill-in threshold, the Watershed division calculation window, and other factors [36,37], this method does not identify erroneous mountain vertices and would therefore need to eliminate camouflage points. For the Contour Subdivision Method, contour lines are used to determine and interpolate the innermost mountain vertex area. One study [38] used contour lines and elevation values to characterize the terrain and constructed an analysis model, which was then used as a constraint to obtain the final results. Another study [39] proposed improvements based on the AKIMA Algorithm. The method improves the accuracy of the mountain vertex range interpolation and improves the extraction results. However, the Contour Line Division Method ignores the effects of adjacent mountains on the extraction results and are easily affected by topographical changes. Several methods have been proposed that combine these two methods in order to improve the accuracy, such as the Water and Contour Division Overlay Method [40] and the Contour Line and Neighborhood Analysis Overlay Method.



In view of the problems of inaccurate mountain vertex extraction, this paper proposes a new approach that utilizes the Hotspot Analysis Clustering and Improved Eight-Connected Extraction algorithms to provide a quick and accurate determination of multiple mountain vertices for a given area. Our approach uses the elevation-based Hotspot Analysis Clustering to quickly divide the mountain vertex area, which effectively resolves the limitations of previous approaches. Compared with the Neighborhood Analysis Method, the Hotspot Analysis Clustering Algorithm can quickly divide the high- and low-value areas of the DEM required in mountain vertex extraction. The Algorithm can effectively reduce data produced by the Neighborhood Analysis Method and improve the processing efficiency of mountain vertex extraction. In contrast to the Neighborhood Analysis Method, the Hotspot Analysis Clustering Algorithm can minimize and even eliminate erroneous and false mountain vertices, particularly problematic for valleys, ridges, and areas with highly uneven terrain. Furthermore, the Hotspot Analysis Clustering Algorithm can significantly minimize errors in determining mountain vertex elevations, which is a major problem when using the Contour Line Method.



Our proposed approach also uses the Eight-Connected Extraction Algorithm to quickly determine the precise location and elevation of the vertices for multiple mountains in a given area. Compared with the Contour Line Method, the Eight-Connected Extraction Algorithm can provide more accurate results and balance the accuracy and efficiency of mountain vertex extraction. Seven datasets were used for the quantitative evaluation (Data 1, Data 2, Jianzhou New Town, Sichuan Province; Data 3, Data 4, Nanyang City, Henan Province; Data 5, Data 6, Ji’an City, Jiangxi Province; Data 7, Zhou’shan City, Zhejiang Province, China). The evaluation experiments were used to assess the efficiency and accuracy of the proposed approach in extracting mountain vertices compared to the other three methods. The results show that the proposed approach can quickly obtain the precise location and precise elevation value of multiple mountain vertices.



The remainder of this paper is organized as follows: Section 2 introduces the traditional mountain vertex Extraction methods and explains the Hotspot Analysis Clustering and Improved Eight-Connected Extraction Algorithms used in our proposed approach. Experiments and the discussion of results are provided in Section 3. The conclusions are presented in Section 4.




2. Methodology


2.1. Traditional Mountain Vertex Extraction Methods


The Contour Line Method extracts mountain vertices [39] by generating the contour lines from Raster DEM and uses the change range of the elevation variance to evaluate the vertex’s influence range. It then finds the innermost contour line in the influence range and uses the interpolation algorithm to obtain the mountain vertex value. This method is affected by elevation and contour height difference threshold and generally yields low accuracy results of mountain vertices.



The Neighborhood Analysis Method extracts mountain vertices [27,28] by constructing an n × n analysis window and determines the maximum value within the window extent. The point is then used as a pre-selected point, which is then reclassified in order to obtain the mountain vertex. The main disadvantage of this method is that it is limited by the analysis window, which can generate more noise that needs to be cleared, thereby reducing efficiency.



The Contour Line and Neighborhood Analysis Overlay Methods [29] combines the two previous methods. The Contour Line Method is used to determine the area where the mountain vertex is located, while the Neighborhood Analysis Method acquires the pre-selected point. The results are then superimposed to obtain the mountain vertex. While this method combines the two previously discussed methods, this approach still suffers similar constraints as those methods.




2.2. The Issues and Countermeasures Related to Traditional Mountain Vertex Extraction Methods


Traditional mountain vertex extraction methods are affected by the contour height difference threshold [39] and the analysis window set [27,28], leading to low accuracy results and more noise. Hotspot Analysis Clustering Algorithm can be used to minimize erroneous mountain vertices extracted using the Neighborhood Analysis Method and limit the mountain vertex area’s range affected by the contour height difference threshold. Likewise, the Improved Eight-Connected Extraction Algorithm can improve the accuracy of mountain vertex extraction by the Contour Line Method and increase the efficiency of the Neighborhood Analysis Method. In this article, an algorithm is proposed that combines the Hotspot Analysis Clustering Algorithm and the Improved Eight-Connected Extraction Algorithm in order to quickly determine the precise location and elevation of multiple mountain vertices for a given area.




2.3. The Mountain Vertex Extraction Method Based on Hotspot Analysis Clustering and Improved Eight-Connected Extraction Algorithms


2.3.1. Basic Principles and Overall Technical Route


The pixel size is set after resampling to 10 × 10, and the original raster dataset is rotated by 45° and placed on top of the resampled Raster DEM. The nearest-neighbor interpolation algorithm is used to calculate the raster value for each resampled DEM image, and the original raster DEM is finally downsampled. The resampled DEM’s boundary and spatial structure are then used to convert the DEM Data into a Point Vector dataset whose attributes are elevation values. The Getis-Ord Gi* Method is then used to calculate the point vector dataset, and the p-value and Z score of each point can be calculated. The hotspot (high elevation point) and cold-spot (low elevation point) can be defined based on the calculated p-value and Z-score. The DEM Hotspot Analysis Image Data is generated, which can then be used to define the DEM’s high and low-value areas (i.e., DEM mountain vertex area extraction). Finally, the Improved Eight-Connected Extraction Algorithm is used to extract the accurate position and elevation of the mountain vertex from the DEM Hotspot Image Data (the high-value area and the low-value area division results of the DEM). The overall technical route is shown in Figure 2.




2.3.2. Data Preprocessing


DEM Data Resampling


The pixel size is set after resampling to 10 × 10. The original raster DEM is rotated by 45° and placed on top of the output resampled raster DEM. The nearest neighbor interpolation algorithm can be used to calculate the raster value for each resampling raster DEM. The cell value size in the new raster DEM is determined by the value of the nearest raster cell in the original DEM image. As shown in Figure 3, the blue points are the center of the raster cell of the original DEM, the green shaded area is the new raster DEM, the yellow shaded area is the area to be processed, and the red points are the cell centers of the new raster DEM. For each cell, the blue dots closest to the red dots are identified and marked in orange. The value of the orange point is used as the value of the red point.



Using the above method, the raster DEM is converted into the resampled 10 × 10 pixel-size raster DEM.




Convert Raster DEM to Point Vector DEM


The resampled raster DEM is binarized to complete the extraction of the polygon boundary. The construction of the boundary arc is completed by searching each node from one to another. A complete topological structure and attribute connection can be formed based on its spatial relationship. Finally, redundant data caused by the search can then be removed. Through these operations, the Resampled Raster DEM is converted into a Point Vector DEM, and the attribute value for each point is based on the elevation from the DEM.





2.3.3. Extract the Mountain Vertices Region of DEM Based on the Hotspot Analysis Clustering Algorithm


Hotspot Analysis Clustering Algorithm


The Getis-Ord Gi* Method is an advanced version of the high-low value clustering [41], which can be used to calculate the point vector dataset. The p-value and Z score for each point can be obtained to define the hotspot (high elevation point) and cold-spot (low elevation point) and finish the high-low value clustering.



In analyzing the spatial correlation, the p-value represents the observed spatial pattern’s probability being created by a random process. When the p-value is small and less than a certain threshold, this indicates that the spatial distribution is non-random and follows a particular pattern [42]. The Z-score is a multiple of the standard deviation that mainly reflects the degree of dispersion of the dataset.



Both the p-value and the Z-score are related to the standard normal distribution, as shown in Figure 4.



The p-value and Z-score are correlated. Highly clustered and highly discrete data are both small probability events. If most of the calculated p-values and Z-scores are distributed on both sides, this would indicate that the probability of the spatial pattern being random is very low [41]. Confidence interval is used in estimating the overall parameter of the sample and is often associated with the p-value and Z-score, as shown in Table 1.



Using Equations (1)–(3), the Z-score (   G i *   ) can be calculated for each element in the area.


   G i *  =     ∑  j = 1  n    w  i , j    x j  −  X ¯    ∑  j = 1  n    w  i , j         S     [ n   ∑  j = 1  n    w  i , j  2    −  (   ∑  j = 1  n    w  i , j       ) 2  ]   n − 1        



(1)




where xj is the attribute value of element j, and wij is the spatial weight between elements i and j (adjacent is 1, non-adjacent is 0), and n is the total number of elements [42].


   X ¯  =     ∑  j = 1  n    x j     n   



(2)
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(3)








Divide the High and Low-Value Region of the DEM Based on the Hotspot Analysis Clustering Algorithm


Using the Getis-Ord Gi* Method, Hotspot Analysis and Clustering were performed on the point vector DEM to define the hotspot (high elevation point) and cold-spot (low elevation point) based on the calculated p-value and Z-score. If the element’s Z-score is high and the p-value is small, it means that there is high spatial clustering. If the element’s Z-score is low (even negative) and the p-value is small, it means there is low spatial clustering. The higher (or lower) the Z-score, the greater (or lesser) the clustering degree. If the Z-score is close to zero, it means that there is no obvious spatial clustering. We can use the Z-score and p-value to obtain the location of the high-value (hotspot) or low-value (cold-spot) clustering to generate the Hotspot Analysis Image Data. The Z-score and p-value are statistical measures of hotspots and cold-spots used to judge whether to reject the null hypothesis on a factor-by-element basis [41,42,43,44,45].



The Hotspot Analysis Clustering Algorithm was then used to process the point vector DEM into the DEM Hotspot Analysis Image. The high-value regions (hotspot) were then extracted from the DEM Hotspot Analysis Image, where the Improved Eight-Connected Extraction Algorithm was employed to extract the mountain vertex.





2.3.4. Extract the Mountain Vertex Bases on the Improved Eight-Connected Extraction Algorithm


The Attribute Tag of the Point Vector DEM Hotspot Analysis Image Data


The attribute data of the DEM Hotspot Analysis Image was then exported. Using different p-value, Z-score, and confidence levels, numerical values (i.e., −3, −2, −1, 1, 2, 3 to 6) were assigned to the different situations. Table 2 summarizes the correspondence between the Z-score, p-value, confidence levels, and attribute H_Gi.




Improved Eight-Connected Extraction Algorithm


Eight-connectivity refers to the connection or link of a pixel in a given area towards any other pixel position using a combination of the eight directions (i.e., up, down, left, right, upper left, upper right, lower left, and lower right).



The Improved Eight-Connected Extraction algorithm mainly improves the eight-direction into four-way optimization. First, the attribute value in four directions (left, upper left, upper, and right) is evaluated on whether it is the desired attribute and assessed for its connectivity. If the answer is yes, the cell is marked. As shown in Figure 5, since the attribute values on the cells to the left, upper left, upper, and right sides of point A are consistent, the cell is marked accordingly.



After the first marking is completed, the image undergoes a second assessment process and is scanned from left to right and top to bottom to find the marked point. Each marked cell is reevaluated to determine whether the attribute value is the same at the four other direction points (i.e., upper right, lower right, lower left, and bottom). If so, the final mark will be carried out [45,46,47]. As shown in Figure 6, both A and B meet the four-way optimization requirements and are marked accordingly. After all the cells are marked for the first time, the marked points undergo the second assessment procedure. In the example, only point A meets the requirement and is marked accordingly. On the other hand, Point B does not meet the second screening procedure, which means no further processing will be done on the cell.




Mountain Vertex Extraction Based on the Improved Eight-Connected Extraction Algorithm


The Improved Eight-Connected Algorithm is used to mark the points with the H_Gi attribute value of 3 (Z-score > +2.58, p-value < 0.01) in the DEM Hotspot Analysis Image (shown in red in Figure 7). The marked points are represented as blue cells in the image. After the marking procedure is completed, the image is scanned from left to right and top to bottom. The points are then grouped according to whether they are adjacent to other marked points. As shown in the figure, points A, B, C, D, and E are grouped together, while points F, G, H, and I are clustered in another group. The cell with the highest elevation attribute in each group is then considered as the candidate mountain vertex.



The highest elevation point among the candidate peaks is the mountain vertex. If two or more cells have the highest elevation value in a given group area, they are all considered the mountain vertices.







3. Experiments and Results


3.1. Experimental Setup


In this paper, we used an I7-8700 CPU, 16G RAM, and RTX2080 GPU computer to conduct the experimental tests on seven sets of raster DEM data from different experimental areas or mountain types (as shown in Table 3).



In this paper, we used the reference method to extract the mountain vertex for Datasets 1 to 7, which are then used as the reference data to be compared with the results from other methods. The reference method uses the contour line method to divide the mountain area and sort the elevation values to get the highest point of the mountain. The highest point for each mountain serves as the mountain vertex. The proposed approach, which uses the Hotspot Analysis and Improved Eight-Connected Extraction algorithms, was used to extract mountain vertices for Datasets 1 to 7. For comparative analysis, the Contour Line Method with a 3 m-contour interval, the Neighborhood Analysis Method with 6 × 6 control window, and the Contour Line and Neighborhood Analysis Overlay Method with 3 m contour interval of and 6 × 6 control window were employed separately in extracting mountain vertices [30,48]. The extraction results were then compared in terms of the number of mountain vertices identified, the extraction rate, the accuracy rate, and the time used by each method. These experimental results were then compared and were used in evaluating the pros and cons of each method.




3.2. The First Dataset: The Northern Part of the West Area of the Jianzhou New Town, China


3.2.1. Experimental Data Description


The first dataset consists of a raster DEM of Jianzhou New Town, Sichuan Province, China (longitude: 104.10°E–104.16°E, latitude: 30.60°N~30.66°N). As shown in Figure 8, the image has a 1 m spatial resolution, uses the CGCS2000 coordinate system, and has 610 rows and 690 columns. The terrain is mainly mountainous, with an average altitude of 429~483 m and a height difference of about 54 m. Figure 8 shows the data and results for Dataset 1: (a) is the Digital Orthophoto Map (DOM), (b) is the Digital Elevation Model (DEM), and (c) is the hillshading results.




3.2.2. Comparison of the Mountain Vertex Extraction Results for the First Dataset


The proposed approach and conventional extraction methods were used and compared in extracting the mountain vertices for the first dataset. The distribution graphs of vertices extracted by each method are shown in the succeeding figures. Figure 9 presents the accurate mountain vertex distribution map extracted using the reference method. Figure 10 shows the distribution maps generated using conventional extraction methods: Figure 10a using the Contour Line Extraction Technique, Figure 10b using the Neighborhood Analysis Method, and Figure 10c using the Contour Line and Neighborhood Analysis Overlay Method. Figure 11 displays the generated distribution map from our proposed approach that uses Hotspot Analysis and Improved Eight-Connected Extraction Algorithms in extracting mountain vertices.



The extraction results generated by the different methods were then sorted, tabulated, and compared in terms of extraction rate and accuracy. The summary of results is presented in Table 4.



As shown in Table 4, the Reference Method, the Proposed Method, the Contour Line Method, the Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method were used to process the first dataset. The number of the mountain vertices extracted were 5, 5, 21, 32, 9, and the accuracy rate was 100%, 100%, 14%, 12.5%, and 45%. The experimental results show that the Reference Method and the Proposed Method performed considerably better.




3.2.3. Comparison of the Mountain Vertex Extraction Time for the First Dataset


The time expended in extracting mountain vertices using our proposed approach and using the Contour Line and Neighborhood Analysis Overlay Method were recorded and compared. Table 5 presents the summary of time consume results using our proposed approach, and Table 6 tabulates the summary of time consume results using the Contour Line and Neighborhood Analysis Overlay Method.



The proposed method (the 10 × 10 resampling size) and the Contour Line and the Neighborhood Analysis Overlay Method (the 6 × 6 analysis window, the 3-m contour interval) were then used to extract the mountain vertices for Dataset 1. The experimental results for Dataset 1 show that the proposed method performed 1.5 times faster than the Contour Line and Neighborhood Analysis Overlay Method.





3.3. The Second Dataset: The Lower Part of the South Area of the Jianzhou New Town, China


3.3.1. Experimental Data Description


The experimental second dataset (see Figure 12) consists of a Raster DEM Image in Jianzhou, Sichuan Province (longitude: 104.10°E~104.19°E, latitude: 30.59°N~30.64°N). Similar to Dataset 1, the image has a 1-m spatial resolution, uses the CGCS2000 coordinate system, and has 455 rows and 968 columns. The second dataset has a general high mountain topography, with an average altitude of 430~485 m and a height difference of about 55 m. Figure 12 shows the data and results for Dataset 2: (a) is the Digital Orthophoto Map (DOM), (b) is the Digital Elevation Model (DEM), and (c) is the hillshading results.




3.3.2. Comparison of the Mountain Vertex Extraction Results for the Second Dataset


The second dataset was also used to compare the different methods of mountain vertex extraction. The distribution graphs of Mountain Vertices extracted by each method are shown in the following figure. Figure 13 shows the accurate mountain vertex distribution map extracted using the reference method. Figure 14a shows the distribution map using the Contour Line Extraction procedure, Figure 14b using the Neighborhood Analysis Method, and Figure 14c using the Contour Line and Neighborhood Analysis Overlay Method. The distribution map of mountain vertices extracted using our proposed approach is provided in Figure 15.



The extraction results using the different mountain vertex extraction methods were evaluated in terms of the extraction rate the resulting accuracy. The summary of results is provided in Table 7.



As shown in Table 7, the Reference Method, the Proposed Method, the Contour Line Method, the Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method were used to process the second dataset. The mountain vertices extracted were 5, 5, 16, 27, and 12, and the accuracy rate is 100%, 100%, 19%, 15%, and 33%. The experiment shows that the Reference Method and the Proposed Method had significantly better results.




3.3.3. Comparison of the Mountain Vertex Extraction Time Using Experimental Second Dataset


The time expended in extracting mountain vertices for the second dataset using our proposed approach and using the Contour Line and Neighborhood Analysis Overlay Method were recorded and compared. Table 8 shows the time consumed in extracting mountain vertices for the second dataset using our proposed approach, while Table 9 shows time results using the Contour Line and Neighborhood Analysis Overlay Method.



The proposed method (the 10 × 10 resampling size) and the Contour Line and the Neighborhood Analysis Overlay Method (the 6 × 6 analysis window, the 3-m contour interval) were then used to extract the mountain vertices for Dataset 2. The proposed method was 1.5 times faster than the Contour Line and Neighborhood Analysis Overlay Method for Dataset 2.





3.4. The Third Dataset: The Northern Region of the West Area of the Nanyang, China


3.4.1. Experimental Data Description


The third dataset consists of a Raster DEM of Nanyang City, Henan Province, China (longitude: 112.06°E–112.08°E, latitude: 33.185°N~30.20°N). As shown in Figure 16, the image has a 2 m spatial resolution, uses the CGCS2000 coordinate system, and has 176 rows and 236 columns. The terrain has medium-sized mountains, with an average altitude of 231~277 m and a height difference of about 43 m. Figure 17 shows the data and results for Dataset 3: (a) is the Digital Orthophoto Map (DOM), (b) is the Digital Elevation Model (DEM), and (c) is the hillshading results.




3.4.2. Comparison of the Mountain Vertex Extraction Results for the Third Dataset


The third dataset was also used to compare the different methods of mountain vertex extraction. The distribution graphs of the mountain vertices extracted by each method are shown in the succeeding figures. Figure 17 shows the accurate mountain vertex distribution map extracted using the reference method. Figure 18a shows the distribution map using the Contour Line Extraction procedure, Figure 18b using the Neighborhood Analysis Method, and Figure 18c using the Contour Line and Neighborhood Analysis Overlay Method. The distribution map for the mountain vertices extracted using our proposed approach is provided in Figure 19.



The extraction results using the different mountain vertex extraction methods were evaluated in terms of the extraction rate the resulting accuracy. The summary of results is provided in Table 10.



As presented in Table 10, the Reference Method, the Proposed Method, the Contour Line Method, the Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method were used to process the third dataset. The mountain vertices extracted were 5, 5, 41, 63, and 34, and the accuracy rates are 100%, 100%, 7.3%, 6.3%, and 11.8%. The experimental results show that the Reference Method and the Proposed Method are significantly better.




3.4.3. Comparison of the Mountain Vertex Extraction Time Using Experimental the Third Dataset


The time spent extracting the mountain vertices for the third dataset using our proposed approach and using the Contour Line and Neighborhood Analysis Overlay Method were recorded and compared. Table 11 shows the vertex extraction time for the third dataset using our proposed approach, while Table 12 shows the results using the Contour Line and Neighborhood Analysis Overlay Method.



The proposed method (the 10 × 10 resampling size) and the Contour Line and the Neighborhood Analysis Overlay Method (the 6 × 6 analysis window, the 3 m contour interval) were used to extract the mountain vertices for Dataset 3. For Dataset 3, the proposed Method was 1.2 times faster than the Contour Line and Neighborhood Analysis Overlay Method.





3.5. The Fourth Dataset: The Southern Region of the West Area of Nanyang, China


3.5.1. Experimental Data Description


The fourth dataset consists of a Raster DEM of Nanyang City, Henan Province, China (longitude: 112.06°E–112.07°E, latitude: 33.12°N~30.16°N). As shown in Figure 20, the image has a 2 m spatial resolution, uses the CGCS2000 coordinate system, and has 261 rows and 166 columns. The terrain has medium-sized mountains, with an average altitude of 237~280 m and a height difference of about 43 m. Figure 20 shows the data and results for Dataset 4: (a) is the Digital Orthophoto Map (DOM), (b) is the Digital Elevation Model (DEM), and (c) is the hillshading results.




3.5.2. Comparison of the Mountain Vertex Extraction Results for the Fourth Dataset


The fourth dataset was also used to compare the different methods of mountain vertex extraction. The distribution graphs of mountain vertices extracted by each method are shown in the succeeding figures. Figure 21 shows the accurate mountain vertex distribution map extracted using the Reference Method. Figure 22a shows the distribution map using the Contour Line Extraction procedure, Figure 22b using the Neighborhood Analysis Method, and Figure 22c using the Contour Line and Neighborhood Analysis Overlay Method. The distribution map of mountain vertices extracted using our proposed approach is provided in Figure 23.



The extraction results using the different mountain vertex extraction methods were evaluated in terms of the extraction accuracy rates. The summary of results is provided in Table 13.



The Reference Method, the Proposed Method, the Contour Line Method, the Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method were used to process the fourth dataset. Table 13 shows the summary of extraction results. The number of extracted mountain vertices are 3, 3, 33, 47, and 27, and the accuracy rates are 100%, 100%, 6%, 4.3%, and 7.4%. The experimental results show that the Reference Method and the Proposed Method performed much better.




3.5.3. Comparison of the Mountain Vertex Extraction Time Using the Fourth Dataset


The time expended in extracting mountain vertices for the fourth dataset using our proposed approach and using the Contour Line and Neighborhood Analysis Overlay Method were recorded and compared. Table 14 shows the time consumed in extracting mountain vertices for the fourth dataset using our proposed approach, while Table 15 shows time results using the Contour Line and Neighborhood Analysis Overlay Method.



For Dataset 4, the proposed method (the 10 × 10 resampling size) and the Contour Line and the Neighborhood Analysis Overlay Method (the 6 × 6 analysis window the 3-m contour interval) were used in extracting the mountain vertices. The experimental results show that the proposed method was 1.2 times faster than the Contour Line and Neighborhood Analysis Overlay Method for Dataset 4.





3.6. The Fifth Dataset: The Eastern Portion of the West Area of the Ji’an, China


3.6.1. Experimental Data Description


The fifth dataset consists of a raster DEM of Ji’an City, Jiangxi Province, China ((longitude: 114.23°E–114.236°E, latitude: 27.19°N~27.20°N). As shown in Figure 24, the image has a 2 m spatial resolution, uses the CGCS2000 coordinate system, and has 132 rows and 111 columns. The terrain has low mountains, with an average altitude of 66–105 m and a height difference of about 39 m. Figure 24 shows the data and results for Dataset 5: (a) is the Digital Orthophoto Map (DOM), (b) is the Digital Elevation Model (DEM), and (c) is the hillshading results.




3.6.2. Comparison of the Mountain Vertex Extraction Results for the Fifth Dataset


The fifth dataset was also used to compare the different methods of mountain vertex extraction. The distribution graphs of Mountain Vertices extracted using each method are shown in the subsequent figures. Figure 25 shows the accurate mountain vertex distribution map extracted using the reference method. Figure 26a shows the distribution map using the Contour Line Extraction procedure, Figure 26b using the Neighborhood Analysis Method, and Figure 26c using the Contour Line and Neighborhood Analysis Overlay Method. The distribution map of mountain vertices extracted using our proposed approach is provided in Figure 27.



The extraction results using the different mountain vertex extraction methods were evaluated using the resulting extraction accuracy rates. The summary of results is provided in Table 16.



As shown in Table 16, the Reference Method, the Proposed Method, the Contour Line Method, the Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method were used to process the fifth dataset. The number of extracted mountain vertices are 2, 2, 15, 18, and 12, and the accuracy rates are 100%, 100%, 50%, 100%, and 100%. The comparative analysis shows that the Reference Method and the Proposed Method yielded significantly better results.




3.6.3. Comparison of the Mountain Vertex Extraction Time Using Experimental Fifth Dataset


The time expended in extracting mountain vertices for the fifth dataset using our proposed approach and using the Contour Line and Neighborhood Analysis Overlay Method were recorded and compared. Table 17 shows the time consumed in extracting mountain vertices for the fifth dataset using our proposed approach, while Table 18 shows time results using the Contour Line and Neighborhood Analysis Overlay Method.



The proposed method (the 10 × 10 resampling size) and the Contour Line and the Neighborhood Analysis Overlay Method (the 6 × 6 analysis window, the 3-m contour interval) were used for mountain vertex extraction for Dataset 5. The results show that the Proposed Method was 1.15 times faster than the Contour Line and Neighborhood Analysis Overlay Method for Dataset 5.





3.7. The Sixth Dataset: The Western Section of the West Area of Ji’an, China


3.7.1. Experimental Data Description


The sixth dataset consists of a raster DEM of Ji’an City, Jiangxi Province, China (longitude: 114.11°E–114.12°E, latitude: 27.18°N~27.19°N). As shown in Figure 28, the image has a 2 m spatial resolution, uses the CGCS2000 coordinate system, and has 146 rows and 136 columns. The terrain is characterized by low mountains, with an average altitude of 59–106 m and a height difference of about 47 m. Figure 28 shows the data and results for Dataset 6: (a) is the Digital Orthophoto Map (DOM), (b) is the Digital Elevation Model (DEM), and (c) is the hillshading results.




3.7.2. Comparison of the Mountain Vertex Extraction Results for the Sixth Dataset


The sixth dataset was also used to compare the different methods of mountain vertex extraction. The distribution graphs of Mountain Vertices extracted by each method are shown in the following figures. Figure 29 shows the accurate mountain vertex distribution map extracted using the reference method. Figure 30a shows the distribution map using the Contour Line Extraction procedure, Figure 30b using the Neighborhood Analysis Method, and Figure 30c using the Contour Line and Neighborhood Analysis Overlay Method. The distribution map of mountain vertices extracted using our proposed approach is provided in Figure 31.



The extraction results using the different mountain vertex extraction methods were evaluated in terms of the extraction rate the resulting accuracy. The summary of results is provided in Table 19.



Table 19 shows the sixth district’s vertex extraction results using the Reference Method, the Proposed Method, the Contour Line Method, the Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method. The number the mountain vertices extracted are 2, 2, 14, 19, and 11, and the accuracy rates are 100%, 100%, 14%, 11%, and 18%. The Reference Method and the Proposed Method yielded considerably better results.




3.7.3. Comparison of the Mountain Vertex Extraction Time Using Experimental the Sixth Dataset


The time expended in extracting mountain vertices for the sixth dataset using our proposed approach and using the Contour Line and Neighborhood Analysis Overlay Method were recorded and compared. Table 20 shows the time consumed in extracting mountain vertices for the sixth dataset using our proposed approach, while Table 21 shows time results using the Contour Line and Neighborhood Analysis Overlay Method.



The proposed method (the 10 × 10 resampling size) and the Contour Line and the Neighborhood Analysis Overlay Method (the 6 × 6 analysis window, the 3 m contour interval) were used to extract the mountain vertices for Dataset 6. The results show that the Proposed Method was 1.15 times faster than the Contour Line and Neighborhood Analysis Overlay Method for Dataset 6.





3.8. The Seventh Dataset: The Western Section of Zhou’shan, China


3.8.1. Experimental Data Description


Dataset 7 consists of a raster DEM of Zhou’shan City, Zhejiang Province, China (longitude: 122.03°E–122.16°E, latitude: 30.06°N~30.16°N). In Figure 32, the image has a 2 m spatial resolution, uses the CGCS2000 coordinate system, and has 6000 rows and 6000 columns. The terrain is characterized by high mountains, with an average altitude of −888~522 m and a height difference of about 1410 m. Figure 32 shows the data and results for Dataset 7: (a) is the Digital Orthophoto Map (DOM), (b) is the Digital Elevation Model (DEM), and (c) is the hillshading results.




3.8.2. Comparison of the Mountain Vertex Extraction Results for the Seventh Dataset


Dataset 7 was also used to compare the different methods of mountain vertex extraction. The distribution graphs for each mountain extraction method are shown in the following figures. Figure 33 shows the distribution map extracted using the reference method. Figure 34a shows the distribution map using the Contour Line Extraction procedure, Figure 34b using the Neighborhood Analysis Method, and Figure 34c using the Contour Line and Neighborhood Analysis Overlay Method. The distribution map of mountain vertices extracted using our proposed approach is provided in Figure 35.



The extraction results using the different mountain vertex extraction methods were evaluated in terms of the extraction rate the resulting accuracy. The summary of results is provided in Table 22.



Table 22 shows Dataset 7’s vertex extraction results using the Reference Method, the Proposed Method, the Contour Line Method, the Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method. The number the mountain vertices extracted are 15, 15, 12, 13, and 13, and the accuracy rates are 100%, 100%, 7%, 5%, and 11%. The Reference Method and the Proposed Method yielded considerably better results.




3.8.3. Comparison of the Mountain Vertex Extraction Time Using Experimental the Seventh Dataset


The time expended in extracting mountain vertices for Dataset 7 using our proposed approach and the Contour Line and Neighborhood Analysis Overlay Method were recorded and compared. Table 23 shows the time consumed in extracting mountain vertices for Dataset 7 using our proposed approach, while Table 24 shows time results for the Contour Line and Neighborhood Analysis Overlay Method.



The proposed method (the 10 × 10 resampling size) and the Contour Line and the Neighborhood Analysis Overlay Method (the 6 × 6 analysis window, the 3 m contour interval) were used to extract the mountain vertices for Dataset 7. The experimental results show that the Proposed Method was 1.5 times faster than the Contour Line and Neighborhood Analysis Overlay Method for Dataset 7.





3.9. Discussion


The method proposed in this paper combines the Hotspot Analysis Clustering Algorithm and the Improved Eight-Connected Extraction Algorithm in order to determine the location and elevation of mountain vertices fast and accurately. After conducting a comparative assessment of the proposed approach against traditional extraction procedures, the results show our approach yielded higher extraction efficiency compared to the Contour Line Method, Neighborhood Analysis Method, and the Contour Line and Neighborhood Analysis Overlay Method.



In the first experiment (Dataset 1), our proposed method’s extraction rate was 55% higher than the Contour Line and Neighborhood Analysis Overlay Method, 86% higher than the Contour Line Method, and 87.5% higher than the Neighborhood Analysis Method. In the second experiment (Dataset 2), the extraction rate of our proposed approach was 67% higher than the Contour Line and Neighborhood Analysis Overlay method, 81% higher than the Contour Line Method, and 85% higher than the Neighborhood Analysis Method. In the third experiment (Dataset 3), our proposed method’s extraction rate was 92.7% higher than the Contour Line and Neighborhood Analysis Overlay Method, 93.7% higher than the Contour Line Method, and 88.2% higher than the Neighborhood Analysis Method. In the fourth experiment (Dataset 4), our proposed method’s extraction rate was 94% higher than the Contour Line and Neighborhood Analysis Overlay Method, 95.7% higher than the Contour Line Method, and 92.6% higher than the Neighborhood Analysis Method. In the fifth experiment (Dataset 5), our proposed method’s extraction rate was 84% higher than the Contour Line and Neighborhood Analysis Overlay Method, 87% higher than the Contour Line Method, and 89% higher than the Neighborhood Analysis Method. In the sixth experiment (Dataset 6), our proposed method’s extraction rate was 86% higher than the Contour Line and Neighborhood Analysis Overlay Method, 89% higher than the Contour Line Method, and 82% higher than the Neighborhood Analysis Method. In the seventh experiment (Dataset 7), our proposed method’s extraction rate was 89% higher than the Contour Line and Neighborhood Analysis Overlay Method, 93% higher than the Contour Line Method, and 95% higher than the Neighborhood Analysis Method, as shown in Table 25.



The accuracy rate of our proposed extraction method was also comparatively higher than the other methods. For Dataset 1, the accuracy rate of the proposed approach was 20% higher than the Contour Line and Neighborhood Analysis Overlay Method, 20% higher than the Neighborhood Analysis Method, and 40% higher than the Contour Line Method. Using Dataset 2, the accuracy rate of the proposed method was 20% higher than the Contour Line and Neighborhood Analysis Overlay Method, 20% higher than the Neighborhood Analysis Method, and 40% higher than the Contour Line Method. For Dataset 3, the accuracy rate of the proposed approach was 20% higher than the Contour Line and Neighborhood Analysis Overlay Method, 20% higher than the Neighborhood Analysis Method, and 40% higher than the Contour Line Method. For Dataset 4, the accuracy rate of the proposed approach was 20% higher than the Contour Line and Neighborhood Analysis Overlay Method, 20% higher than the Neighborhood Analysis Method, and 20% higher than the Contour Line Method. For Dataset 5, the accuracy rate of the proposed approach was 50% higher than the Contour Line Method. For Dataset 7, the accuracy rate of the proposed approach was 13% higher than the Contour Line and Neighborhood Analysis Overlay Method, 13% higher than the Neighborhood Analysis Method, and 20% higher than the Contour Line Method. These results suggest that the proposed method is able to provide high accuracy extraction results and is able to effectively eliminate the interference of invalid points. When compared to traditional vertex-extraction techniques, the proposed approach was able to maintain high accuracy and was comparatively more efficient, requiring less processing and computing time than the other methods, as shown in Table 26.





4. Conclusions


DEM-based extraction of the mountain vertices is an important and useful technique in characterizing topographic features and has become one of the most useful DEM applications. Current vertex-extraction techniques have considerable challenges and limitations. For instance, the Contour Line Method often yield low-accuracy extraction results, while the Neighborhood Analysis Method produces significant false or erroneous mountain vertices. To overcome these limitations, this study proposes a new approach that combines Hotspot Analysis Clustering and the Improved Eight-Connected Extraction algorithms in order to quickly and accurately obtain the location and elevation of mountain vertices. The main processing procedures are as follows: First, the raster DEM must be preprocessed. Then, using Getis-Ord Gi* Method, hotspot analysis and clustering are performed to define the hotspot and the cold-spot based on the differences between the calculated p-value and Z-score. The DEM hotspot image can then be generated, and areas of high and low-values can be properly demarcated. Finally, the Improved Eight-Connected Extraction Algorithm is used to extract the accurate position and elevation of mountain vertices from the DEM hotspot image.



Compared with traditional mountain vertex extraction methods, the proposed approach was shown to achieve positive results. Our experimental results show that the proposed approach maintained high extraction accuracy, significantly minimized the occurrence of invalid points, and obtained the precise location and elevation of mountain vertices more efficiently.
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Nomenclature


In this section, we explain all the abbreviations of this paper. The Nomenclature explanation is specified in follow



	DEM
	Digital Elevation Model



	DOM
	Digital Orthophoto Map



	CLM
	Contour Line Method



	NAM
	Neighborhood Analysis Method



	CLaNAOM
	Contour Line and Neighborhood Analysis Overlay Method



	NUM
	Number
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Figure 1. The difference between mountain vertex and the mountain peak. (a) A mountain with a single peak (the mountain vertex coincides with the mountain peak); (b) A mountain with two or multiple peaks (the mountain vertex is not always the same as the mountain peaks). 
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Figure 2. The overall technical route. 
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Figure 3. The resample processing of the Nearest Neighbor Interpolation Algorithm. 
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Figure 4. Normal distribution of p-value and Z-score. 
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Figure 5. The four-way optimization labeled graph of the Improved Eight-Connected Extraction Algorithm. 
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Figure 6. The diagram of secondary Marking Method. 
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Figure 7. Schematic diagram of mountain vertex extraction based on the Improved Eight-Connected Extraction Algorithm. 
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Figure 8. Experimental results for Dataset 1: (a) DOM data for Dataset 1 (Jianzhou); (b) DEM data for Dataset 1 (Jianzhou); (c) Hillshading results for Dataset 1 (Jianzhou). 
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Figure 9. The distribution map of the experimental first dataset extracted using the reference method. 
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Figure 10. The experimental first dataset distribution map extracted using traditional mountain vertex extraction methods: (a) Contour Line Method; (b) Neighborhood Analysis Method; and (c) Contour line and Neighborhood Analysis Overlay Method. 
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Figure 11. The distribution map for the first dataset using our proposed approach. 
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Figure 12. The experimental second dataset: (a) DOM data of the second dataset (Jianzhou); (b) DEM data of the second dataset (Jianzhou); (c) Hillshading result of the second dataset (Jianzhou). 
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Figure 13. The distribution map of the second dataset extracted using the reference method. 
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Figure 14. Distribution maps extracted by the traditional Mountain Vertices Extraction Methods using the second dataset. (a) Contour Line Method. (b) Neighborhood Analysis Method. (c) Contour line and Neighborhood Analysis Overlay Method. 
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Figure 15. The distribution map for the second dataset using our proposed approach. 
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Figure 16. The third dataset: (a) DOM data of the third dataset (the northern part of Nanyang, China); (b) DEM data of the third dataset (the northern part of Nanyang, China); (c) Hillshading result of the third dataset (the northern part of Nanyang, China). 






Figure 16. The third dataset: (a) DOM data of the third dataset (the northern part of Nanyang, China); (b) DEM data of the third dataset (the northern part of Nanyang, China); (c) Hillshading result of the third dataset (the northern part of Nanyang, China).
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Figure 17. The distribution map of the third dataset extracted using the reference method. 
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Figure 18. Distribution maps extracted by the traditional Mountain Vertices Extraction Methods using the third dataset. (a) Contour Line Method. (b) Neighborhood Analysis Method. (c) Contour line and Neighborhood Analysis Overlay Method. 
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Figure 19. The distribution map for the third dataset using our proposed approach. 
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Figure 20. The fourth dataset: (a) DOM data of the fourth dataset (the southern part of Nanyang, China); (b) DEM data of the fourth dataset (the southern part of Nanyang, China); (c) Hillshading result of the fourth dataset (the southern part of the Nanyang, China). 






Figure 20. The fourth dataset: (a) DOM data of the fourth dataset (the southern part of Nanyang, China); (b) DEM data of the fourth dataset (the southern part of Nanyang, China); (c) Hillshading result of the fourth dataset (the southern part of the Nanyang, China).
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Figure 21. The distribution map of the fourth dataset extracted using the reference method. 
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Figure 22. Distribution maps extracted by the traditional Mountain Vertices Extraction Methods using the fourth dataset. (a) Contour Line Method. (b) Neighborhood Analysis Method. (c) Contour line and Neighborhood Analysis Overlay Method. 
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Figure 23. The distribution map for the fourth dataset using our proposed approach. 
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Figure 24. The experimental fifth dataset: (a) DOM data of the fifth dataset (the eastern part of Ji’an, China); (b) DEM data of the fifth dataset (the eastern part of Ji’an, China); (c) hillshading result of the fifth dataset (the eastern part of Ji’an, China). 
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Figure 25. The distribution map of the fifth dataset extracted using the reference method. 
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Figure 26. Distribution maps extracted by the traditional Mountain Vertices Extraction Methods using the fifth dataset. (a) Contour Line Method. (b) Neighborhood Analysis Method. (c) Contour line and Neighborhood Analysis Overlay Method. 
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Figure 27. The distribution map for the fifth dataset using our proposed approach. 
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Figure 28. The experimental sixth dataset:(a) DOM data of the sixth dataset (western part of Ji’an, China); (b) DEM data of the sixth dataset (western part of Ji’an, China); (c) Hillshading result of the sixth dataset (western part of Ji’an, China). 
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Figure 29. The distribution map of the sixth dataset extracted using the reference method. 
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Figure 30. Distribution maps extracted by the traditional Mountain Vertices Extraction Methods using the sixth dataset. (a) Contour Line Method. (b) Neighborhood Analysis Method. (c) Contour line and Neighborhood Analysis Overlay Method. 
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Figure 31. The distribution map for the sixth dataset using our proposed approach. 
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Figure 32. The experimental seventh dataset:(a) DOM data of the seventh dataset (western part of Zhou’shan, China); (b) DEM data of the seventh dataset (western part of Zhou’shan, China); (c) Hillshading result of the seventh dataset (western part of Zhou’shan, China). 






Figure 32. The experimental seventh dataset:(a) DOM data of the seventh dataset (western part of Zhou’shan, China); (b) DEM data of the seventh dataset (western part of Zhou’shan, China); (c) Hillshading result of the seventh dataset (western part of Zhou’shan, China).
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Figure 33. The distribution map of the seventh dataset extracted using the reference method. 
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Figure 34. Distribution maps extracted by the traditional Mountain Vertices Extraction Methods using the seventh dataset. (a) Contour Line Method. (b) Neighborhood Analysis Method. (c) Contour line and Neighborhood Analysis Overlay Method. 
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Figure 35. The distribution map for the seventh dataset using our proposed approach. 
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Table 1. The Correspondence between Z-score, p-value and the Confidence.
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	Z-Score
	p-Value
	Confidence





	<−1.65 || >+1.65
	<0.10
	90%



	<−1.96 || >+1.96
	<0.05
	95%



	<−2.58 || >+2.58
	<0.01
	99%
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Table 2. The Correspondence between Z-score, p-value, Confidence, and the H_Gi value.
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	Z-Score
	p-Value
	Confidence
	H_Gi





	<−1.65 || >+1.65
	<0.10
	90%
	−1 || 1



	<−1.96 || >+1.96
	<0.05
	95%
	−2 || 2



	<−2.58 || >+2.58
	<0.01
	99%
	−3 || 3
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Table 3. The difference between the experimental data.






Table 3. The difference between the experimental data.





	NO.
	Data Location
	Data Range
	Data Type
	Spatial Resolution
	Data Height





	1
	Jianzhou
	104.10°E–104.16°E

30.60°N~30.66°N
	Raster
	1 m
	high mountain: 429 m~483 m



	2
	Jianzhou
	104.10°E~104.19°E

30.59°N~30.64°N
	Raster
	1 m
	high mountain: 430 m~485 m



	3
	Nanyang
	112.06°E–112.08°E

33.185°N~30.20°N
	Raster
	2 m
	middle mountain: 231 m~277 m



	4
	Nanyang
	112.06°E–112.07°E

33.12°N~30.16°N
	Raster
	2 m
	middle mountain: 237 m~280 m



	5
	Ji’an
	114.23°E–114.236°E

27.19°N~27.20°N
	Raster
	2 m
	low mountain: 66 m~105 m



	6
	Ji’an
	114.11°E–114.12°E

27.18°N~27.19°N
	Raster
	2 m
	low mountain: 59 m~106 m



	7
	Zhou’shan
	122.03°E–122.16°E

30.06°N~30.16°N
	Raster
	2 m
	high mountain: −888 m~522 m
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Table 4. Vertex extraction results for each method using the experimental first dataset.






Table 4. Vertex extraction results for each method using the experimental first dataset.





	Method
	Extract NUM
	Correct NUM
	False NUM
	Extract Rate
	Correct Rate





	Reference Method
	5
	5
	0
	100%
	100%



	The Proposed Method
	5
	5
	0
	100%
	100%



	CLM
	21
	3
	2
	14%
	60%



	NAM
	32
	4
	1
	12.5%
	80%



	CLaNAOM
	9
	4
	1
	45%
	80%
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Table 5. The time consumed in extracting mountain vertices for the first dataset using our proposed approach.
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	NO.
	Method
	Time





	1
	Resampling of the raster DEM by 10 × 10 pixel-size
	1.5 s



	2
	Raster DEM conversion into point vector DEM
	1.5 s



	3
	Hotspot analysis of the point vector DEM
	3 s



	4
	Extraction of mountain vertices
	4 s



	
	Total Time
	10 s
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Table 6. The time spent in extracting mountain vertices for the first dataset using the Contour Line and Neighborhood Analysis Overlay Method.






Table 6. The time spent in extracting mountain vertices for the first dataset using the Contour Line and Neighborhood Analysis Overlay Method.










	NO.
	Method
	Time





	1
	Set 6 × 6 analysis window to neighborhood analyze the Raster DEM image data
	6 s



	2
	Generate 3 m interval contour lines for DEM images, extract the innermost contour line area
	5.5 s



	3
	Calculate the intersection between the innermost circle of DEM and the neighborhood analysis obtain data to get the experimental first dataset’s Mountain Vertices
	3.5 s



	
	Total Time
	15 s
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Table 7. The mountain vertices extraction results for each method using the second dataset.
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	Method
	Extract NUM
	Correct NUM
	False NUM
	Extract Rate
	Correct Rate





	Reference Method
	5
	5
	0
	100%
	100%



	The Proposed Method
	5
	5
	0
	100%
	100%



	CLM
	16
	3
	2
	19%
	60%



	NAM
	27
	4
	1
	15%
	80%



	CLaNAOM
	12
	4
	1
	33%
	80%
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Table 8. The time consumed in extracting mountain vertices for the second dataset using our proposed approach.
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	NO.
	Method
	Time





	1
	Resampling of the Raster DEM by 10 × 10 pixel-size
	1.1 s



	2
	Raster DEM conversion into point vector DEM
	1.2 s



	3
	Hotspot analysis of the Point Vector DEM
	2.7 s



	4
	Extraction of the mountain vertices
	3.6 s



	
	Total Time
	8.6 s
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Table 9. The time spent in extracting mountain vertices for the second dataset using the Contour Line and Neighborhood Analysis Overlay Method.






Table 9. The time spent in extracting mountain vertices for the second dataset using the Contour Line and Neighborhood Analysis Overlay Method.










	NO.
	Method
	Time





	1
	Set 6 × 6 analysis window to neighborhood analyze the Raster DEM image data
	5.3 s



	2
	Generate 3 m interval contour lines for DEM images, extract the innermost contour line area
	4.9 s



	3
	Calculate the intersection between the innermost circle of DEM and the neighborhood analysis obtain data to get the experimental second dataset’s Mountain Vertices
	3 s



	
	Total Time
	13.2 s
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Table 10. The mountain vertices extraction results for each method using the third dataset.
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	Method
	Extract NUM
	Correct NUM
	False NUM
	Extract Rate
	Correct Rate





	Reference Method
	5
	5
	0
	100%
	100%



	The Proposed Method
	5
	5
	0
	100%
	100%



	CLM
	41
	3
	2
	7.3%
	60%



	NAM
	63
	4
	1
	6.3%
	80%



	CLaNAOM
	34
	4
	1
	11.8%
	80%
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Table 11. The time consumed in extracting mountain vertices for the third dataset using our proposed approach.
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	NO.
	Method
	Time





	1
	Resampling of the Raster DEM by 10 × 10 pixel-size
	0.21 s



	2
	Raster DEM conversion into point vector DEM
	0.26 s



	3
	Hotspot analysis of the Point Vector DEM
	0.33 s



	4
	Extraction of the mountain vertices
	0.45 s



	
	Total Time
	1.25 s
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Table 12. The time spent in extracting mountain vertices for the third dataset using the Contour Line and Neighborhood Analysis Overlay Method.






Table 12. The time spent in extracting mountain vertices for the third dataset using the Contour Line and Neighborhood Analysis Overlay Method.










	NO.
	Method
	Time





	1
	Set 6 × 6 analysis window to neighborhood analyze the Raster DEM data
	0.59 s



	2
	Generate 3 m interval contour lines for DEM data, extract the innermost contour line area
	0.54 s



	3
	Calculate the intersection between the innermost circle of DEM and the neighborhood analysis obtain data to get the experimental third dataset’s Mountain Vertices
	0.34 s



	
	Total Time
	1.47 s
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Table 13. The mountain vertices extraction results for each method using the fourth dataset.
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	Method
	Extract NUM
	Correct NUM
	False NUM
	Extract Rate
	Correct Rate





	Reference Method
	3
	3
	0
	100%
	100%



	The Proposed Method
	3
	3
	0
	100%
	100%



	CLM
	33
	2
	1
	6%
	80%



	NAM
	47
	2
	1
	4.3%
	80%



	CLaNAOM
	27
	2
	1
	7.4%
	80%
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Table 14. The time consumed in extracting mountain vertices for the fourth dataset using our proposed approach.
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	NO.
	Method
	Time





	1
	Resampling of the Raster DEM by 10 × 10 pixel-size
	0.23 s



	2
	Raster DEM conversion into point vector DEM
	0.29 s



	3
	Hotspot analysis of the Point Vector DEM
	0.36 s



	4
	Extraction of the mountain vertices
	0.50 s



	
	Total Time
	1.38 s
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Table 15. The time spent in extracting mountain vertices for the fourth dataset using the Contour Line and Neighborhood Analysis Overlay Method.
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	NO.
	Method
	Time





	1
	Set 6 × 6 analysis window to neighborhood analyze the Raster DEM data
	0.65 s



	2
	Generate 3 m interval contour lines for DEM data, extract the innermost contour line area
	0.59 s



	3
	Calculate the intersection between the innermost circle of DEM and the neighborhood analysis obtain data to get the experimental fourth dataset’s Mountain Vertices
	0.37 s



	
	Total Time
	1.61 s










[image: Table] 





Table 16. The mountain vertices extraction results for each method using the fifth dataset.
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	Method
	Extract NUM
	Correct NUM
	False NUM
	Extract Rate
	Correct Rate





	Reference Method
	2
	2
	0
	100%
	100%



	The Proposed Method
	2
	2
	0
	100%
	100%



	CLM
	15
	2
	1
	13%
	50%



	NAM
	18
	2
	0
	11%
	100%



	CLaNAOM
	12
	2
	0
	16%
	100%
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Table 17. The time consumed in extracting mountain vertices for the fifth dataset using our proposed approach.
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	NO.
	Method
	Time





	1
	Resampling of the Raster DEM by 10 × 10 pixel-size
	0.08 s



	2
	Raster DEM conversion into point vector DEM
	0.09 s



	3
	Hotspot analysis of the Point Vector DEM
	0.12 s



	4
	Extraction of the mountain vertices
	0.16 s



	
	Total Time
	0.45 s










[image: Table] 





Table 18. The time spent in extracting mountain vertices for the fifth dataset using the Contour Line and Neighborhood Analysis Overlay Method.






Table 18. The time spent in extracting mountain vertices for the fifth dataset using the Contour Line and Neighborhood Analysis Overlay Method.










	NO.
	Method
	Time





	1
	Set 6 × 6 analysis window to neighborhood analyze the Raster DEM data
	0.21 s



	2
	Generate 3 m interval contour lines for DEM data, extract the innermost contour line area
	0.19 s



	3
	Calculate the intersection between the innermost circle of DEM and the neighborhood analysis obtain data to get the experimental fifth dataset’s Mountain Vertices
	0.12 s



	
	Total Time
	0.52 s
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Table 19. The mountain vertices extraction results for each method using the sixth dataset.
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	Method
	Extract NUM
	Correct NUM
	False NUM
	Extract Rate
	Correct Rate





	The Reference Method
	2
	2
	0
	100%
	100%



	The Proposed Method
	2
	2
	0
	100%
	100%



	CLM
	14
	2
	0
	14%
	100%



	NAM
	19
	2
	0
	11%
	100%



	CLaNAOM
	11
	2
	0
	18%
	100%
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Table 20. The time consumed in extracting mountain vertices for the sixth dataset using our proposed approach.
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	NO.
	Method
	Time





	1
	Resampling of the Raster DEM by 10 × 10 pixel-size
	0.11 s



	2
	Raster DEM conversion into point vector DEM
	0.13 s



	3
	Hotspot analysis of the Point Vector DEM
	0.17 s



	4
	Extraction of the mountain vertices
	0.22 s



	
	Total Time
	0.63 s
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Table 21. The time spent in extracting mountain vertices for the sixth dataset using the Contour Line and Neighborhood Analysis Overlay Method.
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	NO.
	Method
	Time





	1
	Set 6 × 6 analysis window to neighborhood analyze the Raster DEM data
	0.29 s



	2
	Generate 3 m interval contour lines for DEM data, extract the innermost contour line area
	0.27 s



	3
	Calculate the intersection between the innermost circle of DEM and the neighborhood analysis obtain data to get the experimental sixth dataset’s mountain vertices
	0.17 s



	
	Total Time
	0.73 s
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Table 22. The mountain vertices extraction results for each method using the seventh dataset.
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	Method
	Extract NUM
	Correct NUM
	False NUM
	Extract Rate
	Correct Rate





	The Reference Method
	15
	15
	0
	100%
	100%



	The Proposed Method
	15
	15
	0
	100%
	100%



	CLM
	180
	12
	3
	7%
	80%



	NAM
	240
	13
	2
	5%
	87%



	CLaNAOM
	120
	13
	2
	11%
	87%
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Table 23. The time consumed in extracting mountain vertices for the seventh dataset using our proposed approach.
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	NO.
	Method
	Time





	1
	Resampling of the Raster DEM by 10 × 10 pixel-size
	14.4 s



	2
	Raster DEM conversion into point vector DEM
	14 s



	3
	Hotspot analysis of the Point Vector DEM
	28.6 s



	4
	Extraction of the mountain vertices
	38.6 s



	
	Total Time
	95.6 s
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Table 24. The time spent in extracting mountain vertices for the seventh dataset using the Contour Line and Neighborhood Analysis Overlay Method.






Table 24. The time spent in extracting mountain vertices for the seventh dataset using the Contour Line and Neighborhood Analysis Overlay Method.










	NO.
	Method
	Time





	1
	Set 6 × 6 analysis window to neighborhood analyze the Raster DEM data
	58.2 s



	2
	Generate 3 m interval contour lines for DEM data, extract the innermost contour line area
	53.4 s



	3
	Calculate the intersection between the innermost circle of DEM and the neighborhood analysis obtain data to get the experimental seventh dataset’s mountain vertices
	34.1 s



	
	Total Time
	145.7 s
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Table 25. The extraction rate in each method for Datasets 1–7.
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	Method
	Dataset-1
	Dataset-2
	Dataset-3
	Dataset-4
	Dataset-5
	Dataset-6
	Dataset-7





	The Proposed Method
	100%
	100%
	100%
	100%
	100%
	100%
	100%



	CLM
	14%
	19%
	7.3%
	6%
	13%
	14%
	7%



	NAM
	12.5%
	15%
	6.3%
	4.3%
	11%
	11%
	5%



	CLaNAOM
	45%
	33%
	11.8%
	7.4%
	16%
	18%
	11%










[image: Table] 





Table 26. The accuracy rate for each method using in the first to seventh dataset to extract the mountain vertices.






Table 26. The accuracy rate for each method using in the first to seventh dataset to extract the mountain vertices.





	Method
	Dataset-1
	Dataset-2
	Dataset-3
	Dataset-4
	Dataset-5
	Dataset-6
	Dataset-7





	The Proposed Method
	100%
	100%
	100%
	100%
	100%
	100%
	100%



	CLM
	60%
	60%
	60%
	80%
	50%
	100%
	80%



	NAM
	80%
	80%
	80%
	80%
	100%
	100%
	87%



	CLaNAOM
	80%
	80%
	80%
	80%
	100%
	100%
	87%
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