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Abstract

:

Recently, unmanned aerial vehicles (UAVs) have been used in various fields, such as military, logistics, transportation, construction, and agriculture, making it possible to apply the limited activities of humans to various and wide ranges. In addition, UAVs have been utilized to construct topographic data that are more precise than existing satellite images or cadastral maps. In this study, a monitoring point for preventing flood damage in an urban area was selected using a UAV. In addition, the topographic data were constructed using a UAV, and the flow of rainwater was examined using the watershed analysis in an urban area. An orthomosaic, a digital surface model (DSM), and a three-dimensional (3D) model were constructed for the topographic data, and a precision of 0.051 m based on the root mean square error (RMSE) was achieved through the observation of ground control points (GCPs). On the other hand, for the watershed analysis in the urban area, the point in which the flow of rainwater converged was analyzed by adjusting the thresholds. A monitoring point for preventing flood damage was proposed by examining the topographic characteristics of the target area related to the inflow of rainwater.
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1. Introduction


Unmanned aerial vehicles (UAVs) have been rapidly developed and integrated in several areas, including civil engineering, agriculture, disasters, and logistics, due to the advancement of technologies [1]. In addition, autonomous UAV flights can be performed without human control, and UAVs can provide images with high spatial and temporal resolution. It is possible to implement precise orthomosaics and high-resolution three-dimensional (3D) models using the aerial photos taken by RGB, multi-spectral, thermal imaging, and light detection ranging (LiDAR) cameras by employing a software built with data collection and image processing technologies [2,3,4,5,6,7,8,9].



High-resolution 3D models based on UAVs extract points, representing the characteristics of overlapping images, can generate 3D points for each pixel and analyze topographic characteristics, which are used to produce orthomosaics, digital surface models (DSMs), and 3D models. In addition, these characteristics are employed to obtain high-precision topographic data using the ground control point (GCP) calibration. The root mean square error (RMSE) for the GCPs and 3D points are analyzed to obtain the accuracy of the topographic data. Moreover, DSM can identify the characteristics of the target area, such as topography, slope, altitude, and buildings, can be used to construct various infrastructures by creating 3D models, and can be employed for a multitude of applications, such as topographic surveying, monitoring, and watershed classification.



In the past, monitoring of urban areas was used to observe various pollutants, survey road traffic, and measure water levels for disaster reduction. Various surveillance and monitoring plans use UAVs due to the continuous advancement of smart cities in connection with the Internet of Things (IoT) [10]. The utilization of UAVs in smart cities includes standardization measures, which are extended to network communication infrastructures, surveillance, and monitoring [11,12].



1.1. Relative Work


In various fields, studies have been conducted to construct topographic data and improve the accuracy of UAVs. In many studies that used UAVs, image mapping of aerial photos was analyzed using software. Orthomosaics, DSMs, 3D models, mesh models, and point clouds were presented as the analysis results, and methods for setting and applying analysis methodologies were proposed [13,14,15,16,17,18,19]. Image mapping constructed topographic data using software, such as Pix4D Mapper, Photoscan, and ContextCapture, and presented the advantages and drawbacks of the analysis speed and measurement accuracy [15,20,21,22]. In particular, PhotoScan has a high processing speed and work convenience, while Pix4D Mapper facilitates data extraction with high accuracy of the topographic data [23,24,25,26].



Accuracy evaluations and applications of topographic data based on the parameter adjustment was also conducted for investigating the operation method and flight characteristics of UAVs. The topographic data were constructed by considering the UAV type, flight height, and camera performance, and accuracy was evaluated based on the parameter adjustment to propose the optimal flight plan [27,28,29]. In addition, they were calibrated using GCPs to improve the accuracy of the topographic data. An accuracy of 2 to 10 cm was secured after calibration, while an accuracy of approximately 20 cm was observed before calibrating topographic data using GCPs, making it possible to construct more precise topographic data [30,31,32]. Moreover, studies related to the construction and accuracy of topographic data have been conducted for target areas, such as cities, wetlands, mountains, vegetation, orchards, and rivers [33,34,35,36,37].



The construction of the topographic data using UAVs has been used in various areas, and it is necessary to apply an analysis method suitable for this purpose. This study attempted to apply a research method that uses a real-time kinematic (RTK)-compatible UAV, an RGB camera, and GCP surveying as a method for constructing the topographic data of an urban area.



Monitoring is utilized to observe, control, and verify phenomena that occur in various areas. Monitoring of urban areas has been performed for the purposes of observation and verification to prevent and respond to disasters in areas such as the atmosphere, rivers, and facilities. Moreover, the influence of land use, landscape patterns, and altitude on air pollution was quantified in Hong Kong [38,39,40,41,42,43]. In addition, monitoring methods for outdoor exposure and indoor penetration of air pollution have been proposed [44,45,46,47]. The concentration of air pollution in urban areas varies depending on the altitude for up to 35 m, and the concentration and influence decrease as the particle size increases [48,49,50,51,52,53].



In a study on water pollution in rivers in urban areas, an economical sampling frequency for monitoring and a method of selecting parameters were presented [54]. In addition, the selection of optimal locations and the influence of sensors were proposed considering fixed or moving monitoring points [55,56,57,58]. The selection of monitoring points is an important element that determines the performance or quality of the observation data.



It is possible to measure related parameters if a network capable of identifying the observation elements of monitoring is set for each point [59,60,61,62]. There are no studies focusing on the methodology for selecting monitoring points, despite a number of investigations involving urban area monitoring. In most studies, the monitoring points were set based on the empirical knowledge, and optimal points that can acquire various parameters were selected. In this study, a hydrological analysis method was applied to select the monitoring points.



The construction of precise topographic data using UAV was carried out by flooding, flood simulation, and flood mapping. That built a DSM using UAV and applied a simple flood fill operation to floodplain areas to evaluate the reliability of flood map creation [63,64]. In other studies, actual flood phenomena and flood modeling using DSM were reproduced, and limitations to be considered, such as trees and stones located near rivers, were suggested [65,66,67]. A comparison of DEM accuracy analysis, landslide, and flood simulation results among a UAV-derived DEM and global DEM products (GDEM2, AW3D30, and SRTM) was performed [68]. In some studies, DSM was constructed using LiDAR, and the limitation of resolution was suggested by the verification of topographic data after flood damage and the difference in altitude [69].



Flood damage research using UAV analyzed the extent of flood and the accuracy of flood modeling through the construction of topographical data, and suggested limitations. Most studies have been conducted to predict or verify flood damage, but research on flood damage prevention is insufficient. In addition, most of the target areas are rivers, and urban areas where major facilities are located in case of flood damage have not been studied.




1.2. Reseach Objective


In this study, we conducted a method for selecting monitoring points to prevent flood damage in urban areas using a UAV. Flood damages in urban areas occur because of the inability of pipes to drain as rainwater converges in low-lying areas. Most of the observation equipment to prevent flood damages in urban areas are installed and operated in areas where damage has occurred in the past. However, this equipment must be installed at the lowest points by distinguishing watersheds, where rainwater is introduced, and identifying the flow. Watersheds were distinguished by analyzing grids that are larger than 10 × 10 m or 30 × 30 m using a 1:5000 topographic map and STRM-1 for the construction of the topographic data before. Existing DEM can be used with one topographical altitude on a 10 m or 30 m grid. However, in order to select monitoring points, it is necessary to review the point where water flows from the basin by analyzing more precise topographical altitude. The use of UAVs makes it possible to construct high-definition DSMs with high precision and analyze watersheds.



The objectives of the article are as follows:




	(1)

	
High-precision topographic data for an urban were constructed using a UAV, and the flow of rainwater in watersheds was analyzed.




	(2)

	
Low-lying areas, where rainwater converged in the target area, were examined to select the optimal monitoring points for the installation of the observation equipment.











2. Materials and Methods


2.1. Analysis Method Using UAV


UAVs can produce high-resolution aerial images and image maps compared to satellite-obtained images for conventional aerial photos. In addition, UAVs have been utilized in various industrial areas in connection with technologies such as artificial intelligence (AI) and platforms. The precise aerial photography and the construction of topographic data are required for UAVs to be utilized in various areas. The process of constructing precise topographic data includes flight planning and analysis methods, aerial photography, image mapping, and topographic data calibration, as shown in Figure 1.



The analysis method that uses UAVs is performed in the following order: flight planning, UAV operation, GCP coordinate measurement, Pix4D Mapper processing, and output derivation. Flight planning considers the topographic characteristics, structure status, and weather conditions of the target area that were obtained through a field survey. After completing the field survey, the flight plan, which includes the flight period, flight range, and UAV type, is submitted for approval to the administrative agency. Finally, flight planning is completed by setting flight conditions, including the UAV flight altitude, coordinates, vertical and horizontal overlapping, and GCPs. GCPs are observed using the UAV operation in the target area and the global navigation satellite system (GNSS) based on the procedure of the flight plan. The aerial photos of the target area captured through the UAV operation were subjected to mapping analysis using Pix4D Mapper, which calibrates UAV images based on topographic coordinates. The calibrated images were matched and combined using the same images.



For the topographic data of images, a point cloud is generated through triangulation, and the initial settings for structure from motion (SfM) in the target area are analyzed. The topographic information of the point cloud in the X, Y, and Z directions reconstructed topographic information through bundle adjustment based on the observed GCPs. The reconstructed topographic information derives precise two-dimensional (2D) and 3D models by surface reconstruction and meshing in the target area. Moreover, the high-precision topographic data were constructed by aerial photography using UAV, aerial photo processing using Pix4D Mapper, and calibration using GCPs. Orthomosaics, DSMs, and 3D models are outputs of the analyzed topographic data. Furthermore, the topographic data, point cloud coordinates, and contour maps can be identified through various option settings.




2.2. Observation Equipment


UAVs for aerial photography can be selected considering their weight, size, and performance depending on the purpose. UAVs that can consider camera image quality, topographic coordinate recognition, RTK, and safety are necessary to construct precise topographic data in consideration of topographic data, buildings, and infrastructure. In this study, we selected the Phantom 4 RTK from DJI as the UAV used for aerial photography, as shown in Figure 2. Phantom 4 RTK can perform mapping using automatic flight and capture images without distortion of the camera during the flight. Moreover, GPS can also be calibrated by receiving the location information of the virtual reference station (VRS) for hundreds of electronic reference points in real-time during aerial photography.



Phantom 4 RTK satisfies both performance and portability with a weight of 1.4 kg, a diagonal length of 35 cm, a field of view (FOV) of 8.8 mm, F2.8-11, and a flight time of approximately 30 min. In addition, Phantom 4 RTK can be operated in an area of approximately 30 ha or less, although the flight time varies depending on the altitude setting and mapping method. In addition, the camera lens enables high-resolution aerial photography since it has a focal length of 24 mm based on a 35 mm film camera. Table 1 lists the detailed specifications of the Phantom 4 RTK.



It is necessary to calibrate GCPs to reduce the errors that occur in aerial photography using UAVs. Although GCPs in the target area vary depending on the area, at least one or two points must be observed. GCP observation can be performed using various instruments. In this study, GNSS surveying, which provides information on the location, altitude, and velocity of ground objects, was conducted using satellites (i.e., Trimble R4s). It has 240 channels and secure high accuracy with an automatic calibration technique, as shown in Figure 3.



Trimble R4s can receive GNSS signals well in mountainous and urban areas with 240 channels. It enables precise measurement with a static positioning accuracy of approximately 3 mm and a VRS ranging from 8 to 15 mm. It has six input/output data types available, and the output of the results is possible through the USB and Bluetooth ports. Table 2 lists the detailed specifications of the Trimble R4s.




2.3. Software of Pix4D Mapper


Aerial photography, which uses UAVs, aims to construct topographic data using precise images. There are several software that can be used to analyze aerial photos and images, including Pix4D Mapper, Photoscan, 3D Survey, DroneDeploy, and Drone2Map. Among them, the Pix4D Mapper has been most widely used to construct precise topographic data, as shown in Figure 4. It is a software for analyzing topographic data using images captured with UAVs or digital cameras, and is utilized in various fields, such as mining, agriculture, geodetic surveying, civil engineering, construction, disaster management, and emergency services.



Pix4D Mapper implements topographic data by analyzing images captured in various areas based on the automated work sequence [70,71,72]. For the analysis, up to 10,000 images can be processed, and the automated analysis technology improves accuracy by correcting any missing or inaccurate topographic information [73,74]. In addition, it enables analysis under the application of various cameras, such as standard perspective cameras and equidistant fisheye cameras [75,76].



Image analysis using Pix4D Mapper is performed in four steps. First, all captured images are examined for the analysis of matching points between pixels, and keypoints are matched using the scale-invariant feature transform (SIFT) function [77]. Second, the approximate values for the location and direction of the captured images by UAVs are analyzed. The accurate locations and directions of all images are reconstructed using the bundle block adjustment for matching points in each image. Third, orthomosaic, DTM, and DSM were created using the initially analyzed images based on their locations and directions. The World Geodetic System 1984 (WGS84), which is based on the satellite data obtained using GPS, was used as the terrestrial reference system for the images generated by UAVs and analysis results. Lastly, the 3D model is analyzed by forming an irregular triangular network based on the point cloud of the analyzed image. Images are implemented through the 3D model, and orthomosaics, DSM, 3D point clouds, and meshes that include topographic information can be identified [72,78].



GCPs that indicate the accurate locations of images are required to improve the accuracy of the Pix4D Mapper. The analyzed point cloud is overlapped with the horizontal (X), vertical (Y), and altitude (Z) information of the GCPs observed in topographic coordinates to select control points. This process prevents the occurrence of distortion when images overlap, improving accuracy. The accuracy improvement by the GCP setting is important for the photogrammetry technology that uses UAVs. The accuracy of the observation data acquired using UAVs and the reference coordinates of the GCPs were analyzed using RMSE. RMSE, which is a measure to analyze errors between the values estimated from UAV images and the values observed at GCPs, is suitable for expressing precision. The RMSE can be analyzed using (1).


  RMSE =       ∑        (   X  U A V   −  X  G C P    )   2   n     



(1)




where    X  U A V     is the value observed by the UAV,    X  G C P     is the value observed at GCP, and  n  is the number of observations.




2.4. Watershed Analysis


Watershed analysis was started in a topology algorism that uses aerial photographs to find catchment basins in mountainous terrain. Watershed analysis is an area-based technique using edge information of an image, and it is an analysis that minimizes the deformation of the segmented image for infinitesimal noise. There are two ways to divide the image of Watershed analysis.



The first method begins by discovering a downstream path from each pixel of the image to a local minima. The area minimum is defined as a point that does not have a downstream path in the vicinity of the thing. One point above the digital surface  S  is defined as   s  (  x , f  ( x )   )   ,   s ∈  Z 2  × Z  . Here,   x ∈  Z 2    shows the two-dimensional position of point. also,   f  ( x )  ∈ z   represents the elevation of the point. The path above the surface  S  can be defined as the sequins    {   s i   (   x i  , f  (   x i   )   )   }    of the dots. If two dots    s i    and    s j    are on the river path,   f  (   x i   )  ≤ f  (   x j   )   , for   i ≥ j  , is always true. In other words, a point of   s ∈ S   belongs to a minimum if there is no downstream path starting from the  S  there. One catchment area is defined as a set of pixels whose paths to all downstreams end at the same minimum altitude. Each collection area represents a region of the divided image. There are no general rules there to uniquely define the paths downstream on the digital surface. On the other hand, its successive counterpart is well determined by calculating local gradients.



The second method is dual for the first method. Instead of identifying the routes downstream, the catchment areas are filled from the floor. It is assumed that holes exist at each local minimum, causing the topographical surface to be phased into the water. If two catchment areas are merged as a result of more locks, one watershed is built in all directions to the highest surface altitude. Watershed is classified into the watershed line of the standards for each range. When flooding reaches its highest level, only a watershed called the watershed line remains. As the water level rises from low areas, flooding of the basins occurs (Figure 5). Flooding that originates in each area raises the water level and divides the point of inundation into different areas of the watershed. After all the watershed division process is finished, the result is a watershed line that separates the regions. At the end of the flooding process, basins (A to C) are created, which are areas of watersheds surrounded by watershed lines.





3. Results


3.1. Construction of Topographic Data Using a UAV


3.1.1. Target Area and UAV Area Operation Conditions


An urban area near the Samcheok public health center located in Samcheok City, Gangwon-do, Republic of Korea, where typhoon damages occurred in 2019 and 2020, was selected as the target area of this study, as shown in Figure 6. The target area has a high density of residential areas and commercial facilities. Therefore, massive damages are expected in the event of floods and heavy rainfall. The residential areas are located on the right side of the intersection of the Samcheok Public Health Center, and commercial areas are on the left side. In the residential areas, land use has changed from past mountainous areas to urban development. Moreover, most rainwater flows into the commercial areas when it rains due to the high altitude and an increase in impervious area in the residential areas. In the event of rainfall, flood damages occur near the Samcheok Public Health Center due to the inflow of rainwater into commercial areas.



A UAV flight plan was established to construct the topographic data of the target area. Various details, including the photographing area, altitude, image overlap rate, camera angle, and coordinates, must be set during the UAV flight planning. Setting the appropriate altitude and camera angle is necessary in the construction of the topographic data of an urban area to precisely capture the heights of apartments and buildings. The altitude of the target area ranged from El. 3.0 to 120.0 m, and the UAV photographing point was set to approximately El. 60.0 m. The UAV altitude was set to 120.0 m to ensure that aerial photos could be obtained for all structures because the UAV photographing altitude limit in Korea is 150.0 m. In addition, the camera angle was set to 90° and 60° to ensure that the topography and sides of the structures could be observed, as shown in Figure 7.



The overlap rate of photography must be determined once the photographing altitude and camera angle of the UAV are set. The overlap rate is the proportion of the overlapping area in each photograph, and it must be set to 70% or higher for precise photogrammetry. Because a high overlap rate is closely related to the UAV flight time, it must be planned considering the area and altitude of the target area. In this study, the overlap rate was set to 80% in both the longitudinal and transverse directions to construct the precise topographic data of the urban area. Based on the flight plan set for the target area, the photographing area was set to 0.222 km2, and the number of photographs was set to 179 and 336 for camera angles of 90° and 60°, respectively. Therefore, a total of 515 aerial photos were set, and the coordinates for UAV photography were set to WGS84. Table 3 lists the UAV flight plans in the target area.



The UAV selected in this study was Phantom 4 RTK, which can receive real-time location information during the flight. In South Korea, approximately 60 GNSS observation stations are in operation. The Samcheok observation station, which is a satellite reference point located near the target area, was used for precise UAV photography. Table 4 lists the detailed status of the observation stations.




3.1.2. Construction of the Topographic Data


The aerial photos were captured using the UAV based on the flight plan set for the target area. The data including the real-time location information on the aerial photos taken using the UAV were acquired in connection with GNSS. The 515 aerial photos taken at different camera angles were subjected to image mapping using the Pix4D Mapper, as shown in Figure 8a. The topographic data were calibrated using GCPs after the initial processing for image mapping. In this study, nine GCPs were measured by considering the topographic characteristics of the target area, as shown in Figure 8b.



Moreover, the aerial photos and each GCP were matched after the initial processing of the acquired aerial photos. The accuracy of the matching increased as more photos were used. At least four photos must be matched to obtain highly precise results. In this study, ten aerial photos were matched for each GCP. The calibrated topographic data form a point cloud and mesh to analyze the orthomosaic and DSM. The analysis results for the target area are shown in Figure 9.



The analysis results include the location information of the photo that corrects the geometric distortion of the target area. The orthomosaic and DSM, which include the location information of all objects in the actual topography, were analyzed. The area of the target area was 0.222 km2, and high-precision topographic data were constructed with a ground sampling distance (GSD) of 3.4 cm. All the aerial photos taken were used for calibration, and approximately 145,000 keypoints were extracted per image. The RMSE was found to be 0.051 m under the application of GCPs, indicating that the high-precision topographic data were constructed. Table 5 presents detailed analysis results.





3.2. Selection of Monitoring Points in the Urban Area


3.2.1. Watershed Analysis Using the Topographic Data


We used the DSM for the 3D model, and it was analyzed using the algorithm of the inverse distance weighting, which is based on the point cloud measured by the aerial photos. These algorithms used for analyzing DSM are mainly divided into triangulation and inverse distance weighting. In this study, inverse distance weighting, which can analyze corner points in buildings and structures in urban areas, was applied. Figure 10 shows the 3D model using the topographic data of the target area.



In hydrology, a watershed is an area where the rainwater converges due to the connected surface flow during rainfall. In urban areas, the flow areas of pipes are distinguished as drainage areas. Although the target area of this study is an urban area, we attempted to divide watersheds by considering only the influence of the surface flow during rainfall. The points in which watersheds converge must be selected as monitoring points in urban areas.



A watershed is an area contained in a virtual line that is included within the hydrological boundary. It is the range where water flows and converges due to the difference in elevation, and it can be divided into parts. In the past, watershed analysis was conducted through processes such as flow direction, sink, and flow accumulation using DEM. In this study, precise topographic data of the orthomosaic, DSM, and 3D models were constructed using a UAV. The watershed analysis was conducted using the constructed topographic data without preprocessing.



The contour and watershed were analyzed by extracting the X, Y, and Z information of 221,682 points from the topographic data for the watershed analysis of the target area, as shown in Figure 10. The altitude of the target area ranged from El. 30 to 130 m. Moreover, the altitudes of the residential and commercial areas are El. 70 m or higher and El. 50 m or higher, respectively. The contour map shows that roads, buildings, and apartments have high altitudes, while road areas have low altitudes, as shown in Figure 11a. The watershed was divided into several sub-watersheds within the target area, as shown in Figure 11b. Rainwater flows from residential to commercial areas, mainly along roads. It is apparent that rainwater from residential and commercial areas converges at the Samcheok Public Health Center and flows along the roads.




3.2.2. Selection of Monitoring Points for the Installation of the Observation Equipment


We attempted to select monitoring points for the installation of observation equipment to prevent flood damage in the urban area through the watershed analysis. DSM of the target area was analyzed using UAV, and high-precision topographic data was obtained. However, the monitoring point should select the point where the water junction meets the flow of rainwater, not the selection of the lowest elevation point. The low elevation point is because the water is collected and flooding does not occur; the flooding occurs at the point of the water junction. Therefore, a basin analysis was conducted to select monitoring points.



The watershed analysis can distinguish at least one watershed by adjusting the threshold. Points in which the inflow of rainwater converges in the target area must be selected as monitoring points for the installation of observation equipment. Figure 12 shows the threshold conditions to identify points at which the inflow of rainwater converges in the target area.



The sub-watersheds in the target area were analyzed by adjusting the threshold. Threshold is a factor that distinguishes watershed where flow of rainwater is gathered. Threshold can distinguish the size of the watershed, small or large depending on the value. The selection of monitoring points in the target area is to select one point where rainwater gathering is performed. The threshold was controlled and the point where the flow of rainwater is joined was analyzed.



The number of watersheds decreased as the threshold increased. Rainwater converged at three points, two points, and one point when the thresholds were 300, 700, and 1100, respectively. Table 6 lists the number of watersheds based on the threshold value.



In the target area, the rainwater flow converged along the roads. The analysis of the threshold revealed that rainwater from residential and commercial areas was introduced to the intersection of the Samcheok Public Health Center. The elevation was examined to analyze the flow of rainwater introduced to the intersection, as shown in Figure 13a.



The elevation of roads that passed the intersection ranged from El. 3.8 to 25.0 m. The elevation continuously decreased toward the intersection from outside the target area. The road in the transverse direction, the starting point, the intersection of the Samcheok Public Health Center, and its ending point were set as A, A-1, A-2, and A-3, respectively, as shown in Figure 13b. The elevation of road A had a difference of approximately El. 20 m, and the lowest elevation was observed near the Samcheok Public Health Center.



The road in the longitudinal direction, the starting point, the intersection of the Samcheok Public Health Center, and its ending point were set as B, B-1, B-2, and B-3, respectively, as shown in Figure 13c. The elevation of road B had a difference of approximately El. 2.0 m, and the lowest elevation was observed near the Samcheok Public Health Center. The rainwater flows toward the intersection, although the change in elevation is not significant compared to that of road A.



In this study, the topographic data of the target area were constructed using a UAV, and the watershed analysis was conducted to examine the flow of rainwater. In the target area, rainwater flows to the intersection of the Samcheok Public Health Center when it rains, and the flow of rainwater in the transverse direction is expected to have a large impact due to the residential areas on the right side.



On the other hand, the rainwater introduced in the longitudinal direction is expected to merge with the flow in the transverse direction. Therefore, an approximately 50 m section near the Samcheok Public Health Center, where the flow of rainwater converges with a low-lying area, was selected as the monitoring installation area to reduce flood damage in the urban area. The monitoring point is the road in front of the Samcheok Public Health Center, and the installation of observation equipment is judged to be required in the range shown in Figure 14.






4. Discussion


Flood damage in urban areas is mainly caused by the rapid increase of impermeable areas and surfaces, owing to urban developments and rapid change of rainwater flow. In addition, climate change increased local heavy rainfall and rainfall intensity, increasing the possibility of flood damage. Monitoring through the installation of observation equipment is required to examine the influence of flood damage in urban areas [10].



In the past, the topographic data of urban areas were constructed using contour lines and several elevation points. The construction of high-precision topographic data is now possible with the development of UAVs and software, making it possible to utilize hydrological analysis to identify the flow characteristics of rainwater in urban areas. Therefore, this study proposes a methodology for selecting monitoring points by combining the construction of topographic data using UAVs and hydrological watershed analysis.



Several previous studies that used UAVs focused on the construction of topographic data or improvement of the accuracy [13,14,15,16,17,18,19,30,31,32]. In addition, the utilization of constructed topographic data in various fields has been presented in different reports [33,34,35,36,37,38]. In this study, two camera angles were used in the photography to consider structures with different elevations in an urban area. In addition, nine GCPs were observed to ensure the accuracy of topographic data, and calibration was performed so that the RMSE could be less than 10 cm. Moreover, the methodology of constructing the topographic data of an urban area using a UAV was established based on previous studies, and its accuracy was verified.



Most of the studies on monitoring in urban areas have focused on the influence of air pollution by altitude, sampling frequency, and observation of monitoring points [49,50,51,52,53,54,55,56,57,58,59]. In some studies, monitoring was performed, and a method of selecting optimal points in consideration of parameters or improving quality was presented [60,61,62,70]. For the selection of monitoring points in previous studies, the optimal location of quality or network was selected through observation. In addition, the optimal method was proposed as a monitoring methodology by analyzing the observation results based on empirical knowledge. In this study, however, the flow of rainwater was analyzed through hydrological watershed analysis based on topographic data, and the confluence of rainwater with maximum flood damage was selected. The proposed research method can be utilized as reference data for the selection and operation of monitoring points, considering the topographic data of an urban area.



The high precision topographic data were analyzed by adjusting the threshold value during the basin analysis. Finally, it was confirmed that the rainwater flowed into one point. In this study, UAV was utilized to construct more precise topographic data than DEM or STRM-1 used in the existing urban hydrology analysis. Although a 10 × 10 m or 30 × 30 m grid is used in the field of urban hydrology, topographic data with a high precision of 3.4 cm was constructed in this study. The point where rainwater flows in and merges in the target area was selected as the monitoring point.



The proposed methodology is applicable to a limited range of urban areas and monitoring point selection. Conducting an analysis of a large area is impossible considering that the UAV operation time is less than 30 min, and the observation of GCPs will also require more time depending on the area. In addition, even if monitoring points have been set, they can be changed due to various conditions for the installation of the observation equipment. Despite these limitations, the results of this study for selecting monitoring points in urban areas can be utilized.




5. Conclusions


In this study, a method for selecting monitoring points for the installation of the observation equipment in an urban area is proposed. Aerial photos were taken using an unmanned aerial vehicle (UAV) to obtain the topographic data of the target area, and image mapping was analyzed using Pix4D Mapper. Aerial photos were measured using Phantom 4 RTK, which can transmit and receive real-time location information as the observation equipment. In addition, Trimble R4s and nine ground control points (GCPs) were used to calibrate the topographic data. Moreover, high-precision orthomosaics with a root mean square error (RMSE) of 0.051 m, a digital surface model (DSM), and a three-dimensional (3D) model were constructed for the topographic data of the target area.



The watershed analysis was conducted while adjusting the threshold to select monitoring points for the reduction of flood damages in urban areas. The number of watersheds decreased as the threshold increased, and the flow of rainwater was introduced through roads. The target area included long roads in the transverse and longitudinal directions. The flow of rainwater converged at the intersection of the Samcheok public health center when the thresholds were 300, 700, and 1100.



The elevation of the road up to the target point was analyzed for the flow of rainwater flowing into the intersection. The elevation difference was approximately equal to El. 20 m for Road A in the transverse direction, and El. 2.0 m for Road B in the longitudinal direction. Therefore, the flow of rainwater will be introduced to the Samcheok Public Health Center in the transverse direction. Therefore, in this study, an approximately 50 m section of the road in front of the Samcheok Public Health Center, where the flow of rainwater converges with a low-lying area, was selected as a monitoring point in the urban area.



Urban area is an area where buildings, vehicles, and facilities are located complexly, and the construction of precise topographic data is a necessary academic field in urban hydrology. Accurate topographic data recently constructed using UAVs can be analyzed for flood damage and flow of rainwater. If the flow of rainwater in urban areas in the past was connected in a grid unit, it is expected that the flow characteristics of the urban area can be reflected in detail by connecting the flow in point units in precise topographic data.
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Figure 1. Flow chart for unmanned aerial vehicle (UAV) processing. 
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Figure 2. Phantom 4 RTK in a UAV. 
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Figure 3. Trimble R4s used in Global Navigation Satellite System (GNSS) surveying. 
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Figure 4. Pix4D Mapper. 
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Figure 5. Concept map of the watershed analysis method. 
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Figure 6. Study area in Samcheok City, Gangwon-do, Korea. 
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Figure 7. Camera angle for photographing UAV: (a) 90°; (b) 60°. 
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Figure 8. Calibration using initial processing and Ground Control Point (GCP): (a) Initial processing; (b) Ground Control Point (GCP). 
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Figure 9. Topographical analysis result using Pix4D Mapper: (a) Orthomosaic; (b) Digital Surface Model (DSM). 
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Figure 10. 3D model of the study area. 
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Figure 11. Watershed analysis using topographic data of UAV. (a) Contour; (b) watershed. 
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Figure 12. Watershed analysis thresholds: (a) 300; (b) 700; (c) 1100. 






Figure 12. Watershed analysis thresholds: (a) 300; (b) 700; (c) 1100.



[image: Water 14 01117 g012]







[image: Water 14 01117 g013 550] 





Figure 13. Elevation analysis of roads for stormwater flow: (a) Elevation of roads; (b) transverse direction of A; (c) longitudinal direction of B. 
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Figure 14. Selection of the monitoring point. 
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Table 1. Specification of Phantom 4 RTK.
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UAV Characteristics






	
Weight

	
1391 g




	
Diagonal Length

	
350 mm




	
Maximum Speed

	
Rise: 6 m/s (Automatic flight), 5 m/s (Manual control), Down: 3 m/s, 50 km/h (P Mode) 58 km/h (A Mode)




	
Maximum Flight Time

	
About 30 min




	
Operating Temperature Range

	
0~40 °C




	
Camera Characteristics




	
Sensors

	
1” CMOS, Valid Pixel: 20 M




	
Lens

	
FOV 84°, 8.8 mm/24 mm, f/2.8~f/11, 1 m~∞




	
International Organization for Standardization (ISO) Range

	
video: 100~3200 (Auto), 100~6400 (Manual), photo: 100~3200 (Auto), 100~12,800 (Manual)




	
Mechanical shutter speed

	
8~1/2000 s




	
Electronic shutter speed

	
8~1/8000 s




	
Field Of View (FOV)

	
Front/Rear: 60° (Horizontal), ±27° (Verticality), Down: 70° (Front and Rear), 50° (Left and Right)
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Table 2. Specifications of the Trimble R4s.
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Performance






	
Channel

	
240 Channel




	
Static Positioning

	
Horizontal: 3 mm + 0.1 ppm

Verticality: 3.5 mm + 0.4 ppm




	
Virtual Reference System (VRS)

	
Horizontal: 8 mm + 1 ppm

Verticality: 15 mm + 1 ppm




	
Input/Output

	
ATOM, CMR, CMR+, RTCM, CMRx, NMEA




	
Radio Modem

	
410–470 MHz, 2 W output




	
Port

	
RS-232, USB2.0, Bluetooth 2.1




	
Weight

	
930 g




	
Operating Temperature

	
−40° to +65°
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Table 3. Flight planning establishment.






Table 3. Flight planning establishment.





	
Classification

	
Contents






	
Photographing Area

	
0.222 km2




	
Photographing Altitude

	
El. 120 m




	
Photographing Point Altitude

	
Approximate El. 60 m




	
Overlap Rate

	
Longitudinal: 80%,

Transverse: 80%




	
Camera Angle

	
90°

	
60°




	
Number of Photographs

	
179

	
336




	
Image Coordinate

	
WGS84
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Table 4. Condition of the Global Navigation Satellite Systems (GNSS) observation station.






Table 4. Condition of the Global Navigation Satellite Systems (GNSS) observation station.





	
Classification

	
Contents






	
Observation Station

	
Samcheok




	
Receiver Type

	
NetR9




	
Antenna Type

	
ChokeRing




	
Radio Technical Commission for Maritime services (RTCM) Type

	
SAMC-RTCM30




	
Coordination

	
Latitude: 37-26-9.96,

Longitude: 129-11-17.16,

Ellipsoid Height: 40.30




	
Address

	
196 Samcheokhang-gil, Gangwon-do.
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Table 5. Evaluation of quality characteristics of topographical data.






Table 5. Evaluation of quality characteristics of topographical data.





	Classification
	Contents





	Average Ground Sampling Distance (GSD)
	1 × GSD (3.4 [cm/pixel])



	Area Covered
	0.222 km2



	Images
	median of 14,665 keypoints per image



	Dataset
	515 out of 515 images calibrated (100%), all images enabled



	Camera Optimization
	0.68% relative difference between initial and optimized internal camera parameters



	Matching
	median of 3377.6 matches per calibrated image



	Root Mean Square Error (RMSE)
	0.051 m
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Table 6. Number of watersheds by thresholds.






Table 6. Number of watersheds by thresholds.











	Thresholds
	Watershed (Count)
	Thresholds
	Watershed (Count)





	100
	35
	700–1000
	7



	200
	19
	1100–1700
	3



	300
	11
	Over 1700
	1



	400–600
	8
	
	
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg





media/file4.png





media/file30.png





media/file18.png





media/file21.jpg





media/file26.png
Water Surface Elevation (El.m)

A-1 A-2 A-3
0 - \ \ \
0 50 100 150 200 250 300 350 400 450 500 550

Distance (m)

Y Elevation (El.m)

e 38-42 (b)

e 43-43 28
o 44-44 z 24
45-46 ._.—;;20
47-51 g
52-7.3 é e
.« 74-113 v
* 11.4-16.0 ‘:’: 8
e 16.1-20.9 g PR STSS SRS EEPPH FRURYWORY WO W R SO
e 210-250 7 7 2
0050100150200250300350400450500550

Distance (m)

(a) ()





media/file27.jpg
Monitoring Installation Area 4

[ ikl






media/file3.jpg





media/file22.png
CLETTTLOTTIET AT T T Y]

30 ‘ [] wtershed — Strearnl

(b)






media/file19.jpg





media/file7.jpg





media/file28.png
k}. g 'l-n\\'.l“"‘ :

/4

Monitorlng In
= J.a’--"i

Wiy
L






media/file10.png
Watersh’ed Line

" Basin A Basin B| Basin C
[ ——

Level n

si(xq f(x;))

(Z;) f
sj(xj, f(x5)) Bt 22

(Z)\
(Z;)
- Level 3
____.________\-/ ———————————————————— Level 2

Level 1

(5)






media/file14.png
&‘r g rw &v
162 mac;:.,‘

,.ma/

- s
Ll Y .
b & &

/7 ar =
»i R

m.. .

.‘4.

53

ter.

_..ﬁ._

ey
ith Cen

-+
cheBksi Public
a

He

ASa
LY






media/file11.jpg





media/file6.png
> Frimble





media/file15.jpg





nav.xhtml


  water-14-01117


  
    		
      water-14-01117
    


  




  





media/file16.png
~ © Ground Control Point

N






media/file2.png
Field Survey

|

Approved Flight Plan

I—‘{ Flight Planning

.

Flight Conditions
Setting

l Flight l lCoordinI
l Vertical and Honzontal l

Process

Data

]

UAV Operat|on

J
J

GCP Coordlnate
Measurement

],

[
[
[

Processmg in Pix4D

Mapper

]__

[

Out Put

J

Dugltal
Surface
odel(DSM)

3D Point
j L Cloud 1 Lonhomosalcj

[

UAV Imagery
Calibration

|

Feature Detection ]

and Matching

}

Structure From Motion
(SfM) Initialization

|

Bundle Adjustment Using
Ground Control Point(GCP)

}

Surface Reconstruction
and Meshing






media/file20.png





media/file23.jpg





media/file5.jpg
&Trimble





media/file24.png





media/file1.jpg
UAV Imagery
[ Field Survey —-{ Flight Plznmng ] —| o
| |
Feature Detecti
L Approved Flight Plan l % Opera(von J | ‘:n:’fﬂm;m‘;" |
| [l
Flight Conditions | GCP Comdlnale | Structure From Motion
Setting Measurement | (SfM) Initialization
) (o= T T
— Processing in PixdD. |_[(Bunde Adjustment Using
e T Mapper Ground Control Pont(GCP)
[l i
Surface Reconstruction
out Put A
Process l B e

Data

-C






media/file25.jpg





media/file12.png
)

y “Haa
e igt
Yy,

T ie e

nw WX

nrr






media/file9.jpg
Watershed Line

Level 1





media/file0.png





media/file8.png
100 393 BTF .

- M TGk 92 Coacicl)






media/file17.jpg





