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In recent years, low-cost unmanned aerial vehicles (UAVs) photogrammetry and terrestrial laser scanner (TLS) techniques have become very important non-contact measurement methods for obtaining topographic data about landslides. However, owing to the differences in the types of UAVs and whether the ground control points (GCPs) are set in the measurement, the obtained topographic data for landslides often have large precision differences. In this study, two types of UAVs (DJI Mavic Pro and DJI Phantom 4 RTK) with and without GCPs were used to survey a loess landslide. UAVs point clouds and digital surface model (DSM) data for the landslide were obtained. Based on this, we used the Geomorphic Change Detection software (GCD 7.0) and the Multiscale Model-To-Model Cloud Comparison (M3C2) algorithm in the Cloud Compare software for comparative analysis and accuracy evaluation of the different point clouds and DSM data obtained using the same and different UAVs. The experimental results show that the DJI Phantom 4 RTK obtained the highest accuracy landslide terrain data when the GCPs were set. In addition, we also used the Maptek I-Site 8,820 terrestrial laser scanner to obtain higher precision topographic point cloud data for the Beiguo landslide. However, owing to the terrain limitations, some of the point cloud data were missing in the blind area of the TLS measurement. To make up for the scanning defect of the TLS, we used the iterative closest point (ICP) algorithm in the Cloud Compare software to conduct data fusion between the point clouds obtained using the DJI Phantom 4 RTK with GCPs and the point clouds obtained using TLS. The results demonstrate that after the data fusion, the point clouds not only retained the high-precision characteristics of the original point clouds of the TLS, but also filled in the blind area of the TLS data. This study introduces a novel perspective and technical scheme for the precision evaluation of UAVs surveys and the fusion of point clouds data based on different sensors in geological hazard surveys.
Keywords: UAVs photogrammetry, TLS survey, precision evaluation, point clouds fusion, loess landslide
1 INTRODUCTION
Landslides are an extensively studied natural phenomenon, and they can sometimes cause serious economic losses and casualties (Lindner et al., 2015; Peppa et al., 2017; Hu et al., 2018; Godone et al., 2020; Zhang et al., 2021). With the rapid development of measurement techniques, the use of non-contact measurement methods (e.g., unmanned aerial vehicles (UAVs), interferometric synthetic aperture radar (InSAR), and terrestrial laser scanner (TLS) to obtain high spatial resolution landslide terrain data has become a common task in many research and engineering applications (Kowalski, 2018; Carey et al., 2019; Ji and Luo, 2019; Li et al., 2019). In practical applications, the data are often required to have a spatial density and measurement accuracy of millimeters or centimeters (Zang et al., 2019; Samodra et al., 2020; Yan et al., 2021). The two most commonly used remote sensing methods used for this fine three-dimensional (3D) mapping are the TLS and UAVs methods (Mancini et al., 2013; Neugirg et al., 2016; Chatzistamatis et al., 2018; Guisado-Pintado et al., 2019). The former uses active laser emission to record the 3D coordinates and reflectivity of the scanned object, with a sub-centimeter level accuracy (Neugirg et al., 2016; Brede et al., 2019; Sasak et al., 2019; Wijesingha et al., 2019). The latter is a digital photogrammetry technique based on the Structure-to-Motion (SfM) algorithm; a UAVs is usually used as the sensor platform, and it has a centimeter level accuracy (Yu et al., 2017; Galvan Rangel et al., 2018; Lee and Min, 2018; Jaud et al., 2020; Yang et al., 2021). The TLS and UAVs methods are widely used in landslide monitoring and disaster assessment and play an important role in natural disaster research (Ma et al., 2018; Hu et al., 2019; Hu et al., 2020; Stringer et al., 2021). For example, Carey et al. (2019) used a global positioning system (GPS)-supported drone to obtain aerial images of the upper Scenic Drive landslide over 2 days and used the images to generate a digital elevation model (DEM) with a high spatial resolution (3–10 cm/pixel). Godone et al. (2020) resumed monitoring of farmland, houses, and infrastructure through UAVs flights and assessed the remaining risks caused by large-scale landslides. Hendrickx et al. (2020) used the UAVs and TLS methods to survey a talus slope on the Col du Sanetsch (Swiss Alps) for three consecutive summers and successfully detected debris flows, snow push, and rill erosion.
Although multisource surveying and mapping techniques provide a wealth of surveying and mapping data, there may also be problems such as missing data and a low spatial resolution (Martinez-Carricondo et al., 2018; Medjkane et al., 2018; Bakirman et al., 2020). For example, the quality of the images produced by different types of UAVs will vary greatly due to differences in their performances, their flight modes, the weather conditions, and the layout of their ground control points (GCPs) (Zhang et al., 2018; Lee et al., 2019; Aguera-Vega et al., 2020). The TLS has a fixed scanning angle, and there may be mutual occlusion phenomena in the research area, so the finally obtained point clouds data contain data shadows (Pellicani et al., 2019; Kamnik et al., 2020; Tsunetaka et al., 2020). Owing to the different types of data, data obtained using multiple measurement techniques results in data fusion problems (Saponaro et al., 2019; Feng et al., 2020; Rechberger et al., 2021). Several studies have used separate UAVs and TLS methods for topographic mapping (Rossi et al., 2018; Ouyang et al., 2019; Carrera-Hernandez et al., 2020; Ferrer-Gonzalez et al., 2020; Qu et al., 2021), to evaluate the accuracy of the point clouds generated by TLS and UAVs (Zhou et al., 2020; Senkal et al., 2021), and to evaluate the accuracy of digital surface models (DSMs) and digital elevation models (DEMs) generated using point clouds (Rogers et al., 2020; Xu et al., 2020; Liu et al., 2021). In terms of landslide terrain, few researchers have considered the integration of UAVs-SfM and TLS point clouds, and the accuracy of the fusion of the point clouds has not been evaluated.
In this study, the Beiguo landslide in Heyang County, Loess Plateau, China was taken as an example, and the UVA and TLS methods were used to map the landslide topography. The landslide topography data were obtained by designing different UAVs mapping schemes, i.e., using different UAVs models in the photogrammetry operations using or not using GCPs during modeling. Geomorphic Change Detection Software (GCD 7.0) and Cloud Compare Software were used to evaluate the point clouds and the DSM accuracy of the different schemes. Finally, we used the iterative closest point (ICP) algorithm to fuse the TLS point clouds with the UAVs point clouds. The goals of this research are as follows: 1) We quantify the differences in the DSMs produced using different UAVs with or without GCPs, and evaluate the accuracy of the point clouds and the DSM data acquired using different sensor and mapping schemes 2) Owing to the influence of the elevation differences, shadow, and other factors, the point clouds obtained using UAVs photogrammetry sometimes have a large error. The point clouds obtained using TLS have a very high accuracy, but there are blind areas in the field of vision. We fuse their point clouds data to overcome their shortcomings and to improve the accuracy of the point clouds. 3) We hope the results of this study can provide a reference for other researchers conducting UAVs and TLS surveys and data processing.
2 STUDY AREA
China has the most extensive loess distribution in the world. A continuous loess layer covers the middle reaches of the Yellow River, forming the ravine Loess Plateau (Hu et al., 2018; Hu et al., 2020; Li et al., 2021). The landslide investigated in this study is located on the west bank of the Yellow River in Beiguo Village, Heyang County, Shaanxi Province, China, on the southeastern part of the tableland (Figure 1). The study area has an arid and semiarid continental monsoon climate and is located in the warm temperate zone, with an average annual precipitation of 556.7 mm, which is concentrated between July and September. According to field surveys, the Beiguo landslide is a resurrected loess landslide caused by continuous rainfall. It has a continuous sedimentary loess layer and has been affected by the Quaternary Neotectonic Movement. The vertical uplift and subsidence are very obvious. According to historical satellite images, before 2017, several small-scale landslides and collapse events occurred in and around the landslide of interest, and the landslide was in an unstable state. The largest landslide occurred in the winter of 2017. This new landslide had a maximum width of 365 m and a maximum length of 267 m, covering an area of 72,000 m2, with a total accumulation of 326,923 (±9,862) m3. Readers can scan the QR code in Figure 1B or click on the link below (https://720yun.com/t/03vkObqh72q#scene_id=58455158) to view a 3D panorama of the Beiguo landslide.
[image: Figure 1]FIGURE 1 | Overview of the study area: (A) Image before sliding, (B) Image after sliding.
3 DATA SOURCES AND METHODOLOGY
3.1 Measurement Equipment
In this study, two consumer-grade UAVs (Table 1), a DJI Mavic Pro and a DJI Phantom 4 RTK, were used for low-altitude observations to obtain multitemporal images and terrain data after the landslides occurred (http://developer.dji.com/products/). The detailed specifications of the UAVs are described in Table 1. This type of drone was chosen because of its flexibility, real-time monitoring, and low cost. First, the two drones were equipped with small digital cameras to obtain images of the landslide and surface information. Then, based on the principles of computer vision and low-altitude auxiliary flight control data, three-dimensional modeling of the landslide terrain was conducted using the image topology relationship (Hu et al., 2018; Ma et al., 2018; Lamsters et al., 2020; Ma et al., 2021). By generating three-dimensional point clouds data containing color information, the spatial distribution characteristics and local detailed structure of the landslide were visually expressed, and a landslide DSM was established (Lindner et al., 2015; Kowalski, 2018; Cheng et al., 2021).
TABLE 1 | UAVs specification.
[image: Table 1]A Maptek I-Site 8820 TLS (Table 2) was used to scan the ground point clouds. This instrument is a rear-view oriented remote laser scanner, with a maximum measurement distance of 2000 m and a measurement accuracy of 6 mm. This type of 3D laser scanner was chosen because it has the advantages of fast data collection, non-contact, high precision, and direct collection of 3D landslide surface data (Medjkane et al., 2018; Brede et al., 2019; Zang et al., 2019; Senkal et al., 2021). The system mainly uses a grid method to scan the data, which is characterized by a high precision, high density, high speed, and no prism (Zang et al., 2019; Kamnik et al., 2020; Rechberger et al., 2021).
TABLE 2 | TLS specification.
[image: Table 2]3.2 Workflow
Owing to the important role of GCPs in UAVs surveys and TLS surveys (Mancini et al., 2013; Galvan Rangel et al., 2018; Lee and Min, 2018; Zang et al., 2019), first we conducted field surveys around the study area and evenly arranged 24 control points (CPs). Subsequently, the two DJI consumer drones were used to conduct flight operations in the research area, and the accuracy was evaluated with and without GCPs. In terms of the TLS, a series of preprocessing steps, including filtering and splicing of the obtained point clouds data, were conducted, and the processed point clouds were fused with the DJI Phantom 4 RTK (with GCPs) point clouds data. Finally, the accuracies of the point clouds before and after the fusion were evaluated using the Cloud Compare software. The complete workflow is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Schematic workflow of the combined use of TLS and UAVs-SfM photogrammetry in mapping the landslide topography.
3.3 Field Work
3.3.1 UAVs Survey
GCPs and verification points (VPs) are necessary for high-precision topographic mapping because GCPs play a fundamental role in the workflow (Martinez-Carricondo et al., 2018; Aguera-Vega et al., 2020; Carrera-Hernandez et al., 2020). Therefore, we used real-time kinematic (RTK) positioning technology to accurately measure the coordinates of the 24 deployed CPs when operating the drone in the research area. According to the actual terrain, first we sat up a total of 10 GCPs (GCP 01–GCP 10) and 14 VPs (VP 01–VP 14) on the landslide and its surrounding areas. We created a Qianxun positioning service account, set the base station parameters, and finally measured the coordinates (Figure 3D). It should be noted that the horizontal error of the Qianxun’s position is 2 cm, and the vertical error is 5 cm.
[image: Figure 3]FIGURE 3 | UAVs and TLS CPs layout and measurement operations: (A) CPs layout, (B, C) UAVs operation, (D) CPs measurement, (E) TLS operation, (F, G) UAVs flight.
The UAVs was flown at 15:00 (Beijing time) on October 24, 2020, when the weather conditions were good and were suitable for UAVs operations. The DJI GS Pro professional software was used to create flight missions for the UAVs, and a total of 12 routes were designed. In all of the automated grid tasks, the drone’s flight routes were straight lines. The course overlap rate was set to 90%, and the side overlap rate was set to 70%. The camera shooting mode selected was time-lapse shooting, the flying altitude was set to 150 m, the fixed altitude flight mode was selected for the DJI Mavic Pro UAVs, and the ground-like flight mode was selected for the DJI Phantom 4 RTK. The flight routes of the DJI Mavic Pro UAVs and DJI Phantom 4 RTK UAVs are shown in Figure 3G. It should be noted that the ground-like flight mode can maintain a constant distance between the UAVs and the target object, adapt to different terrain, automatically generate a higher route according to the terrain of the survey area, and keep the ground resolution consistent to obtain better data effects.
3.3.2 TLS Survey
In TLS measurements, it is important to establish an optimal scanner position distribution to completely cover the three-dimensional space or object to be scanned (Neugirg et al., 2016; Kowalski, 2018; Medjkane et al., 2018; Rechberger et al., 2021). The ruggedness and accessibility of the terrain were considered when selecting the continuous position of the scanner to eliminate possible data shadows and ensure that the point clouds of two adjacent positions had enough space to overlap. The scanning position was set on the lower part of the landslide, close to the flat area of the road, to ensure that some of the GCPs could be seen by the TLS at each scanning position (Figure 3A). We installed a Maptek I-Site 8820 TLS on a tripod and then placed the leveled instruments at TLS01, TLS02, and TLS03 to collect the point clouds data. The scanning time for each measuring station was about 7–8 min. The entire survey took about 40 min.
3.4 Data Processing and Accuracy Assessment
3.4.1 UAVs Data Preprocessing
The DJI Mavic Pro UAVs and DJI Phantom 4 RTK UAVs were used to obtain 735 and 813 images of the study area, respectively. We processed the images using the Pix4D mapper professional software, and used the SfM to complete the construction of the three-dimensional landslide model with and without GCPs. The main processing step of the Pix4D mapper includes preliminary processing, air triple encryption, and the generation of a DSM and digital orthophoto map (DOM). The specific process is as follows: 1) add photos; 2) determine the internal orientation elements and calibrate the camera; 3) search and match points with the same name using the scale-invariant feature transform (SIFT) algorithm; 4) use the same name points and the location information of the image for regional network leveling and calculate the difference to restore the position and posture of the image; 5) use the CPs or matching points for the air triple encryption to generate image point clouds; and 6) generate a DSM and DOM from the image point clouds. Figure 4 shows the DOM and DSM generated using the two UAVs when the GCPs were added. The left side of Figure 4 is the product generated using the DJI Mavic Pro UAVs, and the right side is the product generated using the DJI Phantom 4 RTK UAVs.
[image: Figure 4]FIGURE 4 | DOM and DSM of DJI Mavic Pro UAVs and DJI Phantom 4 RTK UAVs: (A, C) are the DOM and DSM generated by DJI Mavic Pro UAVs, (B, D) are the DOM and DSM generated by DJI Phantom 4 RTK UAVs respectively.
3.4.2 TLS Point Clouds Data Preprocessing
The raw laser point clouds data were processed using the Maptek I-Site Studio 7.0 software. First, the single point clouds obtained at each scanning position were assigned red-green-blue (RGB) values that represent natural colors. Then, we performed the preprocessing operations on the laser point clouds, including adding geo-references, registering the individual point clouds at different scanning positions; filtering the vegetation, terrain, and isolated points; and diluting the point clouds. Finally, we exported the processed point clouds data for use in the next step of the point clouds data fusion.
3.4.3 UAVs and TLS Point Cloud Data Fusion Method
The point clouds registration step mainly included two steps: rough registration and precise registration. Since different point clouds are relative to their respective coordinate systems, spatial offsets may occur. Therefore, integrating the point clouds into the correct position in the required coordinate system is referred to as rough registration. This step is also convenient for rough registration. The same point of spatial overlap in subsequent operations is quickly identified. The precise registration involves using the ICP algorithm to minimize the 3D distance between the polydata points by translating and/or rotating the entire point clouds along the X, Y, and Z axes until it reaches as far as possible between the polydata points (Xu et al., 2014; Du et al., 2015; Sasak et al., 2019). Finally, fusion of the point clouds data is achieved by setting the number of iterations, root mean square error, and overlap of the ICP algorithm.
The ICP algorithm checks the distance between all of the points in the point clouds and aligns the clouds with each other by extracting the features in the overlapping area of each cloud to obtain the smallest error (Sasak et al., 2019; Tsunetaka et al., 2020). It should be noted that owing to the heterogeneity of the UAVs and TLS point clouds data, the point clouds data need to be standardized before fusion, that is, the format is synonymously converted to the. las format.
3.4.4 Accuracy Assessment Method
ArcGIS 10.5, GCD 7.0, and Cloud Compare v2.11.2 were used to evaluate the accuracy of the mapping of the landslide topography. It should be noted that since the acquired data came from different data sources, spatial calibration, projection transformation, and elevation datum registration needed to be performed on the data. To accurately quantify the erosion phenomenon, we used the most popular GCD 7.0 to distinguish the noise information in the DSM, and we performed DSM uncertainty analysis on the real geomorphological changes. Therefore, the detection results are reliable.
In addition, to calculate the difference between the reference point clouds and the comparison point clouds relative to the local surface normal direction, we used the multiscale model-to-model clouds comparison (M3C2) algorithm in the Cloud Compare v2.11.2 software. This algorithm uses a set of core points to calculate the distance between and confidence interval of the points (Martinez-Carricondo et al., 2018; Ferrer-Gonzalez et al., 2020). The software operation steps are as follows. First, evaluate the density of each point clouds using the density tool in the “Calculate Geometric Features” drop-down menu to verify whether the two clouds can guarantee a uniform and similar distribution of the information. Then, set an appropriate clouds search radius and search height to ensure that the distance between the two point clouds is correctly evaluated. Finally, use different colors to express the positive and negative differences. In this process, the M3C2 algorithm provides a scalar field in which the distribution of these distances is expressed, which is the index of the M3C2 algorithm. It is an effective method for calculating the distance of a 3D point clouds. Currently, this algorithm is rarely used (Martinez-Carricondo et al., 2018; Ferrer-Gonzalez et al., 2020).
The GCD 7.0 software can be downloaded at http://gcd.riverscapes.xyz/. Cloud Compare v2.11.2 is a free open source software, which can be downloaded at http://cloudcompare.org/.
4 RESULTS
4.1 Accuracy Assessment of UAVs Terrain Data
To evaluate the impact of the GCPs on the different types of UAVs, we sat up three testing schemes—Project 1: Mavic Pro UAVs (with GCPs)-Mavic Pro UAVs (without GCPs) (Figure 5); Project 2: Phantom 4 RTK UAVs (with GCPs)- Phantom 4 RTK UAVs (without GCPs) (Figure 6); and Project 3: Phantom 4 RTK UAVs (with GCPs)- Mavic Pro UAVs (with GCPs) (Figure 7)—and used GCD 7.0 and Cloud Compare v2.11.2 to evaluate the accuracy of the landslide terrain data. The results of the topography detection changes and the spatial distribution of the M3C2 of the first two schemes were obtained with and without GCPs. The results of the third scheme were obtained using the DJI Phantom 4 RTK UAVs minus the DJI Mavic Pro UAVs. It should be noted that the M3C2 distance calculated using the three schemes is the three-dimensional straight-line distance between two points, while the DSM of the difference (DOD) results show the elevation changes during the two periods of the DEM, which may cause differences between the M3C2 distance statistics table and the landform detection change results. In addition, owing to the existence of steep ridges and sinkholes in the study area, there were anomalous elevation change values in the DOD results, which were manually eliminated. The accuracy evaluation results of each program are described below.
[image: Figure 5]FIGURE 5 | Accuracy evaluation results of Project 1 (DSM based on DJI Mavic Pro UAVs with GCPs subtract DSM based on DJI Mavic Pro UAVs without GCPs): (A) 0.5 m threshold DOD map, (B) M3C2 distance space expression map, (C) Distribution statistics of volume elevation changes, (D) M3C2 distance distribution statistics.
[image: Figure 6]FIGURE 6 | Accuracy evaluation results of Project 2 (DSM based on DJI Phantom 4 RTK UAVs with GCPs subtract DSM based on DJI Phantom 4 RTK UAVs without GCPs): (A) 0.5 m threshold DOD map, (B) M3C2 distance space expression map, (C) Distribution statistics of volume elevation changes, (D) M3C2 distance distribution statistics.
[image: Figure 7]FIGURE 7 | Accuracy evaluation results of the Project 3 (DSM based on DJI Phantom RTK with GCPs subtract DSM based on DJI Mavic Pro UAVs with GCPs): (A) 0.5 m threshold DOD map, (B) M3C2 distance space expression map, (C) Distribution statistics of volume elevation changes, (D) M3C2 distance distribution statistics.
4.1.1 Project 1 Accuracy Assessment
Figure 5A shows the results of the landform detection changes for Project 1, and Figure 5B shows the spatial distribution of the reference and comparison clouds calculated using M3C2. Figure 5C presents a statistical table of the landslide volume changes, and Figure 5D presents a statistical table of the M3C2 distances. We assimilated the M3C2 distance statistics table into a Gauss distribution, with a mean value of −0.8264 m and a standard deviation of 1.6282 m. Figure 5A illustrates the overestimation of the elevation of the landslide without GCPs using the DJI Mavic Pro UAVs (the resulting image is generally red), and the surface elevation deviation is within the range of −8 to 5 m. Most of the M3C2 distances are within a range of −2 to 1 m. According to the analysis of the above results, the accuracies of the terrain data acquired using the DJI Mavic Pro UAVs with and without GCPs are quite different. Although the DJI Mavic Pro UAVs can perform terrain mapping without GCPs, if GCPs are used, its accuracy will be greatly improved.
4.1.2 Project 2 Accuracy Assessment
Figure 6A shows the results of the landform detection change in Project 2, and Figure 6B shows the spatial distribution of the reference point clouds and comparison point clouds calculated using M3C2. Figure 6C presents a statistical table of the landslide volume change, and Figure 6D presents a statistical table of the M3C2 distances. The M3C2 distances were assimilated into a Gauss distribution, with a mean value of 0.2274 m and a standard deviation of 0.3833 m. By comparing Project 2 with Project 1, it was found that DJI Phantom 4 RTK UAVs has a higher average and standard deviation in terms of the accuracy and precision, and its overall accuracy is much higher than that of the DJI Mavic Pro UAVs. Although the surface elevation deviation is −0.2 to 1 m, which may be caused by the rapid undulation of the surface in a short distance, the overall analysis result is light blue (Figure 6A), and the M3C2 distance is mostly between −0.4 and 0.8 m. This shows that this UAVs can control the error within a very small range without GCPs.
4.1.3 Project 3 Accuracy Assessment
Figure 7A shows the results of the landform detection changes in Project 3, and Figure 7B shows the spatial distribution of the reference point clouds and comparison point clouds calculated using M3C2. Figure 7C presents the statistical table of the landslide volume changes, and Figure 7D presents the statistical table of the M3C2 distances. The M3C2 distances were assimilated into a Gauss distribution, with a mean value of −0.4857 m and a standard deviation of 0.7026 m. Under the same conditions and with GCPs, the terrain data obtained using DJI Mavic Pro UAVs are generally too large, and most of the difference results are negative. The DJI Phantom 4 RTK UAVs has a higher surveying accuracy, which is higher than that of the RTK positioning system. This is related to the resolution of the sensor.
Through analysis of the three sets of projects, it was concluded that the setting of GCPs is very important for the DJI Mavic Pro UAVs, and whether they are set or not significantly affects the obtained terrain data. Therefore, when conducting landslide terrain mapping, a UAVs with an RTK function should be selected, and a certain number of GCPs should also be set to ensure the accuracy of the terrain data.
4.2 UAVs and TLS Point Clouds Data Fusion Results
First, rough registration was performed based on the feature points recognized by four people so that the UAVs-SfM and TLS point clouds were closer in 3D space. Subsequently, owing to the large range of the UAVs data acquisition, the point clouds obtained using the UAVs were cropped according to the TLS area. Finally, the two point clouds were merged together using the ICP point clouds registration algorithm. In this process, the registration error was reduced by changing the number of iterations and removing the elevation anomaly point clouds. Finally, the TLS point clouds (Figure 8A) were used as the reference benchmark, and the UAVs point clouds (Figure 8B) were used to supplement the fusion point clouds of the shadow (hole) area in the TLS data (Figure 8C). The final fusion root mean square error (RMSE) of the two point clouds was 0.2 m, and the theoretical overlap was 100%. The fused point clouds were imported into ArcGIS 10.5 to generate the DSM of the Beiguo landslide (Figure 9B). Compared with the DSM generated using the TLS point clouds (Figure 9A), the accuracy of the DSM generated using the fused point clouds is significantly improved, and it can be seen from the DSM that the fusion result is more detailed and has more prominent texture.
[image: Figure 8]FIGURE 8 | TLS-UAVs data fusion: (A) TLS scanning point clouds, (B) UAVs point clouds, (C) Fusion point clouds.
[image: Figure 9]FIGURE 9 | DSMs before and after fusion: (A) DSM generated by TLS point clouds, (B) DSM generated by fusion point clouds.
4.3 VPs Accuracy Analysis
Before the flying missions, the UAVs used the RTK positioning technology to obtain the precise coordinates of the VPs, which were used to evaluate the accuracy of the UAVs and TLS in terms of mapping the landslide topography. Table 3 lists the three-dimensional coordinates of the VPs and the elevation values output by multiple DSMs (DSM resampled to 0.5 m resolution). Based on these results, it was found that the accuracy of the VP coordinates obtained using the DJI Phantom 4 RTK UAVs is much higher than that obtained using the DJI Mavic Pro UAVs. In addition, after fusing the UAVs point clouds data with the TLS point clouds data, the accuracy of the obtained coordinates was also significantly improved. It should be noted that because the TLS scanning area was smaller than the drone flight area, the coordinates of some of the VPs were missing.
TABLE 3 | Elevation accuracy test of terrain data obtained by different equipment with GCPs.
[image: Table 3]For better precision exploration, we selected three indicators for verification: mean error (ME), mean absolute error (MAE), and RMSE. The equations used to calculate these values are as follows:
[image: image]
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In Eqs 1–3, n is the number of measurements, Xi is the measured value, and Yi is the true value.
The calculation shows that the overall performance of the DJI Phantom 4 RTK UAVs was better than that of the DJI Mavic Pro UAVs for the landslide terrain, with ME values of 0.650 and −0.017 m, MAE values of 0.672 and 0.024 m, and RMSE values of 0.848 and 0.035 m, respectively. These results are because the DJI Phantom 4 RTK UAVs is a professional drone developed for surveying and mapping. It contains a brand-new RTK module and has stronger anti-magnetic interference and precise positioning capabilities. In addition, it provides real-time centimeter-level positioning data, which significantly improves the absolute accuracy of the image metadata. However, it is much expensive than the DJI Mavic Pro UAVs. Based on the above calculations, we found that the DJI Phantom 4 RTK UAVs can still guarantee quite high data accuracy without GCPs, which is also beneficial for engineering surveys conducted in high-risk areas. Of course, it is recommended that GCPs be arranged evenly throughout the study area to meet higher surveying and mapping requirements.
The difference between the accuracies before and after the TLS-UAVs fusion is large, with ME values of 0.216 and −0.032 m, MAE values of 0.703 and 0.182 m, and RMSE values of 0.864 and 0.391 m, respectively. The above results verify the feasibility of using the point clouds fusion method in mapping landslide topography. We know that UAVs surveying and mapping can achieve data collection over a large area in a short time of time. However, in some low visibility and/or rugged and steep mountain areas, the number of GCPs that can be deployed is small and/or the weather affects the results, resulting in UAVs tilt photogrammetry. The accuracy is reduced, and the data fusion between the UAVs and TLS will improve the overall accuracy to a certain extent.
5 DISCUSSION
At present, the most commonly used remote sensing methods for fine 3D mapping are the TLS and UAVs-SfM methods (Saponaro et al., 2019; Sasak et al., 2019; Kamnik et al., 2020; Tsunetaka et al., 2020; Rechberger et al., 2021). Among them, the UAVs method is more widely used because of its portability, mobility, and low cost (Mancini et al., 2013; Lindner et al., 2015; Ma et al., 2018; Guisado-Pintado et al., 2019; Lu et al., 2020). In landslide terrain, a large part of the area is not reachable by land methods. Using UAVs photogrammetry in this type of terrain is advantageous in terms of time and cost (Lindner et al., 2015; Peppa et al., 2017; Pellicani et al., 2019). However, this method is strongly affected by weather conditions. For example, in strong winds, heavy rains, and areas with low visibility, the accuracy of UAVs products cannot be guaranteed (Ji and Luo, 2019; Aguera-Vega et al., 2020). In addition, in rugged and steep mountain areas, it is impossible to evenly deploy GCPs to improve the overall accuracy of the results. When the GCPs are unevenly distributed or the number of deployments is small, the UAVs image data are prone to distortion (Lee et al., 2019; Rogers et al., 2020). Under these conditions, the TLS method can still obtain high-precision point clouds data, and it uses less GCPs for geo-referencing (Chatzistamatis et al., 2018; Guisado-Pintado et al., 2019; Ji and Luo, 2019). However, owing to factors such as the terrain, slope, and scanner location, the point clouds products finally obtained using the TLS may contain data holes (Sasak et al., 2019; Tsunetaka et al., 2020). Preliminary studies have shown that for areas with low undulations, low texture, or high vegetation coverage, the accuracy of topographic mapping using TLS is lower (Ji and Luo, 2019; Hendrickx et al., 2020). The data fusion of TLS and UAVs photogrammetry combines the advantages of the two techniques to obtain detailed models of complex objects and produces better results (Chatzistamatis et al., 2018; Tsunetaka et al., 2020). The ICP algorithm has become a popular method for the mutual positioning of two spatially overlapping point clouds (point clouds registration) (Balsa-Barreiro and Fritsch, 2017). Combining the 3D point clouds of the UAVs-SfM and TLS with the ICP can greatly reduce data shadows (voids) and obtain realistic images.
We used two consumer UAVs, the DJI Mavic Pro UAVs and DJI Phantom 4 RTK UAVs, to photograph the study area, and we explored the impact of using GCPs on the different types of UAVs produced by DJI. We also used a Maptek I-Site 8820 TLS to scan the Beiguo landslide, and then we merged the resulting point clouds with the UAVs point clouds using the ICP algorithm. To verify the feasibility of fusing these point clouds, we used the M3C2 distance indicator in the Cloud Compare software to compare the distance between the clouds. In summary, when compared with using only a UAVs or TLS, the method of fusing the point clouds of both effectively solves the problem of missing data caused by special terrain, and it also improves the accuracy of the landslide terrain data.
It should be noted that in the accuracy verification process, because the horizontal accuracy error of the CPs measured by the RTK in this study is 2 cm and the vertical accuracy error is 5 cm, the CP coordinates measured in the field may appear within the accuracy range. The internal error will affect the data accuracy evaluation of the above described two UAVs and TLS methods to a certain extent. In the future, when measuring CPs, we will choose a static global navigation satellite system (GNSS) measurement method to reduce this error. Since our study area is mostly bare loess, tall vegetation is rare and the vegetation cover is largely sparse grassland. Therefore, we did not consider the problem of filtering vegetation in the point clouds data processing and fusion. The influences of the GCP distribution, local topography, and surface vegetation clearance on the DSM data will be the focus of our future research.
In addition, the two UAVs used in this study were equipped with optical lenses that cannot penetrate vegetation, and the TLS used had a fixed angular measurement range (360° horizontally, 80° vertical) and needed to be placed in a relatively stable area. Thus, the area blocked by the hillside cannot be well scanned by the laser. In the future, we will also try to choose a UAVs equipped with Lidar so that the point clouds data obtained will have a higher accuracy and precision. The fusion of airborne Lidar and TLS point clouds data will greatly reduce the impact of the vegetation and other features on the acquisition of the terrain information. The fusion effect that can be achieved needs to be explored further.
6 CONCLUSION
In the elevation accuracy evaluation of the terrain data obtained using the DJI Phantom 4 RTK UAVs and DJI Mavic Pro UAVs, we found that the DJI Phantom 4 RTK UAVs has a high mapping accuracy with and without GCPs. Although the DJI Mavic Pro UAVs is capable of topographic surveying and mapping without GCPs, its accuracy is greatly improved if GCPs are used. The expensive DJI Phantom 4 RTK UAVs is equipped with an RTK module and can receive network RTK signals (one prerequisite is in an area with a mobile network signal), so it is very suitable for high-precision terrain mapping. When limited by the terrain and other factors, the accuracy of the DJI Phantom 4 RTK UAVs in the No GCP operation mode is also acceptable. The DJI Phantom 4 RTK UAVs is better than the DJI Mavic Pro UAVs in terms of performance due to its integrated RTK module, but it is also more expensive. Owing to the constraints of scientific research costs and the fact that different projects have different mapping accuracy requirements, researchers can choose appropriate UAVs models and mapping schemes according to the actual situation.
Owing to the influence of elevation differences, weather, hill shade, and other factors, the accuracy of UAVs photogrammetry has a great uncertainty. In particular, when the underlying surface is very similar or the ground feature points are not easy to identify, the terrain point clouds or DSM generated by the UAVs will have even larger errors in some places. Because the UAVs takes orthophotos, there are basically no blind spots in the field of vision. Compared with UAVs, the TLS can actively transmit and receive laser signals, so it can obtain more 3D, more real, and more accurate topographic point clouds data. However, because the TLS is operated by setting up scanning stations, it is inevitable that there will be blind areas in TLS scanning due to the constraints of the terrain conditions. To integrate the advantages of the two sets of point clouds data, the TLS point clouds data were used as the reference data. Based on the ICP algorithm, the point clouds obtained using the DJI Phantom 4 RTK UAVs was integrated with the TLS point clouds data, which successfully solved the problem of missing data in the TLS blind areas. The ICP algorithm evaluation report shows that the RMSE of the final fusion of the two point clouds is 0.2 m and the theoretical overlap is 100%, indicating that the point clouds after fusion have a very high degree of matching and precision, and the new fusion point clouds have the advantages of the UAVs photogrammetry and TLS scanning methods. This study provides a solution for data fusion of point clouds obtained using optical lens UAVs and point clouds obtained using a TLS.
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Parameters Mavic pro UAVs
Overview
Dimension (cm) 19.8x 83 x 83
Weight (g) 734
Max fiight time (mir) 27
Sensor (CMOS) 1/2.3"
Effective pixels (MP) 12.35
Equivalent focus 23
(mmm)
GNss GPS + GLONASS
GNSS vertical accuracy (m) 105
GNSS horizontal accuracy (m) +15

Cost (8) ~1,200

Phantom 4 RTK UAVs

25.0 x 25.0 x 24.0
1,391
30
i
20
35

GPS + GLONASS + Galileo
0.1
+0.1
~4,000
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