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Abstract

:

Thanks to the development of geodetic methods and equipment, there has been a transition from conventional methods to modern technologies, which can efficiently and accurately acquire a large amount of data in a short time without the need for direct contact with the measured object. Combined technologies such as Structure from Motion (SfM), Multi-View Stereo (MVS) photogrammetry using Unmanned Aerial Systems (UAS), and terrestrial laser scanning (TLS) are often used for monitoring geohazards and documenting objects in quarries to obtain detailed and accurate information about their condition and changes. This article deals with the analysis of point clouds obtained with different settings in terms of average absolute point distance, average point density, and time range for surveying and office work. The numerical and graphical results of the research lead to conclusions for scientific and practical applications for activities in the mining industry.
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1. Introduction


The mapping and documentation of the earth’s surface have advanced significantly as a result of digitization and the advancement of technical and software technologies. The use of photogrammetry and laser scanning to document objects on the surface of the Earth is growing. Due to frequent changes in morphology, mining areas require systematic monitoring of their geological and geomorphological characteristics to prevent undesirable events such as erosion, landslides, and deformations of the terrain. Nowadays, quarries are monitored by contemporary technologies, which provide precise and comprehensive data on their development and state.



High-resolution and accurate terrain monitoring is made possible by these technologies, which include UAS photogrammetry techniques based on the Structure from Motion—Multi View Stereo (SfM-MVS) and TLS principles. The instrumentation, necessary accuracy, budget, point density, and interpretation of the outputs are all important factors to take into account when selecting an appropriate method. Nowadays, hard-to-reach areas are the main focus of UAS photogrammetry, which uses a camera mounted on an Unmanned Aerial Vehicle (UAV) carrier. Due to their high-accuracy terrain models, ease of use, low acquisition costs, and speed of data collection, UAS carriers are becoming more and more popular, particularly in smaller areas. These indications have made UAS photogrammetry a competitive and efficient substitute for traditional geodetic techniques in terms of both quality and efficiency. In many different fields and disciplines, including mining [1,2], real estate cadastre [3,4], industry [5,6], geology [7,8], archeology [9,10], architecture [11,12], agriculture [13,14], and monitoring natural processes in the landscape [15,16], geohazards [17,18], or landslides [19,20], measurement using unmanned aerial system (UAS) technology is used.



TLS is the most recent non-contact method that is used to measure smaller parts of the landscape and smaller objects. The advantage of TLS is that it is a high-speed measurement that can measure the position and shape of irregular objects. It can capture a high point density in a short time. An uneven object with varying sizes and shapes can be accurately represented in a digital 3D model with high detail and speed. TLS applies the spatial polar method to find the spatial coordinates of points; its uses are evident in engineering and construction [21,22], industry [23,24], and land mapping [25,26]. Laser scanning and photogrammetric techniques typically use ground control points (GCP) for georeferencing [27]. The components of the camera’s internal and external orientation can be accurately determined using GCPs. Global Navigation Satellite System (GNSS) receivers or total stations are used to measure the coordinates of GCPs in the field [28,29,30]. When using UAS with the Real Time Kinematic/Post Processed Kinematic (RTK/PPK) module, photogrammetric data can be acquired without the need for GCPs. In this instance, a position is assigned to each image. The authors [31,32,33] devoted themselves to measurement without the use of GCPs. Aerial images, digital terrain models (DTM) [34], digital surface models (DSM) [35], digital elevation models (DEM) [36], point clouds [37], vector maps [38], or orthophoto maps [39]—all of which depict real-world objects—are the most common results of data collection utilizing non-contact methods.



The study [40] compared multicopter UAV data with total station (TS) data to estimate volumes. According to the findings, the data collected by UAS is more precise and of higher quality than TS data. The authors also recommend the UAV approach regarding the time efficiency of the fieldwork. Article [41] examined, evaluated, and estimated the stock volume of excavated material. In comparison to the UAS method, which was the most precise, safest, and fastest way to map large areas, the GNSS method took a lot of time. Using GCP, they achieved an accuracy of up to 10 cm. The topographic survey technique in a large surface limestone mine using a fixed-wing UAS was examined by the authors of [42]. Flight height was 300 m, and accuracy on GCP was up to 15 cm. In a different study [43], the volume of reserves was calculated and the GNSS and UAS methods were compared in a quarry close to Sofia, Bulgaria. The authors claim that the UAS photogrammetry method is quick, precise, and capable of quickly mapping a sizable area. In a quarry environment, the authors [44] used digital photogrammetry. Research explains the benefits and drawbacks of this technology as well as the steps involved in processing, with a mention of outcomes. An overview of UAS use in the mining industry is conducted by a research study [45]. It investigates the principles, classification, and technology of UAS. In areas where mining activity has an impact, this article suggests utilizing UAS technology regarding the efficiency of fieldwork and mining operations. Georeferencing with RTK and using GCP was solved by the authors in [46]. They achieved centimeter accuracy at a flight height of 100 m Above Ground Level (AGL). Research [47] was conducted to compare various carriers and cameras. As a result, the RMSE of point clouds reaches 0.11 m and 0.19 m. Using UAS Atmos-7, the authors of the paper [48] tracked soil erosion that happened while a quarry was being restored. The aim of the study was to develop a technique for detecting leaks in quarries where mining operations have had an impact. Consequently, two different DEMs are produced: one before the erosion process and the other after. To define the fracture zones at inaccessible quarry faces, the study [49] details the application of UAS and TLS technology in topographic modeling and structural geological mapping of a limestone quarry. The authors focused on the detailed creation of a 3D model from UAS photogrammetry in the quarry environment. From the DTM, they derived structural geological parameters at the level of centimeter-sized triangles. Using UAS photogrammetry, the authors of the paper [50] characterized the rock massif by semi-automatically identifying and extracting planar elements from the rock slope, and they also produced a 3D model of a limestone quarry. Based on a detailed DEM, the authors implemented semi-automatic segmentation of the characteristic surfaces in the quarry.



Research [51] examined the application of DTM to calculate the water-filling rate of a quarry using Light detection and ranging (Lidar). The classification of Lidar data was used in [52,53]. In their research [54], the authors dealt with the classification of vegetation based on vegetation indices. Stability and accuracy analysis of quarry walls based on TLS measurements was the subject of research [7], where TLS was evaluated as a highly accurate and reliable reference method.



Our research discusses an approach for monitoring the Dreveník quarry using non-contact techniques, which don’t require direct contact with the object being measured and can yield fast, accurate, and large amounts of detailed spatial data.



The goal of our research was to verify and quantify these characteristic properties of non-contact measurement methods. By mutual comparison of point clouds obtained by different measurement methods or with their different configurations during measurement, we expect confirmation of the suitability of the UAS photogrammetry method compared to the TLS method. We focus on the analysis of measurable quantities to achieve demonstrable results. We evaluate the distance of point clouds, their density, and their completeness. The general inclination of the quarry is approximately 50°. The walls themselves have an inclination of approximately 70°. In these specific conditions, we compared nadir and oblique imaging as well. We primarily assume that oblique imaging will bring better results.



The study area’s features and in-depth description are the main topics of the study area section. Monitoring of the Dreveník quarry is the subject of the Materials and Methods section. Methods and practical aspects of surveying in the field are covered in this section. The quarry was monitored using TLS techniques and UAS photogrammetry. This section outlines field operations, the process for stabilizing individual GCPs, and a technical description of each measuring device in use. The field measurement, data processing, and method comparison based on point density, standard deviation, and number of points on the mining wall and earth’s surface are presented in the Results section. The benefits and drawbacks of the measurement techniques employed are discussed in the Discussion section, along with a comparison of these techniques based on different parameters and a comparison of the techniques in terms of the point density on the rock object. The solutions provided by other authors whose articles tackled related issues in the quarry are also covered.




2. Study Area


Dreveník quarry is located in the Slovak Republic, specifically in the Prešov region, Levoča district, and Spišské Podhradie town. Spišské Podhradie is located in the Hornádská basin, along the valley of the Margecianka river, approximately 12 km east of Levoča. Spišské Podhradie covers 24.94 km2 and has a population of 4035 people. Spišské Podhradie is situated west of the region’s historical landmark, Spiš Castle. Spišské Podhradie is located in the valley between Spiš Castle and Spišská Kapitula [55].



The close vicinity of Dreveník Quarry (Figure 1) is listed as a particularly protected natural area in the Slovak Republic. The Dreveník is a national nature reserve located in the Hornádská basin. It was formed by combining multiple travertine mounds deposited by mineral springs. It is situated on the boundary between Spišská Nová Ves and Levoča districts. The area of 1,018,186 m2 has been protected since 1925. Since 1993, it has been the United Nations Educational, Scientific, and Cultural Organization (UNESCO) site, alongside the nearby Spiš Castle [56]. The national nature reserve is managed by the Slovak Paradise National Park and has the fifth highest level of protection. Dreveník is one of the oldest protected areas in Slovakia and the most extensive travertine area with karst morphology. Among the occurrences of travertine in Spiš, Dreveník is the oldest and largest travertine area in Slovakia [57,58].




3. Materials and Methods


The purpose of this research is to use non-contact techniques, such as UAS photogrammetry based on the SfM-MVS and TLS principles, to map and document the quarry. These are some of the best techniques for making digital maps, orthophotos, or DEMs. The point cloud was georeferenced using GCPs, whose coordinates were measured using the GNSS method, for both approaches. The following workflow was followed for fieldwork in the Dreveník study area:



	
Terrain reconnaissance.



	
Location and determination of the coordinates of GCPs for TLS and photogrammetry.



	
UAS photogrammetry.



	
TLS measurement






The quarry was surveyed in one day at the same time epoch (March 2022) using photogrammetric and TLS measurement techniques. In-depth documentation of the topography within the quarry was the primary objective of this measurement. Adequate measuring devices, tools, and equipment were employed to accomplish this aim. An RTK UAS DJI Phantom 4 (SZ DJI Technology Co., Ltd., Shenzhen, China) was used to collect photogrammetric data. For TLS, a terrestrial laser scanner Leica RTC360 (Leica Geosystems AG, Heerbrugg, Switzerland) was employed. A dual-frequency GNSS set, Leica GS07 (Leica Geosystems AG, Heerbrugg, Switzerland), was used to measure the coordinates of GCPs for photogrammetry and TLS.



3.1. Measurement by GNSS Method


In the research area, a total of 23 temporarily stabilized GCPs were positioned to georeferenced point clouds. A dual-frequency GNSS receiver Leica GS07 (Figure 2) and quick static method were used to measure the coordinates of GCPs for photogrammetry and TLS. As a reference network for GNSS measurements using the RTK method, the Leica SmartNet service was utilized. Table 1 presents the attributes of the Leica GS07 GNSS receiver. GCPs were represented by 3D survey targets and circular black-and-white targets with red margins to improve field visibility (Figure 3). GCPs for UAS photogrammetry were distributed evenly throughout the area.



At each position, at least 3 temporary Leica GZT21 HDS 4.5 black and white circular scanning targets (Leica Geosystems AG, Heerbrugg, Switzerland) (Figure 4) were scanned separately, which served as GCPs for the TLS method. The coordinates of the 11 GCPs for the TLS were determined by the GNSS Leica GS07 with Real Time Network (RTN) corrections.




3.2. Measurement by UAS Photogrammetry


First, a DJI Phantom 4 RTK UAS (Figure 5) equipped with an FC6310R digital camera with a resolution of 4864 × 3648 pixels, a CMOS sensor of 13.2 × 8.8 mm, and a focal length of 8.8 mm was used to measure and document the terrain using this method. Subsequently, a DJI Phantom 4 Pro UAS equipped with a digital camera with a 20 Mpix CMOS sensor, a resolution of 5472 × 3648 pixels, and an automatic mode with a fixed ISO (100) was used to obtain nadir images. A comparison of the technical parameters of both UAS carriers is shown in Table 2.



Four different flights were used to complete the measurement using the UAS DJI Phantom 4 RTK. Using a flight plan that was made in the DJI GS v. 2.0.17. field software, three flights were performed, each taking a 70-m flight height of the area. For imaging on this flight, a double-grid mission was employed. The UAS was manually piloted during its most recent flight. The first flight yielded 430 images, followed by 285 images on the second, 356 images on the third flight, and 175 images on the fourth. In total, 1246 pictures were taken. The gimbal tilt was set at 30°, and the longitudinal and transversal image overlap values were 70%. Twenty-three GCPs for photogrammetry were used, evenly spaced around the region, for georeferencing the point cloud. All flights lasted for almost 2.5 h in total. The tilt of the camera and the orientation of the transverse axes perpendicular to the quarry wall presuppose a better capture of details and the completeness of this cloud of points.



The UAS DJI Phantom 4 Pro was then used to perform a fly to capture nadir photographs. The Pix4Dcapture v. 4.11.0 field software was used to design the flight, which was executed at a height of 98 m. Since the gimbal tilt was adjusted to 90°, a higher flying height was selected for the nadir shots to capture the entire area and quarry wall. A single-grid flight mission was set in this flight, with flight lines in parallel with the quarry wall. In about fifty minutes, 289 pictures were taken during this flight mission. For georeferencing, the identical 23 GCPs from photogrammetry were used, with an 80 percent longitudinal and transversal overlap setting. Table 3 presents a comparison of the measurement parameters for both UAS missions. Figure 6 displays the camera positions during flights. We expect Lower quality of point cloud obtained by nadir imaging, especially on vertical walls.



The data were processed in a computer environment after being collected through field measurements in the research area utilizing UAS photogrammetry and TLS technologies. Agisoft Metashape Professional 1.8.0 (Agisoft LLC, St. Petersburg, Russia) was used to process data acquired using UAS photogrammetry. In photogrammetric processing, it is necessary for the images to contain spatial coordinate data directly from the camera, allowing such images to be further processed as their spatial orientation is known. The images were processed using the SfM method. The main principle of this method is to estimate the three-dimensional structure of a spatial object based on two-dimensional image sequences. The position of the cameras and the geometry of the scene are simultaneously reconstructed using SfM by automatically identifying matching features. These matching features are called key points, which are identified using various algorithms in Agisoft Metashape Professional software.



Images with a 30° gimbal tilt were taken using a DJI Phantom 4 RTK UAS equipped with a digital camera, which captured 1246 images in four flights. After importing them into the Agisoft Metashape Professional 1.8.0 software and aligning them with the highest quality, tie points were created, consisting of 945,534 points. Subsequently, the point cloud was georeferenced using GCPs. The Root Mean Square Error (RMSE) when processing this model is 2.70 cm. A dense point cloud with high quality and moderate depth filtering was created in 9 h and 23 min and consisted of 167,818,865 points. Subsequently, we created a DEM from the dense point cloud, the resolution of which is 7.08 cm/pix, and the point density is 200 points/m2. The DEM was generated in 55 s and defined the lowest and highest points in the study area. The lowest point in our area of interest is 478 m above sea level (ASL), and the highest point is 559 m ASL. Other parameters of the point cloud obtained using images with a 30° gimbal tilt are shown in Table 4.



Nadir images were acquired using the DJI Phantom 4 Pro UAS and processed in the same way in the Agisoft Metashape Professional 1.8.0 software. The tie points were created after aligning 289 images with the highest quality and contained 770,698 points. The dense cloud was created at high quality with moderate depth filtering and contained 85,416,175 points. RMSE on GCPs reached values in the X coordinate—0.70 cm, in the Y coordinate—0.70 cm, in the Z coordinate—0.32 cm, and the overall RMSE value was 1.01 cm. The DEM was created with a point density of 427 points/m2 and a resolution of 4.84 cm/pix. Additional parameters of the point cloud obtained using nadir images are shown in Table 4. The resulting dense point clouds and DEM for images with a 30° gimbal tilt and nadir images are shown in Figure 7.




3.3. Measurement by TLS Method


We employed the TLS approach in the Dreveník study region to quantify landslides that occurred in a quarry. This landslide was surveyed with a Leica RTC360 terrestrial laser scanner (Figure 8). The most notable advancement of this instrument is the automatic point cloud registration in the field using Visual Inertial System (VIS) technology. This minimizes processing time, and double-scan mode enables the automatic removal of moving objects. Table 5 presents a selected instrument’s technical parameters.



In approximately one hour, 19 positions (Figure 9) were used for the TLS technique measurement. At least three GCPs were independently scanned at each stand. Individual point clouds were registered to a common coordinate system using these GCPs. On 19 positions, the scanner’s resolution was set to 6 mm/10 m with a range of 130 m.



Using the terrestrial scanner Leica RTC 360, the TLS data of the landslide in the study area were obtained, which were processed in the Leica Cyclone REGISTER 360 software. After importing data from 19 stations and scanning registration, the resulting point cloud consisted of 409,735,649 points with an overlap of 74% and a strength of 78%. The value of bundle error reached 0.007 m, and Cloud-to-Cloud error was also 7 mm. Subsequently, we georeferenced the point cloud using 11 GCPs for the TLS method where the RMSE value was 1.8 cm. Parameters of the processed point cloud by TLS are shown in Table 6.





4. Results


In this chapter, we present the results of our study focusing on the spatial analysis of point clouds obtained through SfM photogrammetry and TLS methods in a quarry environment. The comparison of point clouds based on various parameters serves as a critical aspect of our investigation, shedding light on the efficacy and applicability of these two prominent techniques in capturing the complex topographical features of quarry landscapes. Through the utilization of SfM photogrammetry and TLS methods, we have amassed comprehensive datasets of the quarry environment, each offering distinct advantages and limitations. By systematically evaluating these datasets across different parameters, including point density, accuracy, and geometric detail, we aim to provide insights into their respective capabilities and suitability for quarry characterization and monitoring purposes. The comparison of individual point clouds was carried out using CloudCompare v. 2.13 and Leica Cyclone 3DR v. 2023.1 software. All individual compared areas were identical for the point clouds obtained by different methods. Therefore, they were trimmed in one step using a rectangular fence.



4.1. UAS Photogrammetry—Comparison of Images with 30° Gimbal Tilt and Nadir Images


The comparison of both point clouds obtained by UAS photogrammetry was also carried out on a specific part of the territory—the mining wall. Two sectors were selected on the mining wall and compared (Figure 10). The smaller sector marked in yellow is in an area where landslides occur without the presence of human activity and where there is vegetation. The larger sector in red represents the part of the wall on which active mining activity is carried out. The comparison was made in the Leica Cyclone 3DR program based on the Cloud/Cloud Distance function. A point cloud made from images with a 30° gimbal tilt was chosen as the reference point cloud. The point cloud created from nadir images was chosen as the comparison point cloud. On the output of the difference between point clouds on the mining wall, it is possible to observe differences between the point clouds from 0 to 30 cm.



When comparing the point clouds on the mining wall, it is possible to observe that the largest representation of points is in the range of 0 to 6 cm. The values of the comparison of both point clouds on the mining wall are shown in Table 7. Almost 96% of the points are in the range from 0 to 6 cm. Places where there is insufficient coverage of both point clouds are marked in gray color, due to the low density of the compared point cloud and the incomplete removal of vegetation. Comparisons between point clouds were also made based on statistical methods. The standard deviation has a value of 0.039 m, and the mean in comparison was 0.042 m. The maximum distance between the compared clouds was 0.757 m, and the average absolute distance was 6 mm. The point cloud obtained by UAS with a 30° gimbal tilt achieves a higher density.



The same analysis was also carried out on the ground surface of the quarry. A point cloud created from images with a 30° gimbal tilt was chosen as the reference point cloud. A point cloud obtained from nadir images was used as a comparison point cloud. The values of the comparison of both clouds obtained through UAS methods on the ground surface are presented in Table 8. In this case, when comparing point clouds on the ground surface, more than 85% of the points were between 0 and 5 cm. The point cloud from the UAS with a 30° gimbal tilt also achieves a higher density in this analysis. When comparing the point clouds, the maximum distance, average absolute distance, mean, and standard deviation were calculated. In this case, the maximum distance between the compared point clouds is 0.405 m, and the average absolute distance reached a value of only 2 mm. The standard deviation was 2.9 cm. In Figure 11, however, we can also observe places marked in gray. The distance between the two point clouds in these places exceeds 30 cm due to the insufficient overlay of both point clouds.




4.2. Comparison of Images with a 30° Gimbal Tilt from UAS Photogrammetry and TLS


After filtering out unnecessary points, the optimized point cloud consisted of 90,730,789 points. The point cloud from images with a 30° gimbal tilt obtained by UAS photogrammetry was also trimmed only to the area of the landslide and consisted of 7,088,939 points. The point clouds thus trimmed from both methods were ready for comparison.



The point cloud obtained through UAS photogrammetry at 30° gimbal tilt was compared with the point cloud created by the TLS method in the Leica Cyclone 3DR software environment. The comparison was made on the mining wall of this quarry. After running the Cloud/Cloud Distance function in the Leica Cyclone 3DR software, the point cloud obtained by the TLS method was selected as the reference point cloud. The point cloud created by the photogrammetric method was chosen as the comparison point cloud. The point clouds were directly compared by determining the minimum distance of each point of the point cloud obtained by the UAS photogrammetry method to the irregular triangular mesh formed between the nearest six points of the point cloud obtained by TLS. The scale range was set to a value of 30 cm. Figure 12 shows all TLS points compared to points from UAS photogrammetry. It is possible to observe deviations between the point clouds from 0 to 30 cm on the output of the point cloud difference.



The highest differences are detected in places where there is insufficient overlap between both point clouds. This is due to low point density, incomplete removal of vegetation, or obscured and dark areas when measuring by the TLS method. These errors are predominantly in the smaller sector, and insufficient overlap in this area reached 12%. The comparison values of the point clouds obtained through the UAS method with a 30° gimbal tilt and TLS on the mining wall are shown in Table 9. When comparing point clouds on the mining wall, it is possible to observe that the largest representation of points is located at a distance of up to 5 cm. After counting both areas, it has a sufficient overlap of more than 84% points. Points without overlap represent 15.7%. The TLS method is characterized by high density, which is also confirmed by this analysis. In the TLS method, the point density is more than 38,000 points/m2. In the CloudCompare software, we performed statistical analyses, based on which the maximum distance between the compared point clouds on the mining wall was 1.297 m, and the average absolute distance reached 0.053 m. The standard deviation in this comparison was 0.066 m.



Every section of the mining wall was examined in detail, which led to the discovery of each method’s weaknesses, which are depicted in Figure 13. After data processing, shortcomings in the UAS photogrammetry point cloud were found. The locations where there was insufficient or occasionally no point density are among these errors. A hole in the point cloud is visible, as seen in the detail of the figure. The obscuration of locations that were not captured from a distance is the reason for this kind of mistake. The shadows and dark areas are another issue. There were still flaws in the TLS approach, as indicated by Figure 13, where the flaws are positioned on the mining wall. These are mainly non-dense locations that haven’t been scanned because of their location when using the TLS approach. These areas consist of either nearly no points or a minimum number of points.



The lack of overlay between the two point clouds is more visible when comparing the two point clouds on the earth’s surface. Again, the point cloud obtained by the TLS method was chosen as the reference point cloud, and the UAS photogrammetry point cloud from images with a 30° gimbal tilt was chosen as the comparison point cloud. The comparison values of the point clouds obtained through the UAS method with a 30° gimbal tilt and TLS on the ground surface are shown in Table 10. Although up to 76% of the points are located within 30 cm, the gray areas that represent 24% in Figure 14 show the mentioned insufficient overlap of both point clouds. This is an expected feature of the TLS method; there are gaps in the point cloud due to obstacles in the rugged terrain. With the TLS method, a large number of positions and measurements would be required to capture the entire area without neglecting gaps in the point cloud. When observing statistical analyses, the maximum distance on the earth’s surface reached 0.858 m, the average absolute distance was 0.123 m, the mean was 0.093 m, and the standard deviation was 0.112 m.



The next comparison of both methods was based on the dense point cloud created, the creation of a DTM in the CloudCompare software environment, and the orthophoto mosaic (Figure 15). The DTM made from the point cloud obtained by the TLS method provides a better representation of the terrain itself, due to the denser point cloud.




4.3. Comparison of Nadir Images from UAS Photogrammetry and TLS


The last comparison was made between the point clouds from UAS photogrammetry, which were made from nadir images, and the point clouds from TLS. In the analysis on the mining wall and on the earth’s surface, the point cloud obtained by the TLS method was chosen as the reference point cloud, and the point cloud from the nadir images was chosen as the comparison point cloud. In Figure 16, in the analysis of the mining wall, in the area where vegetation is present, insufficient overlay of both point clouds can be seen. Insufficient overlay represents up to 10% of the points in this comparison. On the parts of the mining wall where there is no vegetation, the distance between the two point clouds is between 0.5 cm and 3.5 cm, which is 90% of all points. The comparison values of point clouds obtained through the UAS method with nadir images and TLS on the mining wall are shown in Table 11. The TLS method provides significantly more points and a significantly higher density. The standard deviation has a value of 0.063 m. The maximum distance between point clouds on the mining wall is 1.445 m, and the average absolute distance is 0.049 m.



Analysis of the comparison of point clouds from nadir images using UAS photogrammetry and TLS on the ground surface confirmed the results from the comparison of point clouds obtained using UAS photogrammetry with a 30° gimbal tilt and TLS on the ground surface. Figure 17 shows the insufficient overlay on the earth’s surface, which is caused by the fact that when measuring with the TLS method, there are gaps in the point cloud due to the ruggedness of the terrain. In this case, up to 64% of the points had insufficient overlay. The comparison values of point clouds obtained through the UAS method with nadir images and TLS on the ground surface are shown in Table 12. The density of points in the TLS method is 16,350 points/m2 in this area, while only 247 points/m2 in the UAS at nadir images method. Statistical analysis showed us that the maximum distance between the compared point clouds on the earth’s surface is 0.857 m, and the average absolute distance of the point clouds on the earth’s surface reached a value of 0.116 m. In this comparison, the mean was more than 9 cm, and the standard deviation was 10.9 cm.




4.4. Comparison of Used Methods Based on Point Density


The studied point clouds were compared in terms of point density on the selected rock object in the CloudCompare software to confirm the results. The point cloud obtained using the TLS method is significantly denser. Figure 18 shows a comparison of the point density of the methods used on point clouds on a single rock object. As a result, the TLS method provides a much denser point cloud than the UAS photogrammetry methods. The total number of points on the compared rock object is 317,126 points obtained by the TLS method, and the average density of points was 16,548 points/m2. During UAS photogrammetry with a 30° gimbal tilt, there were 15,085 points on the rock object, and the average point density was 493 points/m2. The point cloud obtained by UAS photogrammetry based on nadir images contains 6469 points on the rock object, and the average point density was 226 points/m2. In UAS photogrammetry methods, the point density is chosen by the surface density method, and the point density is relatively evenly distributed over the entire area of interest, even if the higher point density is located in the upper part of the rock object. When choosing the same parameters for the point cloud obtained through the TLS method, the point density is unevenly distributed throughout the area of interest; most points are located in the center of the rock object and around the viewpoints.





5. Discussion


All methods used in the study area in quarry Dreveník were compared in terms of the number of points, point density, mean, standard deviation, maximum distance, average absolute distance of points, RMSE on GCPs, and time for field and office work. Table 13 presents the results achieved with the two methods of UAS photogrammetry and the TLS method. The parameters of the number of points and point density refer to the selected ground surface in Figure 19. The other parameters describe the measurement and data processing that refer to the entire territory of the quarry. The advantage of UAS SfM photogrammetry methods is faster data acquisition time. However, the TLS method can provide a denser point cloud, although there are often visible holes or gaps in this point cloud due to the occlusion of some locations during scanning, resulting in shadows and unmeasured areas in the point cloud. For UAS photogrammetry methods, the point cloud obtained by capturing with a 30° gimbal tilt provided better results, as it achieved a higher point density and a larger number of points on the compared areas.



The advantage of UAS photogrammetry is its high spatial coverage. UAS photogrammetry allows for the rapid acquisition of aerial imagery over large areas, providing comprehensive spatial coverage of the quarry or mine site. UAS photogrammetry can be used in hard-to-reach or hazardous areas, offering flexibility in data acquisition and enabling monitoring in areas where traditional methods may be impractical. The low purchase price is also an advantage. The main disadvantage is that this method demands higher hardware requirements for image processing and longer data processing times. The main advantage of the TLS method is that it offers high spatial accuracy and precision, capturing detailed point clouds with sub-centimeter resolution, making them suitable for precise monitoring and analysis. TLS instruments directly measure distances to surfaces, providing accurate and reliable data even in complex terrain or obstructed environments within the quarry or mine. Many TLS systems feature automated data processing capabilities, streamlining point cloud registration, filtering, and modeling tasks, reducing processing time and human intervention. However, disadvantages include the high purchase cost of the equipment and the necessity for measurements from numerous scanning stations, which increases the time required for field measurements.



The authors [63] addressed similar issues, attempting to solve the problem associated with the high risk and insufficient efficiency of the traditional method of mining rock massifs on a slope in a quarry using UAS technology. The authors propose a new approach to increase the efficiency of geological mining on slopes in common surface mines. A lightweight UAS with an FC6310S camera was used for data collection, with a resolution of 5472 × 3648. UAS imaging over the surface quarry with an area of 101,510 m2 was performed in 13 min, with 8 GCPs distributed throughout the area of interest. A total of 217 photographs were taken. The result was an orthophoto map and DSM with a GSD of 3.9 cm/pix. The RMSE value in the X direction was 3.17 cm, in the Y direction was 2.50 cm, and in the Z direction was 7.54 cm. In our research, we reach a better RMSE value on GCPs—up to 3 cm. The article [64] presents the technology of creating a 3D model of an open-surface quarry based on UAV digital imagery, along with the integration of UAV data into GIS and spatial analysis. It emphasizes the use of digital imagery and photogrammetric techniques for accurate 3D modeling, which facilitates better quarry management. The quarry was mapped using senseFly’s eBee UAS equipped with eMotion flight planning software. The area that was the subject of mapping is rectangular, with dimensions of 655 and 644 m. The area of the site represents an area of 42.2 hectares. The resolution is 2.8 cm/pixel, and the overlap between individual images is 75%. After processing, DSM and orthophoto mosaics were created. The Pix4Dmapper application was used to create these elements, which automatically generates a DSM with a GSD value of 3.46 cm. By monitoring the fracture profiles, several features, such as the overall slope of the wall, can be monitored. Based on the results of the case study, it can be concluded that current technologies combined with innovative and interactive processing methods, especially photogrammetric and GIS methods, are fully applicable and compatible in the case of open mining. This combination provides accurate value processed in real time and helps to better plan future mining activities.



In the article [18], the authors achieved accuracy in the order of centimeters when comparing the distances of point clouds obtained by TLS and SfM photogrammetry. The same devices, analogous processing and analyzing the measurements were used. Our results also reach the same range of values.



The authors of the article [65] devoted themselves to the mapping of two open quarries. Their area covers 17 km2, and they have more than 140 million tons of iron ore. Data collection was carried out using the UAV Skywalker X5, which carries a Sony QX100 camera with a resolution of 20.9 Mpix. The flights were carried out at a flight height of 200 to 250 m, with a total overlap of 80%. 10–13 GCPs were used for georeferencing. The vertical accuracy (RMSE) was evaluated and estimated in flat areas to be approximately 0.1 m. This paper proposes the characterization of geomorphic features of open pits using fast, low-cost, and high-resolution topography from UAS using the SfM method to obtain an accurate DSM in virtually real-time and at minimal cost. From our results, we can recommend a lower AGL height of flight to increase the accuracy and quality of the photogrammetric models, thereby reducing the RMSE on GCP and CP while improving the GSD value at once.




6. Conclusions


Our research in the quarry near the village of Spišské Podhradie aims at the differential analysis of spatial data obtained using UAS photogrammetry and TLS. In this article, we focused on the comparison of the individual methods used based on the determination of the minimum distance of each point of the compared point cloud to the reference point cloud using the CloudCompare and Leica Cyclone 3DR software. Another comparative criterion of the analyzed methods was the average point density and the range of time for surveying and office work. The last step in this article was to compare the methods used based on statistical analysis in terms of maximum distance, average absolute distance of points, mean, and standard deviation. Based on our results, it is appropriate to state that the parameters of the point clouds obtained by photogrammetric methods are qualitative, accurate, and comparable to the parameters of the point clouds obtained by TLS, and both methods are therefore suitable as a basis for systematic quarry monitoring. The advantage of the TLS method is a significantly higher point density and a better representation of the terrain itself when creating the DTM. However, the use of photogrammetric methods is more advantageous than the use of the TLS method due to the simplicity of data acquisition, flexible and fast use, low purchase price, and high point density, where the equipment costs and the risk of damage to expensive devices are higher.
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Figure 1. The study area’s location—the Dreveník quarry. 
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Figure 2. GNSS rover, Leica GS07, in quarry. 
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Figure 3. Types of GCPs for SfM photogrammetry and their distribution. 
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Figure 4. GCPs for TLS and their distribution. 
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Figure 5. UAS DJI Phantom 4 RTK. 
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Figure 6. Comparison of camera position for nadir images (top) and images with a 30° gimbal tilt (bottom). 
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Figure 7. Dense point clouds and DEM for 30° gimbal tilt and nadir images. 
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Figure 8. 3D Laser Scanner, Leica RTC360. 
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Figure 9. Positions of TLS measurement (red dots) with registration links (green-blue lines). 
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Figure 10. Comparison of point clouds from both UAV photogrammetry measurements on the mining wall. 
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Figure 11. Comparison of point clouds from both UAS photogrammetry measurements on the earth’s surface. 
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Figure 12. Comparison of point clouds obtained by UAS photogrammetry with a 30° gimbal tilt and TLS on the mining wall. 
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Figure 13. Shortcomings of methods presented by point clouds on the mining wall; blue frames—TLS, red frames— SfM photogrammetry. 
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Figure 14. Comparison of point clouds obtained by UAS photogrammetry with a 30° gimbal tilt and TLS on the earth’s surface. 
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Figure 15. Comparison of the UAS and TLS methods as a dense point cloud, DTM, and orthophoto mosaic. 
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Figure 16. Comparison of point clouds from nadir images and the TLS method on a mining wall. 
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Figure 17. Comparison of the point cloud from nadir images and the TLS method on the earth’s surface. 
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Figure 18. Comparison of the point cloud density of individual methods on a rock object. 
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Figure 19. Comparison of point clouds of all methods used on the ground surface. 
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Table 1. Technical parameters of GNSS rover Leica GS07 [59].
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GNSS Technology

	
Leica RTKplus






	
Accuracy RTK

	
Network RTK

	
Horizontal: 10 mm + 0.5 ppm




	
Vertical: 20 mm + 0.5 ppm











 





Table 2. Comparison of technical parameters of UAS DJI Phantom 4 Pro and DJI Phantom 4 RTK UAS [60,61].






Table 2. Comparison of technical parameters of UAS DJI Phantom 4 Pro and DJI Phantom 4 RTK UAS [60,61].





	

	
DJI Phantom 4 Pro

	
DJI Phantom 4 RTK




	
[image: Land 13 00614 i001]
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Aircraft






	
Weight

	
1388 g

	
1391 g




	
Satellite positioning system

	
GPS/GLONASS

	
GPS/GLONASS/Galileo/BeiDou




	
Max. flight time

	
28 min.

	
30 min.




	

	
Camera




	
Sensor

	
1″ CMOS




	
Effective Pixelsactive Pixels

	
20 Megapixels




	
Image size

	
4864 pixels × 3648 pixels (4:3)




	
Gimbal pitch

	
−90° to + 30°




	

	
GNSS Positioning Accuracy




	
Horizontal

	
up to 5 m (without augmentation service)

	
1 cm + 1 ppm (RTK)




	
Vertical

	
1.5 cm + 1 ppm (RTK)











 





Table 3. Parameters of flight missions.
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	DJI Phantom 4 RTK
	DJI Phantom 4 Pro





	Number of images
	1246
	289



	Number of GCP
	23
	23



	Number of Control Points
	10
	10



	Flight height [m]
	70
	98



	GSD [cm/pix]
	1.77
	2.42



	Overlap of the image [%]
	70
	80



	Vertical tilt of camera [°]
	30
	90



	Total flight time [h]
	2.5
	0.5










 





Table 4. Parameters of processed point clouds by UAS photogrammetry.






Table 4. Parameters of processed point clouds by UAS photogrammetry.










	
	Point Cloud for Images with a 30° Gimbal Tilt
	Point Cloud at Nadir Images





	Number of images
	1246
	289



	The number of tie points
	945,534
	770,698



	The number of points in a dense point cloud
	167,818,865
	85,416,175



	GSD [cm/pix]
	1.77
	2.42



	Error in the X coordinate [cm]
	1.67
	0.70



	Error in the Y coordinate [cm]
	1.73
	0.70



	Error in the Z coordinate [cm]
	1.22
	0.32



	RMSE on GCPs [cm]
	2.70
	1.01



	RMSE on CPs [cm]
	3.46
	1.88










 





Table 5. Technical parameters of TLS Leica RTC360 [62].






Table 5. Technical parameters of TLS Leica RTC360 [62].





	
Type

	
High-speed, pulse, time-of-flight, Laser class 1




	
Weight

	
5.35 kg




	
Speed

	
Up to 2,000,000 points/s




	
Range

	
0.5 m–130 m




	
Accuracy

	
Distance: 1.0 mm + 10 ppm




	
Angular: 18″




	
3D points: 1.9 mm @ 10 m;




	
2.9 mm @ 20 m;




	
5.3 mm @ 40 m




	
Resolution

	
3 mm @ 10 m




	
6 mm @ 10 m




	
12 mm @ 10 m




	
Field of view

	
Horizontal: 360°




	
Vertical: 300°











 





Table 6. Parameters of processed point clouds by TLS.






Table 6. Parameters of processed point clouds by TLS.









	
	Point Cloud





	The number of positions
	19



	The number of tie points
	409,735,649



	Overlap [%]
	74



	Strength [%]
	78



	Bundle error [cm]
	0.70



	Cloud-to-Cloud error [cm]
	0.70



	RMSE on GCPs [cm]
	1.80










 





Table 7. Comparison values of both point clouds on the mining wall.






Table 7. Comparison values of both point clouds on the mining wall.





	

	
Comparison between the UAS 30° Gimbal Tilt and the UAS Nadir






	
Points with overlay [%]

	
95.7




	
Points without overlay [%]

	
4.3




	
Maximum distance [m]

	
0.757




	
Average absolute distance [m]

	
0.006




	
Mean [m]

	
0.042




	
Standard deviation [m]

	
0.039




	

	
UAS with a 30° gimbal tilt

	
UAS at nadir images




	
The number of points

	
15,832,402

	
7,088,939




	
Point density [points/m2]

	
569

	
260











 





Table 8. Comparison values of both point clouds on the earth’s surface.






Table 8. Comparison values of both point clouds on the earth’s surface.





	

	
Comparison between the UAS 30° Gimbal Tilt and the UAS Nadir






	
Points with overlay [%]

	
85.6




	
Points without overlay [%]

	
14.4




	
Maximum distance [m]

	
0.405




	
Average absolute distance [m]

	
0.002




	
Mean [m]

	
0.031




	
Standard deviation [m]

	
0.029




	

	
UAS with a 30° gimbal tilt

	
UAS at nadir images




	
The number of points

	
1,476,413

	
657,287




	
Point density [points/m2]

	
545

	
247











 





Table 9. Comparison values of point clouds from UAS with a 30° gimbal tilt and TLS on the mining wall.
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Comparison between the UAS 30° Gimbal Tilt and TLS






	
Points with overlay [%]

	
84.3




	
Points without overlay [%]

	
15.7




	
Maximum distance [m]

	
1.297




	
Average absolute distance [m]

	
0.053




	
Mean [m]

	
0.057




	
Standard deviation [m]

	
0.066




	

	
UAS with a 30° gimbal tilt

	
TLS




	
The number of points

	
15,832,402

	
71,708,608




	
Point density [points/m2]

	
569

	
38,151











 





Table 10. Comparison values of point clouds from UAS with a 30° gimbal tilt and TLS on the earth’s surface.






Table 10. Comparison values of point clouds from UAS with a 30° gimbal tilt and TLS on the earth’s surface.





	

	
Comparison between UAS 30° Gimbal Tilt and TLS






	
Points with overlay [%]

	
76.0




	
Points without overlay [%]

	
24.0




	
Maximum distance [m]

	
0.858




	
Average absolute distance [m]

	
0.123




	
Mean [m]

	
0.093




	
Standard deviation [m]

	
0.112




	

	
UAS with a 30° gimbal tilt

	
TLS




	
The number of points

	
1,476,413

	
32,482,521




	
Point density [points/m2]

	
545

	
16,350











 





Table 11. Comparison values of point clouds from UAS with nadir images and TLS on the mining wall.






Table 11. Comparison values of point clouds from UAS with nadir images and TLS on the mining wall.





	

	
Comparison between UAS Nadir and TLS






	
Points with overlay [%]

	
90.0




	
Points without overlay [%]

	
10.0




	
Maximum distance [m]

	
1.445




	
Average absolute distance [m]

	
0.049




	
Mean [m]

	
0.052




	
Standard deviation [m]

	
0.063




	

	
UAS at nadir images

	
TLS




	
The number of points

	
7,088,939

	
71,708,608




	
Point density [points/m2]

	
260

	
38,151











 





Table 12. Comparison values of point clouds from UAS with nadir images and TLS on the earth’s surface.






Table 12. Comparison values of point clouds from UAS with nadir images and TLS on the earth’s surface.





	

	
Comparison between UAS Nadir and TLS






	
Points with overlay [%]

	
36.0




	
Points without overlay [%]

	
64.0




	
Maximum distance [m]

	
0.857




	
Average absolute distance [m]

	
0.116




	
Mean [m]

	
0.093




	
Standard deviation [m]

	
0.109




	

	
UAS at nadir images

	
TLS




	
The number of points

	
657,287

	
32,482,521




	
Point density [points/m2]

	
247

	
16,350











 





Table 13. Comparison of all used methods in terms of various parameters.
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	TLS
	UAS 30° Gimbal Tilt
	UAS Nadir





	The number of points
	32,482,521
	1,476,413
	657,287



	Point density [points/m2]
	16,350.2
	545.3
	246.6



	Average absolute distance of points [cm]
	0.5
	4.7
	5.9



	Surveying of 23 GCP [hour]
	1
	1
	1



	Image acquisition [hour]
	10
	2.5
	2.5



	Image processing [hour]
	4
	2
	2



	RMSE on GCPs [cm]
	1.80
	2.70
	1.01
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