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Abstract

:

Current surveying techniques are typically applied to survey the as-is condition of buildings, brownfield sites and infrastructure prior to design. However, within the past decade, these techniques evolved significantly, and their applications can be enhanced by adopting unmanned aerial vehicles (UAVs) for data acquisition, up-to-date software for creating 3D reality mesh, which in turn opens new possibilities for much more efficient construction site surveying and constant updating and process management. In this study the workflows of three UAV-based photogrammetry techniques: Real Time Kinematic (RTK), Post-Processing Kinematic (PPK) and Global Positioning System (GPS) based on control points were analyzed, described, and compared to conventional surveying method with Global Navigation Satellite System (GNSS) receiver. Tests were performed under realistic conditions in 36 ha quarry in Lithuania. The results of the relationship between ground sample distance (GSD) and the comparison of volume measurements under each technique, including conventional method were analyzed. The deviation of data collected on field vs. generated in reality mesh, including ground control points (GCPs) and check points (CHPs) with different configurations, was investigated. The research provides observations on each workflow in the terms of efficiency and reliability for earthwork quantity estimations and explains processing schemes with advanced commercial software tools.
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1. Introduction


Currently in the world of engineering and surveying, various techniques are used to collect data, including laser scans [1,2], photogrammetry [3,4], total stations [5] and other techniques. While the technology of photogrammetry is not new [6], the software for post-processing and analyzing reality meshes has advanced significantly in recent years. Modern applications have become much more efficient, and the applications of Unmanned Aerial Vehicles (UAVs) helps to efficiently collect data representing various stages of construction sites [7,8,9], however it requires a lot of computing power to process the collected data. In addition, these technologies are still not widely recognized by professionals who are more confident in conventional survey methods, although these conventional methods are more time-consuming and still are prone to inaccuracies if used for earth quantities calculations.



Point clouds and reality meshes obtained from laser scanning and photogrammetry techniques helped to advance various approaches of processing data from sites, such as automatic building information model (BIM) component extraction and classification [10,11], monitoring of building zones [12], archaeological decision making [13], heritage and landscape applications [14,15], construction and earthwork estimation approaches [16,17,18,19,20], and many more.



The focus of this study is on BIM-based earthworks quantities estimation and the assessment of accuracy obtained by different UAV-based photogrammetry techniques. Several studies have been performed on accuracy assessment in this area, where different methods were analyzed to compare point cloud generated data obtained via photogrammetry and laser scanning [21,22], under different camera settings, different values of ground sample distance (GSD) and different number and configuration of ground control points (GCPs) [23,24,25,26]. Accuracy analysis results in automatic UAV and terrestrial photogrammetry against different image network configurations, with and without ground control points were presented in [27]. The geometrical accuracy of georeferenced digital surface models obtained from images captured by UAVs and processed by using SfM photogrammetry focused on the number and location of ground control points were analyzed in [28,29]. Recent studies have been conducted to evaluate the accuracy of a large-scale topographic map of oblique photogrammetric air survey [30]. The accuracy of the 3D model and the quality of the orthophoto in UAV photogrammetry can be affected by several general conditions, such as camera settings, images resolution, high contrast, uniform surface area, number of control points and correct placement, and much more. A more specific condition that can affect the accuracy of 3D model is the image format and compression level. Several studies on the impact of TIFF format and JPEG image compression on SfM photogrammetry workflows have recently been presented [31,32].



In this research the comparison of the latest UAV-based photogrammetric data acquisition techniques was studied, including Real Time Kinematic (RTK) and Post-Processing Kinematic (PPK) methods. The innovative use of PPK technology has been carried out in conjunction with Propeller marker used as Global Positioning System (GPS) data recording base stations and used with one known point method. Based on previous studies, our research was conducted from a different perspective. Four different methods for earth quantity surveys in construction were analyzed and compared in a single study—from the conventional with GNSS receiver to the latest PPK approach. All four methods were applied using the most commonly used parameters in practice: flight altitude between 70 and 100 m, camera setting set automatically, GCPs were placed incorrectly and in insufficient quantities. The advanced UAV-based methods of data acquisition and post-processing were compared to the GCPs-based method and conventional measurements using RTK Global Navigation Satellite System (GNSS) receiver by comparing 16 stockpiles containing over 10,000 cubic meters of earth. There were no obstacles or moving machinery, but the markers were placed in unfamiliar places with insufficient quantities, which contradicts the recommendations of manufacturers but is close to reality. Therefore, this study simulated a partly realistic environment similar to the construction site. Two separate DJI Phantom 4 RTK and one DJI Phantom 4 PRO UAVs, as well as modern desktop applications and cloud-based platform were used for processing and analysis. Evaluations were carried out by acquiring data from 74 and 100 m using various configurations of ground control points and check points (CHPs). Optimal altitude, images overlap, and weather conditions for UAV surveys of forest structure were analyzed in [33], where optimal parameters are defined as clear skies, 80 m altitude, and 80% side overlap. As shown by several studies [33,34], the methods performed do not have a strong effect of wind speed on the quality of the surveyed data. The aim of this paper is to provide observations of different UAV-based photogrammetric workflows, including efficiency of the whole process, expected accuracy of the model, and reliability of the results. Some studies analyzed and compared the efficiency and accuracy of economical drone mapping [35], RTK/PPK mapping quality prediction and performance [36,37,38,39]. Differences between Network Real Time Kinematic, Precise Point Positioning and static mode were tested in [40]. This paper also looks into comparison of the results obtained with the previously published studies in the field.



Modern photo-based surveys are processed by automatically identifying and matching appropriate features in the images. Computer vision algorithms have capabilities to extract features from a set of overlapping images. Structure-from-Motion (SfM) technique is used in most modern photogrammetric software, which utilizes multiple 2D images to reconstruct a 3D scene or object, as a point cloud similar to Light Detection and Ranging (LiDAR). Applications using SfM methods can produce orthophotograph mosaics, 3D point clouds, and Digital Elevation Models (DEMs). Advances in computer hardware, digital cameras and UAVs have made these techniques possible for a wide range of users to generate 3D models from the images. SfM technique has been demonstrated as highly promising in several studies [41,42,43,44,45,46]. Based on that, the transition towards automated processes and photogrammetry-based techniques are highly important, although more detailed analysis and software comparison was out of scope of this particular study.



Building on the previously published studies in this area, this paper looks into the performance and reliability of results obtained using three different UAV-based photogrammetric techniques and the comparison of accuracy between these methods and the conventional survey method using GNSS receiver.




2. Methods


2.1. Data Acquisition


The testing site selected for this study is a quarry in Lithuania, covering the area of 36 ha. The view of the site is provided in Figure 1. Ground-level survey was performed using a Trimble SPS985 GNSS receiver with RTK fixed precision type. A description of this method and details of measurement precision are provided in Section 2.1.1. The drone flights were carried out from different heights: 100 and 74 m. The conventional UAV-ground control based approach was compared with the advanced PPK one known point method. In addition, smaller-scale tests with RTK and under winter conditions with PPK methods were performed. The UAV-based RTK approach is further described in Section 2.1.2., and PPK in Section 2.1.3. Separate UAVs were used for each method: two DJI Phantom 4 RTKs and one DJI Phantom 4 PRO. These drones were selected for the study as quite common and widely used in the industry for mapping purposes. Before the flights, 11 markers were placed and measured in the area to determine GCPs and CHPs in order to scale and check the accuracy of the model (Figure 2a). The markers were manufactured of 60 × 60 cm marine plywood and painted in black and white squares (Figure 2b). Propeller AeroPoints 1.0 base stations were used as markers for the PPK method, along with additional self-made plywood boards, which were used as check points. (Figure 2c).



The research methodology consists of seven datasets, which include a conventional ground-level survey with a GNSS receiver and three UAV-based photogrammetric approaches, including data acquisition with a GSD value of 2.03 and 2.74 cm/px. During data acquisition, stockpiles were not changed, and the quarry was inactive. GNSS receiver data was processed using Civil3D engineering software. Datasets, including GCPs-based and RTK data, were processed using desktop Bentley ContextCapture software and analyzed using Bentley Descartes. Post-Processing Kinematic datasets were processed and analyzed using cloud-based Trimble Stratus and Propeller platform. The research methodology scheme is shown in Figure 3.



DJI Phantom 4 RTK drones are quite common in the industry for mapping and surveying purposes, but about three times cheaper DJI Phantom 4 PROs are also used. Compared to DJI Phantom 4 RTK, the aircraft does not have an integrated GNSS RTK antenna onboard, which allows the system to directly tag the positioning coordinates, which should theoretically mean a loss of accuracy compared to DJI Phantom 4 RTK. The flights were conducted in sunny summer conditions with clear skies, despite the wind speed. The flight plan was based on 2D photogrammetry nadir pattern (Figure 4a,b), with 80% front overlap, 70% side overlap and 5.8 m/s max flight speed of the aircraft. Other settings: gimbal angle—90°, photo ratio 3:2 and distance shooting mode. The GSD of 2.74 cm/px was obtained capturing images at 100 m height with DJI Phantom 4 PRO and RTK UAVs with originally built-in cameras with image width 5472 px, image height 3648 px, sensor width 13.2 mm, sensor height 8 mm and focal length 8.8 mm settings. With the analogical settings the GSD of 2.03 cm/px was obtained when flying at 74 m height.



2.1.1. Conventional Approach


Our conventional surveying method was based on manual measurements with a Trimble SPS989 RTK GNSS receiver, which uses Lithuanian Positioning System (LitPOS). LitPOS is a Global Navigation Satellite System infrastructure for Lithuania. It combines a network of base GNSS stations with dedicated communication channels and appropriate hardware and software. LitPOS permanent reference stations provide data for real-time and post-processing applications and cover the whole territory of Lithuania [47]. This method was used for setting up known points and estimating the quantities of stockpiles volumes for later comparison with UAV-based photogrammetric approaches. A total of 1108 data points were collected on site and 16 stockpiles were measured and processed with Civil 3D software for volume calculations (Figure 5). On the flat surface, points were measured at distances ranging from 10 to 15 m, and on stockpiles at distances ranging from 1 to 5 m, depending on curvatures. It took approximately one working day for a professional surveyor to collect this amount of data. It took another half day to process the data and to calculate the volumes. A total 2D area of 5549.55 square meters and 10,532.21 cubic meters of earth volume was evaluated. The measurement of each stockpile is reported in Table 1.



The method of measurements was taken from real industrial surveying application which is used in practice for earthworks quantity estimations. Although robotic total stations or tacheometers can be used for more accurate results, but our purpose was to simulate realistic situation of earthworks survey in the field based on real environment applications, where tacheometers are rarely used for this kind of works. A set of ground control points was measured and determined using a GNSS receiver. The precision of the measurements and the measurement information of the markers are provided in Table 2. Horizontal measurements were taken in the European Petroleum Survey Group (EPSG) projection 3346—Lithuanian Coordinate System (LKS94) and vertical measurements in the Lithuanian State Elevation System (LAS07) used with Lithuanian Territorial Geoid Model (LIT15G). The coordinates are also given in the World Geodetic System 1984 format. In reality, there are usually many obstacles and moving traffic on site, making it impossible to place markers in the corners, edges, and in the middle of the area, as recommended by the manufacturers. For those reasons, the markers were arranged randomly to analyze different layout configurations.




2.1.2. RTK Based Approach


Real-time kinematic processes on drone recorded GPS information and geotags images as they are captured during the flight. The GPS location is recorded for the center of the image. However, on-UAV GPS units are not very accurate. They can have deviations on average of 3–9 m from the actual X, Y, Z location of a feature in the real environment. With RTK, the position of the UAV relative to the base is determined accurately due to a passive base station on the ground that sends raw GPS data to the UAV. On-board GPS then collects this information to correct the position. RTK UAV has to keep a connection with the base station the entire time of data gathering. While this method is highly efficient, the loss of signal when turning, likely due to antenna orientation, can make some data unreliable. These risks can be mitigated by ensuring a stable radio link to receive base station data, which is processed during the flight.



In this study, when flying RTK at an altitude of 74 m, the RTK signal was lost and the data became unreliable, so it was exempted from further post-processing. Nevertheless, the flight in a 100 m height was suitable for further analysis and comparison to the rest of the surveys. Retaking the 74 m height flight data was not possible due to the changes in the testing site. As a base station, the radio controller with LitPOS network RTK service was used. The network of permanent reference GNSS stations provides data for both real-time and post-processing applications, where GNSS satellite error signals are calculated and eliminated in real time. This technology is based on the fact, that GNSS reference stations are installed at points on the ground, the coordinates of which are known exactly in the required coordinate system. The measurement data of reference stations is summarized, systematized, and GNSS corrections are broadcasted via telemetry communication channels. LitPOS stations cover the whole territory of Lithuania with total number of 26 LitPOS GNSS stations.




2.1.3. PPK Based Approach


In traditional drone surveying workflow, a sufficient number of known points is needed to verify and pin UAV imagery to the ground, because its position in the sky is not accurately geotagged and the accuracy is ensured by means of the ground control points. With PPK, the UAV geotags X, Y, Z coordinates to each image based on on-board GPS unit and at the same time a base on the ground is also recording positional information with more accurate triangulation (Figure 6).



DJI Phantom 4 RTK drone was used with turned off RTK function, and with 5 AeroPoints additionally used as base stations for GPS data recording. The timestamps were given for each image, captured during the flight when a camera shutter was triggered. After the flight, both sets of GPS data were matched up using timestamps, post-processed to recreate the precise flight path, and on-board GPS data was overwritten, giving precise geotags for the imagery. We conducted a 1 known point method, which means that we set up one AeroPoint as a GCP with known coordinates for the whole area and other 4 markers were used as check points for additional accuracy assessment (Figure 7a). To make GPS signal clear, the AeroPoints were placed on flat surface in an open area of 15° without obstacles from the ground around the base stations. Before flying the drone, the AeroPoints were in place for about 15 min and were collected after 45 min from the time when they were placed. With AeroPoints 1.0 the UAV has to be continuously in the air for at least 10 min before returning after mission. The two datasets consisted of 3 flights which were over 10 min each. Flights’ information is provided in Table 3 and Table 4 and Figure 8a,b. To compare the efficiency of data acquisition using ground-level survey and UAV-based approaches other than preparation time, data collection from approximately 15 square meters using a GNSS receiver took 1 min, while 24,000 and 9730 square meters of data were obtained during the same time using UAV-based approaches. Additional smaller-scale PPK flight was performed with 1 GCP and 4 check points under winter conditions to observe the influence of weather conditions on the accuracy results (Figure 7b).





2.2. Data Processing


In this research different methodologies and modern software tools were used to process and analyze the data. For processing the data based on Trimble GNSS receiver measurements Autodesk Civil 3D 2021 software was used. All gathered data was imported into the software and Triangulated Irregular Network (TIN) surfaces were created and analyzed with Volume Dashboard tool. This method is still widely used in the construction industry for earth quantities surveys. The obtained results were further imported to Descartes and Trimble Stratus platforms for comparison with the PPK based method. Visualization is provided in Figure 9a,b.



Trimble stratus works together with Propeller which is a cloud-based data visualization and analytics platform. To upload images, PPK data and configure settings were relatively simple. We used five AeroPoints 1.0 for GPS data recording. For data processing in PPK methodology one known point method was used, which means that X, Y, Z coordinates were provided manually for only one control point. After data upload, the two sets from the UAV and AeroPoints were matched up using the image stamps, and GPS data then was corrected, advanced algorithms processed the data and analyzed its quality. Our known point set as the control point was number 4. The remaining 10 points were used as check points for assessing the accuracy. The quantities of stockpiles were calculated by creating the measurements from the boundaries imported from Civil 3D survey, as well some random cross-sections were analyzed comparing conventional survey design to obtained reality mesh, which is shown in Figure 10.



In selected cross-sections it is visible that the differences between two reality meshes obtained from 74 and 100 m were about 0.04–0.08 m in some parts. Compared to the survey design imported from Civil 3D, the differences in some parts of the cross-sections were as high as 0.26–0.89 m. This is because manual measurements were taken every meter or several meters.



Ground control-based UAV survey datasets were processed in desktop software Bentley ContextCapture 10.17.00.39 and analyzed in Bentley Descartes 10.07.00.15. Processing was done in three configurations of GCPs which are shown in Figure 11a–c with default setting of triangulation and reconstruction. The software itself has more capabilities but processing and analysis requires much more knowledge and experience compared to Trimble Stratus Propeller platform. RTK survey data was processed and analyzed in the same Bentley software tools. As GCPs-based method requires a sufficient number of control points, three configurations of 5, 6 and 8 GCPs were set, leaving the rest of the points for the accuracy assessment. The optimal number of GCPs in this study case was 6, as 5 and 8 GCPs configurations gave abnormal values comparing to ground-level survey. For this reason, the starting number of GCPs using RTK technique was 5 and in the second configuration the number was reduced to 3 GCPs. (Figure 12a,b). The software does not allow to select less than 3 GCPs but data can be processed using metadata only.



The accuracy of control points was evaluated by performing manual measurements from the surface of reality mesh (Tables S1–S6 in the Supplementary Materials illustrate the coordinates of the control points obtained from the reality mesh). The example is provided in Figure 13, where the centers of the images show X and Y coordinates acquired on site with GNSS receiver. The software processing reports in many cases provide different results from what can be measured manually using cursor in desktop application. From the practical point of view the accuracy of points was assessed by using cursor. Considering the resolution of images, X and Y values may have not been estimated with high precision, therefore the main focus of accuracy assessment was intended on volume and Z values analysis. To measure Z values, the same manual method by using cursor as mentioned before was used. Not depending on the images’ resolution, for height measurements this type of evaluation was reliable.



Some of the stockpiles had vegetation in some places that photogrammetry cannot handle with high enough precision. To mitigate the inaccuracies related to this, an average height was measured from both ends of the surface without vegetation. Therefore, vegetation was disregarded in further calculations of stockpile volumes.





3. Results and Discussion


The results of the study are presented in the following way: Section 3.1. looks in stockpiles volume estimation and comparison, Section 3.2. analyzes the results of ground control points and check points, focusing on Z values. In Section 3.3. the main limitations of UAV-based photogrammetric methods are described.



Recent study analyzed the accuracy assessment by using different configurations of GCPs and camera settings and compared different software packages and processing schemes [23]. The study based on variation of 72 GCPs was conducted in 17.64 ha area [24]. GNSS and UAV-based photogrammetry results [48], analysis of quality assessment of UAV flights with RKT positioning [49], research of coastal mapping using DJI Phantom 4RTK in PPK mode [37] were presented in recent years. Evaluation of software accuracy, advantages and disadvantages were outside the scope of this study, the software was selected modern, in PPK case adapted to the particular method. There are several studies of software comparison of the most popular SfM tools: Bentley ContextCapture, Agisoft Metashape, Reality Capture, Pix4D, and others, presented in the scientific field [23,50,51].



3.1. Volume Estimation Analysis


A total of 16 individual stockpiles containing more than 10,000 cubic meters of earth were assessed for quantity, efficiency, and accuracy. Firstly, the ground-level survey was conducted with Trimble GNSS receiver and processed in Civil 3D software. Then the data was captured using three different UAV-based photogrammetric approaches. GCPs-based and RTK data from UAVs was processed using ContextCapture and analyzed in Descartes. PPK data was processed using Trimble Stratus powered by Propeller platform. The results from Civil 3D were imported into photogrammetric reality mesh models for comparisons. Exactly the same measurements’ boundaries were used in all cases (Figures S1–S3 in the Supplementary Materials show the examples of the boundaries used for stockpiles volume comparison). Ground-level survey data consisted of 1108 points and of 5549.55 square meters of surface, and it took about one day to measure. Meanwhile, it took 37 min to fly at 74 m and 17 min when flew at 100 m to get data with millions of points, and they covered an entire area of 36 ha. Processing time was approximately from 4 to 10 h, regardless of which method was used. Bentley applications required more time and specific knowledge, but the visual output is much better with more scope for further analysis. GCPs workflow demands about 10 times more work on the site each time, placing the GCPs in the right positions and surveying them compared to RTK or PPK methods.



The quantities of stockpiles are reported in Table 5. The highest amounts were obtained using a ground-level survey with a GNSS receiver. It is almost impossible to calculate the exact amount of the earth, but the inaccuracies are visible in the random cross-sections demonstrated in Section 2.2. The results of 16 stockpiles are provided in Figure 14.



In some parts, the vegetation on stockpiles posed difficulties to make precise measurements from the defined boundaries. Therefore, additional estimations of five stockpiles were performed, with no obstructions, and the results obtained were included alongside the RTK survey results for comparison. The difference of volume calculation between the conventional and the UAV-based surveys was 1.96–4.67% and comparing between the UAV surveys—0.22 to 2.76%, and higher accuracy (1.08–2.12%) was obtained acquiring images from 74 m height, which influenced the time of flight to last up to 54% longer and the amount of data to be captured 55% larger, compared to the 100 m flights. The quantities are provided in Table 6. The smallest difference of 3.43% was obtained with PPK 74 m survey compared to the conventional approach. Visual results are shown in Figure 15 and Figure 16.




3.2. GCPs and Check Points Analysis


The accuracy of the analyzed methods was evaluated by assessing the differences between the ground-surveyed markers and control points measured in photogrammetric models. Modern software, most adapted by the survey method was used, and the specificity of each software was not analyzed in detail. The deviation results were expressed in root mean square error (RMSE) values. As in real-life situations it is often not possible to place control points by using the correct scheme due to obstacles or moving traffic, some markers were placed on the edges of the surveyed area. The reason behind this placement was to analyze how each technique can cope with such irregularities of control point placement. PPK approach using Propeller AeroPoint markers as GPS recording base stations, was capable to use a one known point method. Primary results presented in Table 7 show that GCPs-based surveys with five and eight GCPs configurations were obtained with abnormal values and were therefore rejected from further investigation. Abnormal Z values may have occurred for several reasons. One of them may be that five GCPs were not sufficient for an area of 36 ha when using GCPs-based approach. Depending on image resolution, the recommended ground control points to be spaced about 20,000 pixels from each other, which means that in our cases the distance between GCPs should be about 400 m when flying at 74 m, and about 550 m when flying at 100 m. However, the distances were less or about 400 m. The reason for abnormal values could be insufficient number of GCPs. Inaccuracies in eight GCPs configuration could have occur because of a measurement mistake when determining the markers. If one of the measurements was not very precise, then more ground control points may give a negative result because the whole model can be deviated or turned. Additionally, in most cases, a checkpoint number 8 was obtained with an abnormal value. This happened because a checkpoint was at the edge of the mapping area and the accuracy was lost. This checkpoint was eliminated, and the results are shown in Table 8. Further, GCPs and CHPs were separated for inaccuracy analysis; five and eight GCPs configurations were dismissed from further analysis (Table 9). A table illustrating the GCPs and CHPs RMSE values for eleven points is provided in the Supplementary Materials (Table S7).



From the tables above, it can be seen that the PPK method shows reliable results with a total deviation, also separated from GCPs and CHPs. The accuracy of point number eight was not significantly affected either. The optimal configuration of GCPs-based survey in our case was with six GCPs and five check points. For further analysis, PPK and six GCPs-based datasets obtained at 74 and 100 m, were evaluated. The results of these four datasets are shown in Figure 17.



In this analysis, the main focus was on the accuracy of the vertical datums. Using both survey methods, the datasets have a higher accuracy at GSD of 2.03 px/cm compared to 2.74 px/cm. The effect of deviation according to GSD was significantly higher among GCPs-based datasets compared to the PPK method. In addition, a smaller-scale dataset with three and five GCPs configurations, obtained from 100 m height with the RTK function enabled, where seven control points were used. The results were promising (Table 10), but again, one check point at the edge of the survey area was used, which was later rejected due to the abnormal value obtained (Table 11).



A 100-m-height PPK survey was additionally performed with five control points under winter conditions for the observation of the influence of weathering. In this case only one ground control point was used for processing. Additional visual results of the smaller-scale RTK and PPK study are presented in Figure 18. GCPs and CHPs separated RMSE values presented in Table 12 and Figure 19.



Summarized vertical datums results between all methods provided in Figure 20. The best accuracy in our case was obtained using UAV-based photogrammetric survey with RTK enabled three and five GCPs configurations, but when the GCPs and CHPs were separated the difference between the configurations was significant. With PPK and GCPs-based surveys similar accuracy of vertical datums was achieved. It should be emphasized that to achieve that accuracy with GCPs-based survey method we were forced to dismiss five GCPs configuration dataset because it contained abnormal values of check points and eight GCPs configuration dataset as the results were inaccurate, and additionally to remove one control point which was at the edge of the survey area. It should also be noted that UAV-based RTK surveys were not accomplished fully as planned because the RTK signal was lost during the survey. In this study the results from PPK survey were proven to be the most reliable and performance efficient with reasonable and stable accuracy. The difference between PPK general Z accuracy and check points accuracy in all cases was insignificant. Only one known point method was used, and it coped well with the point at the edge of the survey area while other methods had issues. By removing the point out of the dataset, the results were very slightly affected.



In Figure 21 we presented the comparison of vertical datums comparison of each point separately without elimination of the extreme points (Tables S8–S11 in the Supplementary Materials provide a detailed analysis). The extreme points were considered number 10 in the RTK dataset and number eight in all other datasets. There was one extreme point with abnormal value from one of two datasets or configurations in the surveys for each method. Six GCPs configuration dataset demonstrated the highest deviation of the particular point. RTK dataset showed the best result of the extreme point accuracy when it was processed using the three GCPs configuration but the abnormal result was obtained with five GCPs configuration, which affected a high contrast between those two cases. Due to this contrast, it can be argued that the results at this point may be not very stable. In PPK approach the discussed point obtained most reliable results. Although in one of the cases the point was deviated at 0.073 m, it nevertheless demonstrated the highest accuracy comparing to other abnormal endpoint values, and the contrast between to datasets was insignificant.



In our case, comparing the volume results and cross-sections of stockpiles, it can be stated that conventional measurements with a GNSS receiver were less accurate than measurements using UAV-based photogrammetric techniques. This is because manual measurements result in much fewer points. The 100 m flight took 54% less time and acquired 55% less data compared to 74 m flight. With photogrammetric measurements of more than 10,000 cubic meters of earth, the GSD affected the results by 1.08 to 2.12%, depending on the method. PPK and RTK methods showed the best efficiency because only one or few control points were needed, but RTK also showed a limitation due to in-flight loss of RTK signal.



Further research activities can be considered in several directions. Currently more advanced Propeller AeroPoints 2.0 showed up in the industry. Their accuracy has not yet been tested. A similar accuracy assessment could be performed on a real, busy construction site. Another area of research could be how one or more inaccurate measurements of ground control points can affect the digital model accuracy in various software packages.




3.3. Limitations


Using GCPs-based method, the calculation is made that the images are stitched together incorporating the data from the ground control points. Camera positions are calculated first, which can be a source of inaccuracy. This method can be not so accurate between the points, the bigger the distance between the GCPs, the bigger inaccuracy. To avoid inaccuracies in GCPs-based method it is important to place a sufficient amount ground control points by using a correct placement scheme. Depending on image resolution, the recommended ground control points to be spaced about 20,000 pixels from each other. RTK calculation goes through the camera positions and is corrected in real time, but when there are gaps in signal, either the correction signal or GNSS, it will have error and there is no way to correct it afterwards. The blocking of the signal happens all the time, for example trees, buildings, etc. Signal loss creates unreliability. When using PPK workflow, the images are not geotagged right away with the correction. The correction is calculated after there is available real satellite geometry, that means that all gaps or errors in satellite geometry will be corrected, and when there are gaps in signals, they can be filled afterwards by PPK calculations. In this way we get more accurate geotags in the images. In PPK method with AeroPoints all errors are documented. Another reason for PPK method reliability is that AeroPoints are used as GCPs, so the point tunning after the geotags does not correct the point tunning of the absolute position. XYZ position for ground surface is corrected by using the known point. That makes it more reliable. All errors in camera angle, and in drone itself measuring the angle and lens will be calibrated this way. Other limitation when using PPK method with AeroPoints 1.0 is that a UAV has to be at least 10 min in the mission mode in the air. If a very short flight has to be performed it is recommended to pause the flight and hover in the air for a total flight time of 10 min. AeroPoints 1.0 have to be placed on the ground in order to collect enough GPS data for at least 45 min which is another limitation for short flights and can reduce an efficiency. General in photogrammetry the high contrast shadows of tall trees or buildings can have a significant effect on accuracy, especially when using linear flights, the ground has time rotate, so high-contrast shadows shift slightly to another position in overlapping images, which can lead to an irregular surface in the final result.





4. Conclusions


A 36 ha quarry was surveyed by two separate DJI Phantom 4 RTKs and one DJI Phantom 4 Pro UAV. Three different UAV-based photogrammetry methods were compared and described: PPK, RTK, and GCPs-based. Sixteen stockpiles with a volume of more than ten thousand cubic meters were measured using a conventional method with Trimble SPS985 GNSS receiver for comparison with UAV-based survey techniques. A set of ground control points was measured and used to evaluate the accuracy of the reality mesh model. Survey datasets were processed and analyzed using modern desktop software tools and cloud platform: ContextCapture, Descartes, Trimble Stratus powered by Propeller. In addition, the innovative use of PPK technology used in conjunction with Propeller markers used as GPS data recording base stations and used with one known point method has been analyzed and described.



The difference between the photogrammetrically obtained stockpiles volume was compared between the conventional GNSS approach and between different UAV-based calculation results. In all cases, the volume was lower compared to a survey conducted manually using a GNSS receiver. Residuals between photogrammetrically obtained reality mesh coordinates were compared and analyzed with field-determined markers. The results of the PPK and RTK approaches were good depending on the GSD value. The accuracy of the model obtained by the GCPs-based method was significantly influenced by the number of control points. Using all methods, some anomalous residuals were obtained at the edge of the mapping area, but the most significant deviation was found using the GCPs-based approach.
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Figure 1. The view of the site—reality mesh model post-processed with ContextCapture tool. 
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Figure 2. Site scheme and equipment: (a) area boundaries and markers with control points. The blue boundaries show the areas of conventional Global Navigation Satellite System (GNSS) surveys of stockpiles, (b) ordinary self-made marker and (c) Propeller AeroPoint 1.0 marker. 
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Figure 3. Methodology for Unmanned Aerial Vehicle (UAV)-based automated stockpile volumes calculation accuracy assessment: The coordinates obtained locally with Trimble GNSS receiver were compared with the known points of the digital model. The volumes of stockpiles were calculated and compared between all datasets. 






Figure 3. Methodology for Unmanned Aerial Vehicle (UAV)-based automated stockpile volumes calculation accuracy assessment: The coordinates obtained locally with Trimble GNSS receiver were compared with the known points of the digital model. The volumes of stockpiles were calculated and compared between all datasets.



[image: Ijgi 10 00399 g003]







[image: Ijgi 10 00399 g004 550] 





Figure 4. Flight schemes: (a) flight 74 m above the ground, (b) flight 100 m above the ground. 
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Figure 5. Data acquired with Trimble GNSS receiver. Marked positions of three random cross-sections. 
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Figure 6. A conceptual scheme of UAV and a base record Global Positioning System (GPS) information. 
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Figure 7. Post-Processing Kinematic (PPK) survey control points configurations in a test site: (a) 1 known point + 10 check points (CHPs), (b) 1 known point + 4 CHPs. 
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Figure 8. Timelines of flights and GPS data acquisition with AeroPoints: (a) 74 m flights and (b) 100 m flight. 
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Figure 9. Visualization of Triangulated Irregular Network (TIN) surfaces imported to Trimble Stratus under different conditions: (a) reality mesh, (b) reality mesh with TIN surfaces. 
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Figure 10. Cross-sections of the three selected cross sections obtained through PPK surveys and Civil 3D design. 
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Figure 11. Ground control points (GCPs)-based survey control points configurations in the testing site: (a) 8 GCP + 3 CHPs, (b) 6 GCPs + 5 CHPs, (c) 5 GCPs + 6 CHPs. 
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Figure 12. Real Time Kinematic (RTK) survey control points configurations in the testing site: (a) 5 GCP + 3 CHPs, (b) 3 GCPs + 5 CHPs. 
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Figure 13. Example of X and Y measurements in the reality mesh model. The centers across the images show GNSS receiver coordinates acquired on site—in the Trimble Stratus platform: (a) point no. 4, (b) point no. 5, (c) point no. 6; in Bentley Descartes application with mesh transparency set to 50%: (d) point no. 2, (e) point no. 4, (f) point no. 9. 
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Figure 14. Total volume comparison of 16 stockpiles. 
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Figure 15. Volume comparison of 5 stockpiles. 
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Figure 16. Visual volume comparison of 5 stockpiles. 
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Figure 17. GCPs and CHPs root mean square error (RMSE) values of PPK and 6 GCPs-based GPS datasets. 
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Figure 18. RTK and PPK surveys results (smaller scale). 
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Figure 19. PPK and RTK surveys GCPs and CHPs RMSE results. 
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Figure 20. Summary of vertical datums results between all analyzed methods. 
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Figure 21. Vertical control points analysis: (a) 6 GCPs-based GPS datasets, (b) 1 known point PPK datasets, (c) 3 and 6 GCPs-based RTK dataset, and (d) vertical datum comparison of PPK and 6 GCPs-based GPS datasets. 
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Table 1. Summary of stockpiles quantities acquired by means of conventional method.
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	Name
	2d Area (Sq. m)
	Net (Cu. m)





	Pile 1
	87.66
	91.95



	Pile 2
	790.59
	1407.86



	Pile 3
	427.14
	832.19



	Pile 4
	1107.03
	3046.91



	Pile 5
	390.47
	623.28



	Pile 6
	316.83
	475.5



	Pile 7
	55.60
	48.22



	Pile 8
	102.60
	115.7



	Pile 9
	177.34
	242.96



	Pile 10
	53.27
	36.21



	Pile 11
	160.91
	255.4



	Pile 12
	184.48
	228.59



	Pile 13
	217.71
	255.57



	Pile 14
	166.90
	175.31



	Pile 15
	493.98
	1185.39



	Pile 16
	817.04
	1511.13



	Total
	5549.55
	10,532.18
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Table 2. Control points measurement information. Device—Trimble SPS985. Precision type—Real Time Kinematic (RTK) Fixed.
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	CP No
	Northing, (Meters)
	Easting, (Meters)
	Elevation, (Meters)
	H. Precision (Meters)
	V. Precision (Meters)
	HA/Lat (Deg.Min.Sec.)
	VA/Long (Deg.Min.Sec.)
	SD/WGSHt (Meters)





	1
	6,050,236.702
	556,234.258
	162.661
	0.008
	0.013
	54.35.0814518
	24.52.1194348
	187.901



	2
	6,050,043.436
	555,982.149
	159.556
	0.008
	0.013
	54.35.0199501
	24.51.5777158
	184.801



	3
	6,049,904.339
	555,953.424
	159.463
	0.008
	0.014
	54.34.5750764
	24.51.5607667
	184.71



	4
	6,050,013.152
	556,105.802
	157.799
	0.009
	0.015
	54.35.0096623
	24.52.0463640
	183.043



	5
	6,049,966.717
	556,230.278
	156.111
	0.009
	0.016
	54.34.5941459
	24.52.1153583
	181.355



	6
	6,049,781.284
	556,206.66
	155.857
	0.01
	0.018
	54.34.5342656
	24.52.1009295
	181.104



	7
	6,049,821.187
	556,140.183
	152.67
	0.01
	0.018
	54.34.5474372
	24.52.0641886
	177.917



	8
	6,049,656.291
	556,080.627
	157.837
	0.01
	0.017
	54.34.4943427
	24.52.0298929
	183.087



	9
	6,049,755.716
	556,125.198
	157.208
	0.011
	0.016
	54.34.5263218
	24.52.0553941
	182.456



	10
	6,049,807.246
	556,330.669
	158.154
	0.01
	0.014
	54.34.5421658
	24.52.1701592
	183.399



	11
	6,049,985.528
	556,330.097
	155.408
	0.01
	0.015
	54.34.5998302
	24.52.1710714
	180.651
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Table 3. 74 m flight Post-Processing Kinematic (PPK) image tags.
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	Flight
	Start
	End
	Images
	Flight Duration
	GPS Quality





	Flight 1
	9 July 2020, 12:29 PM
	9 July 2020, 12:48 PM
	450
	19 min
	100.00%



	Flight 2
	9 July 2020, 12:51 PM
	9 July 2020, 1:09 PM
	433
	18 min
	100.00%
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Table 4. 100 m flight PPK image tags.
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	Flight
	Start
	End
	Images
	Flight Duration
	GPS Quality





	Flight 1
	9 July 2020, 1:19 PM
	9 July 2020, 1:36 PM
	392
	17 min
	100.00%
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Table 5. 16 stockpiles volume calculations results.






Table 5. 16 stockpiles volume calculations results.





	
Stockpile Number

	
Stockpile Volumes in Cubic Meters Obtained through Each Method




	
GNSS Receiver

	
PPK

	
6 GCPs-Based




	
Ground Level

	
74 m Height

	
100 m Height

	
74 m Height

	
100 m Height






	
1

	
91.95

	
96.95

	
94.57

	
95.09

	
94.95




	
2

	
1407.86

	
1285

	
1254

	
1280.17

	
1273.18




	
3

	
832.19

	
791

	
775

	
797.65

	
791.79




	
4

	
3046.91

	
3210

	
3187

	
3119.22

	
3003.53




	
5

	
623.28

	
598

	
582

	
650.09

	
639.56




	
6

	
475.5

	
421

	
413

	
430.66

	
411.46




	
7

	
48.22

	
51.65

	
49.17

	
50.8

	
49.1




	
8

	
115.73

	
117

	
114

	
114.65

	
114.44




	
9

	
242.96

	
239

	
236

	
236.13

	
229




	
10

	
36.21

	
35.15

	
32.82

	
36.35

	
36




	
11

	
255.4

	
236

	
230

	
226.56

	
223.05




	
12

	
228.59

	
210

	
194

	
219.38

	
219.19




	
13

	
255.57

	
266

	
266

	
267.28

	
253.86




	
14

	
175.31

	
157

	
153

	
161.34

	
154.25




	
15

	
1185.39

	
1101

	
1094

	
1060.42

	
1053.92




	
16

	
1511.13

	
1511

	
1499

	
1512.46

	
1492.87
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Table 6. Comparison on 5 selected stockpiles volume calculations.






Table 6. Comparison on 5 selected stockpiles volume calculations.





	
Stockpile Number

	
GNSS Receiver

	
PPK

	
6 GCPs-Based

	
RTK




	
Ground Level

	
74 m Height

	
100 m Height

	
74 m Height

	
100 m Height

	
100 m Height






	
3

	
832.19

	
791

	
775

	
797.65

	
791.79

	
800.72




	
9

	
242.96

	
239

	
236

	
236.13

	
229

	
237.29




	
10

	
36.21

	
35.15

	
32.82

	
36.35

	
36

	
35.31




	
15

	
1185.39

	
1101

	
1094

	
1060.42

	
1053.92

	
1068.88




	
16

	
1511.13

	
1511

	
1499

	
1512.46

	
1492.87

	
1526.81
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Table 7. Root mean square error (RMSE) values for 11 ground check points.






Table 7. Root mean square error (RMSE) values for 11 ground check points.





	Method
	X (m)
	Y (m)
	Z (m)





	1 known point PPK 74 m
	0.023
	0.028
	0.026



	1 known point PPK 100 m
	0.026
	0.024
	0.038



	6 GCPs-based GPS 74 m
	0.018
	0.020
	0.050



	6 GCPs-based GPS 100 m
	0.015
	0.014
	0.030



	5 GCPs-based GPS 74 m
	0.017
	0.017
	0.434



	5 GCPs-based GPS 100 m
	0.026
	0.011
	0.256



	8 GCPs-based GPS 74 m
	0.010
	0.010
	0.047



	8 GCPs-based GPS 100 m
	0.010
	0.009
	0.021
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Table 8. RMSE values for 10 points (with point number 8 eliminated).






Table 8. RMSE values for 10 points (with point number 8 eliminated).





	Method
	X (m)
	Y (m)
	Z (m)





	1 known point PPK 74 m
	0.023
	0.029
	0.026



	1 known point PPK 100 m
	0.027
	0.020
	0.033



	6 GCPs-based GPS 74 m
	0.018
	0.012
	0.020



	6 GCPs-based GPS 100 m
	0.015
	0.014
	0.026



	5 GCPs-based GPS 74 m
	0.007
	0.018
	0.297



	5 GCPs-based GPS 100 m
	0.026
	0.012
	0.222



	8 GCPs-based GPS 74 m
	0.011
	0.009
	0.049



	8 GCPs-based GPS 100 m
	0.010
	0.005
	0.021
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Table 9. Ground control points (GCPs) and check points (CHPs) RMSE values for 10 points (with Point number 8 eliminated).






Table 9. Ground control points (GCPs) and check points (CHPs) RMSE values for 10 points (with Point number 8 eliminated).





	
Method

	
Ground Control Points

	
Check Points




	
X (m)

	
Y (m)

	
Z (m)

	
X (m)

	
Y (m)

	
Z (m)






	
1 known point PPK 74 m

	
0.013

	
0.016

	
0.000

	
0.024

	
0.030

	
0.028




	
1 known point PPK 100 m

	
0.019

	
0.002

	
0.037

	
0.028

	
0.021

	
0.032




	
6 GCPs-based GPS 74 m

	
0.004

	
0.009

	
0.018

	
0.028

	
0.016

	
0.022




	
6 GCPs-based GPS 100 m

	
0.001

	
0.007

	
0.012

	
0.023

	
0.021

	
0.039




	
5 GCPs-based GPS 74 m

	
0.008

	
0.018

	
0.237

	
0.007

	
0.018

	
0.347




	
5 GCPs-based GPS 100 m

	
0.004

	
0.003

	
0.022

	
0.037

	
0.016

	
0.313




	
8 GCPs-based GPS 74 m

	
0.005

	
0.008

	
0.016

	
0.018

	
0.014

	
0.085




	
8 GCPs-based GPS 100 m

	
0.007

	
0.009

	
0.023

	
0.016

	
0.008

	
0.014
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Table 10. RTK and PPK RMSE values.






Table 10. RTK and PPK RMSE values.





	Method
	X (m)
	Y (m)
	Z (m)





	3 GCPs-based RTK 100 m
	0.027
	0.013
	0.016



	5 GCPs-based RTK 100 m
	0.013
	0.020
	0.039



	1 known point PPK 100 m
	0.026
	0.009
	0.026
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Table 11. RTK and PPK RMSE values after removing one point.






Table 11. RTK and PPK RMSE values after removing one point.





	Method
	X (m)
	Y (m)
	Z (m)





	3 GCPs-based RTK 100 m
	0.014
	0.014
	0.017



	5 GCPs-based RTK 100 m
	0.013
	0.009
	0.017



	1 known point PPK 100 m
	0.026
	0.009
	0.026
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Table 12. PPK and RTK surveys GCPs and CHPs RMSE results.






Table 12. PPK and RTK surveys GCPs and CHPs RMSE results.





	
Method.

	
Ground Control Points

	
Check Points




	
X (m)

	
Y (m)

	
Z (m)

	
X (m)

	
Y (m)

	
Z (m)






	
3 GCPs-based RTK 100 m

	
0.008

	
0.012

	
0.010

	
0.018

	
0.015

	
0.021




	
5 GCPs-based RTK 100 m

	
0.006

	
0.009

	
0.019

	
0.023

	
0.008

	
0.009




	
1 known point PPK 100 m

	
0.013

	
0.014

	
0.013

	
0.029

	
0.007

	
0.028
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