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Abstract 
The creation of map works is one of the primary tasks of a surveyor. 
In contrast to conventional geodetic measurement methods, 
photogrammetric methods are often used in combination with RPAS 
(Remotely piloted aircraft systems). The result of aerial 
photogrammetric measurements is usually an orthophoto map and a 
digital elevation model (DEM). In this article, we focused on creating 
topographic map data from RPAS aerial photogrammetry in the built-
up area, where such maps are missing. Ground control points (GCP) 
are standard for georeferencing of photogrammetric measurements. 
In our approach, we verified the possibility of mapping completely 
without the surveyors entering the area of interest. The quality of 
georeferencing the model using RTK / PPK data without GCP was 
verified. At checkpoints (CP), average mean errors of 0.031 m in 
position and 0.112 m in height were achieved. A DEM, orthophoto 
map and point cloud were generated from the photogrammetric 
measurements, and surface maps were created from them. The map 
data obtained by the two vectorization procedures were compared 
using identical points. The difference in position reached the mean 
error value of 0.074m, resp. 0.042m compared to the cadastral map. 
The result of the whole data processing process are also various other 
forms of visualization of the obtained data, e.g. coloured point cloud, 
textured 3D mesh surface, terrain slope analysis, etc. 
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Introduction 

 
The digital terrain model (DTM) is the primary basis for evaluating the nature of georelief in natural and 

urbanized landscapes. Using software tools, including GIS, it is possible to draw conclusions using spatial analyses 
applicable in various technical and scientific areas of research (Bindzárová et al., 2020), (Jacko et al., 2021). The 
basis for DEM formation is a set of measured points defined by coordinates (Salach et al., 2018). The choice of 
surveying method corresponds to the requirements for the density of the model, its accuracy, the size of the 
surveyed area, the possibility of movement in it and other technical or specific characteristics (Kociuba, 2020), 
(Suo et al., 2020). Conventional geodetic, photogrammetric and lidar methods are mainly used to collect spatial 
data for DEM creation (Wang et al., 2020). The primary geodetic method is the spatial polar method using total 
stations (TS). It is a selective, most frequent contact method of surveying selected characteristic points with the 
need to move the surveyor in the locality of interest. Measurements using Global Navigation Satellite Systems 
(GNSS) can also be used in the open country. A common advantage of these methods can be high surveyed point 
accuracy and low input costs. Disadvantages are low achievable surveyed point density and low speed of 
fieldworks. Motorized total stations and terrestrial laser scanners (TLS) have become an increasingly common 
technology in recent years. We consider such data collection to be non-selective but using conventional 
measurement procedures. The advantage of TLS, in particular, is the high density of measured data. The 
disadvantage is the high acquisition costs (Erdélyi et al., 2018). TLS have been tested and are used in various 
research, especially in construction (Bariczová et al.), (Erdélyi et al. 2020), mining (Štroner et al., 2019), (Kovanič 
et al., 2020), (Saderova et al., 2020), (Sofranko et al., 2020), engineering and industry (Malowany et al., 2015), 
(Sofranko et al., 2014), (Wittenberger et al., 2015), in the underground mapping (Gallay et al., 2016), archaeology 
(Marín-Buzón et al. 2021), etc. The current application of lidar technology can be considered mobile laser scanning 
using, e.g. SLAM (Simultaneous Localization and Mapping) technology, which provides higher efficiency of 
measurement work while achieving acceptable measurement accuracy. 

Airborne laser scanning (ALS) is an active non-contact measurement method capable of highly detailed 
mapping of the earth's surface, even in conditions where other measurement methods are limited by its principle 
or physical characteristics. The obtained data create a relatively homogeneous point field with a point spacing of 
several dm to several meters with an accuracy of centimetres or decimetres. The level of accuracy depends on 
many factors (e.g., flight altitude, pitch angle, scanner parameters, inertial system, and GNSS accuracy) (Pelicani 
et al., 2019). The advantages of ALS are especially evident in cases where a rapid collection of topographic spatial 
data at a large scale site with high data density and accuracy is required (Siwiec, 2018), (Kovanič et al., 2021), 
(Bindzárová et al., 2021). The main advantage of ALS is the ability to reconstruct the terrain under the vegetation 
cover, which allows deriving more accurate DTM even in densely forested areas (Fernández et al., 2021). 
However, more frequent deployment of ALS is limited mainly by high input and operating costs. Photogrammetric 
methods of creating 3D models are probably the most widespread contactless spatial data collection. The reason 
is mainly the availability of digital cameras, progress in the development of software solutions and, last but not 
least, the development of remotely controlled aircraft systems (RPAS, UAS). The advantage is also the acquisition 
of 3D data with complete and homogenous coverage over the entire area. A priori accuracy can also be calculated 
with respect to the distance from the object, the size of the object, the parameters of the camera, the location and 
the amount of GCP, etc. Accuracy and quality are assessed by research (Yurtseven, 2019), (Urban et al., 2019). 

The application of photogrammetric methods is in various disciplines, e.g. construction (Janowski et al., 
2016), (Marčiš et al., 2017), (Bartoš et al., 2019), industry (Ajayi et al., 2021), (Kovanič et al., 2020), mining (Ren 
et al., 2019), ( Park et al., 2020), archaeology (Marín-Buzón et al. 2021), agriculture (Marín-Buzón et al. 2020), 
underground (Pukanská et al., 2020), in various environmental conditions (Burdziakowski et al., 2021). The 
advantages are, in particular, the short time required for measurement, the high density of measured points and the 
detail of the resulting model, low input and operating costs and high accuracy. From the point of view of camera 
position, we divide photogrammetry into terrestrial and aerial. Aerial photogrammetry uses piloted or more 
available unmanned aerial vehicles. The "Structure ‐ from ‐ Motion" (SfM) method is one of the most advanced 
methods of photogrammetric image processing. The SfM – Multi-View Stereo (MVS) method involves the 
simultaneous determination of the internal and external orientation of the camera and the 3D structure captured 
from the images. The main advantage of the SfM ‐ MVS method is the availability of its deployment in practice. 
It is characterized by low input and operating costs for hardware. Furthermore, photogrammetric procedures can 
be used to document a dynamic scene (Marčiš et al., 2021), (Kovanič et al., 2021). 

Ground Control Points (GCP) are used for georeferencing of photogrammetric data (Ren et al., 2020). Their 
coordinates are determined by geodetic methods. In the images, their position is marked manually or automatically 
during processing (Štroner et al., 2021). The second option is to use RTK / PPK camera positioning while imaging, 
where each image has assigned an exact position (Zeybek, 2021), (Štroner et al., 2021). GCPs are not necessary 
in this case (Štroner et al. 2020), (Žabota and Kobal 2021); however, the establishment of Check Points (CP) is 
recommended. By comparing their coordinates from geodetic measurements and determined on the model, we 
determine the true accuracy of the model and georeferencing. The authors addressed the classification of lidar and 
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photogrammetric data in works (Štroner et al., 2021), (Klápště et al., 2020), (Janowski et al., 2018), (Zeybek et al., 
2020), (Mielcarek et al., 2020). 

 
Material and Methods 

 
At present, even in mapped areas covered by DEM and digital maps, we often encounter the need to:  
- accurately locate phenomena,  
- operationally document current changes in the territory,  
- create current orthophotos,  
- create an up-to-date thematic map, topographic map,  
- identify changes in the locality of interest in the recent period.  
 
For these types of tasks, it is most effective to use methods that offer fast, accurate and efficient data 

collection. By processing them, we obtain complex outputs - derivatives (DSM, DEM, DEM analysis, orthophoto 
maps, digital maps, etc.), usable for multiple 
purposes. Our research aimed to test the 
accuracy and quality of DSM and purpose 
maps obtained from photogrammetric data 
using RTK / PPK RPAS equipment. For these 
purposes, a location was selected where it is 
necessary to create an actual map to identify 
and locate new objects. The locality has 
undergone significant changes in the 
landscape in recent years. Although these 
changes were not documented, the current 
topographic and cadastral maps were missing. 
When collecting and processing data, we 
followed the typical procedures for 
processing photogrammetric data - Fig. 1.  

 
 

 

The Object of Research - Study Area  

 
A locality on the outskirts of a village in Eastern Slovakia was selected to implement our research (Fig. 2). In 

the mapped area, there are mainly unauthorized and unregistered buildings in the available map works and 
documents, which need to be located - for maps creation. The area of interest is approximately 30,000 m2, and the 
maximum elevation reaches 25 m. There are about 30 unregistered and two registered buildings. They are shown 
in Figure 3. 

 

  
Fig. 2.  Area of interest  

 

Fig. 1.  Typical photogrammetry workflow 
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Fig. 3.  Position of objects in the area of interest 

 

 Surveying Equipment and Data Acquisition  

 
The image flight was performed by RPAS DJI Phantom 4 RTK (Fig. 4). It is a currently produced, affordable 

model with an RTK / PPK module with recording in the Exif metadata of each image. The FC6310R camera with 
a focal length of 8.8mm is equipped with a CMOS sensor size 13.2 x 8.8.mm. Other selected technical 
characteristics of RPAS are listed in Tab. 1.  

 

 
Table 1.  UAS DJI Phantom 4 RTK characteristics. 

Aircraft Camera 
Weight (with Battery and 

Propellers): 
1391 g 

Operating Environment 
Temperature: 

0–40 °C 

Max Ascent/Descent Speed: 6 m/s / 3 m/s Sensor: 1″ CMOS 
Max Flight Speed: 50 km/h Effective Pixels: 20 Megapixels 
Max. flight time: 30 min Image size: 4864 pixels × 3648 pixels (4:3) 

GNSS 

Single-frequency 
GPS+GLONASS+Galileo 

Multi-frequency 
L1/L2+L1/L2+E1/E5a 

Gimbal pitch −90 to + 30° 

Positioning accuracy 
Horizontal: 1cm +1ppm 
Vertical: 1.5cm +1ppm 

  

 

  
 

Fig. 4.  RPAS Phantom 4 RTK Fig. 5.  Localization of GCP/CP 

 

In the locality of interest, 3 GCPs/CPs were deployed. They were signalled by plastic circular targets attached 
to the terrain with central nails. They were stabilized temporarily - just for this research. GNSS measurement with 
RTK (real-time kinematic) method using a connection to the Slovak Real-time Positioning Service (SKPOS) was 
used to determine the coordinates of these GCPs/CPs. The Leica antenna GS07 with the CS20 controller was used. 
The antenna was placed on a standard pole with a rectified circular level. An additional stand supported centering 
during the measurement. Observation on every point was set for 3 minutes. It corresponds to an average of 900 
measurements. The maximum standard deviation of these points was assumed to be 20 mm in position and 40 mm 
in height. The configuration of GCPs/CPs is shown in Figure 5. They were used to connect terrestrial 
measurements to the standard reference system in the Slovak Republic — Datum of Uniform Trigonometric 
Cadastral Network (S-JTSK) and Baltic Vertical Datum — after adjustment (Bpv). The implementation of JTSK 
performed by the transformation key according to the departmental transformation service of the Slovak Republic 
(ZBGIS) was used. GSD (Ground Sampling Distance) was a priori estimated in preparation for the flight. 
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Regarding the planned flight altitude and camera parameters, its maximum value was derived at 25 mm. The flight 
was performed with a start at the highest point in the locality with a set height of 55 m, which represents the 
minimum height AGL (above ground level). For flight planning, the GS RTK application was used. A double-grid 
mission with a camera inclination of 55° was set. In the second flight with a single-grid configuration, vertical 
images were obtained. The longitudinal and transverse overlap was 80% on both imaging flights. RTK corrections 
were transmitted via the SKPOS service. In total, 347 images were captured. 

 
Results and discussion 

 

SfM data processing 

 
Photogrammetric processing was performed by 3D survey software ver. 2.13.1. using the SfM-MVS method. 

Bundle adjustment was performed with "high" value and bundle orientation based on telemetry data. All 347 
images were aligned. The average mean error of bundle adjustment is expressed in tab. 2. Transformation of 
telemetric coordinates of images was performed using the web interface of the departmental transformation service 
(RTS) of the Office of Geodesy, Cartography and Cadastre of the Slovak Republic (UGKK SR). Scaling and 
georeferencing were performed based on these data only. GNSS checkpoints were used to check and validate the 
accuracy and location of the model. Residual errors at the checkpoints are listed in Tab. 3. 

 
Table 2.  Results of bundle adjustment 

X error [m] Y error [m] XY error [m] Z error [m] Total error [m] Reprojection error [pix] 
0.033 0.075 0.082 0.014 0.083 1.08 

 
Table 3.  Residual errors on checkpoints 

Point ID 
Coordinates Errors [m] Number of 

projections X Y Z X Y Z 3D 
1 -250717.095 -1220535.067 502.891 -0.007 0.002 0.084 0.085 26 
2 -250744.770 -1220397.969 493.520 -0.027 -0.004 0.094 0.098 21 
3 -250815.346 -1220402.533 482.990 -0.059 -0.003 0.137 0.149 43 

 
After an orientation of the model, the reconstruction and generation of a dense point cloud with a "high" setting 
were performed. Altogether, approximately 105 million points were generated. The average GSD value of the 
whole point-cloud is at the level of 29 mm. After trimming the area of interest, we worked with 36 million points 
(Fig. 6). 
 

  
Fig. 6.  Generated point-cloud, vertical and 3D view 

 

Creation of vector map materials 

 
One of the main goals of our research was to create thematic 2D maps from the obtained photogrammetric 

data, which was later used to locate buildings and other objects. We used two approaches to generate map data:  
• Vectorization of the raster background in the form of an X-ray georeferenced tif file  
• Vectorization of horizontal sections of 3D point cloud  
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Vectorization of the raster background in the form of a georeferenced X-ray file 
The vectorization of the raster background in the form of a georeferenced X-ray file and the preparation of 

additional data was performed according to the following procedure: Using the "X-ray" tool of the 3Dsurvey 
software - a georeferenced raster file was obtained showing points corresponding to points on object edges. Due 
to the use of oblique images, which also capture the vertical structures of buildings, it was possible to 
comprehensively reconstruct this part of the buildings in the selected location (Fig. 6. Right). Figure 7 on the left 
is a general view, Figure 7 on the right is a detail. Vectorization of selected control structures was performed in a 
2D drawing file using Bentley Microstation software. Figure 8 shows selected control objects with assigned 
checkpoints.  

 

  
Fig. 7.  X-ray georeferenced raster, overall situation and detail 

 

  
 

Fig. 8.  Vectorization based on georeferenced X-ray raster and generation of checkpoints 

 

Vectorization of horizontal sections of 3D point cloud 
Using Bentley Microstation software, vectorization based on a section of the point-cloud was also performed. 

The attached 3D point-cloud was manually trimmed by unnecessary elements and objects using the Clip function 
to create sections of this cloud for individual objects. The sequence of these sections was forced by the different 
height levels of every object (Fig. 9).  
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Fig. 9.  Vectorization based on horizontal sections of 3D point-cloud and generation of checkpoints 

 

Quality and evaluation of results 

 
The standard deviation σ of the data file is the square root of the variance of the file and is, in general, 

calculated by the formula 

( ) ( )
=

−
−

=
n

i

i dd
n 1

2

1

1σ
      (1) 

where: n  is the number of observations, id
 is the data value, and d  is the mean. 

The values id represent the lengths of the vectors between the coordinates determined by the two 

vectorization methods, resp. between the vectorized data and the state according to the cadastral map. Determined 
by equation (2)  

22
xyd i ∆+∆=

      (2) 

 

By comparing the mutual results of the two vectorization methods, a standard deviation mvect 074,0=σ
was determined at 52 control points. Finally, the standard deviation mkat 042,0=σ  value was determined by 

comparing the vectorized points according to the available cadastral map data.  
 

 

Application of results in practice 

 
Photographs, surveying images, maps and spatial models have their irreplaceable position in applied research. 

In addition to the visualization of the studied phenomena, the constructed works can also provide spatial 
information. A significant source of spatial data are aerial images, survey images or orthophoto maps obtained and 
processed by remote sensing methods (LANDSAT, Quickbird, GeoEYE, IKONOS and aerial survey data). The 
main advantage of mapping in small and medium scales is their content or information density and the spatial 
localization of the phenomena they capture. The disadvantage lies in the relatively high cost of data and the 
discontinuity of surveying the area for current research needs (satellites orbit at intervals of several days or weeks). 
The use of such images in large-scale mapping may also be problematic, where they may not provide sufficient 
information density. In addition, if operational surveillance of a small area several times a year is required (e.g. 
environmental monitoring), the deployment of scanning aircraft or helicopters may be inefficient. For these 
reasons, it is advantageous to use unmanned aircraft systems (UAS), which represent a large group of unmanned 
aerial systems for spatial data collection (Sládek and Rusnák, 2013).  

 
Benefits of RPAS in Surveying: 

• Less Time consumption & cost-effective - RPAS topographic data collection is five times faster than the 
traditional land surveying methods. Human resources consumption is less using the PPK geotagging facility, 
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which means there is no need to place a lot of GCPs. While choosing this RPAS technology, the end product 
will be ready faster at a low cost. 

• High Precision and Accuracy - Traditional survey methods like total stations measure only one individual 
point at a time. RPAS collect thousands of points in a short time, and the points are represented in various 
data formats. Each pixel in the finally created orthophoto or point of the 3D model contains 3D real-world 
coordinates. 

• Low risk & Climate independent - RPAS surveys can be conducted anywhere, including unsafe steep 
slopes, dense forests, hilly & harsh terrains, suitable to different climatic conditions like cloud cover areas, 
and high busiest areas like metropolitan areas (Agiratech, 2021). 
 

 

The standard formats of  RPAS survey and products are: 

• Orthomosaic Maps - collected RPAS images are preprocessed (corrected, distorted, and mosaiced ) and then 
create high accurate ortho mosaic photos. Each pixel in the orthomosaic photos contains 2D geographical 
information (latitude and longitude). It is used to find precise horizontal measurements. Some of the 
orthomosaic file formats are TIFF, GeoTIFF, Jpg. (Fig. 10). 

• 3D Point Cloud - for the area and volumetric measurements, densified 3D point clouds are utilized. The 
densified point clouds are generated from preprocessed RPAS images. Each point in the cloud carries 3D 
geographic information (Latitude, Longitude, and Altitude). The file formats to store the 3D point cloud are 
.las, .laz, .xyz, Ascii. etc. (Fig. 11 and 12). 

• 3D Textured Mesh - edges, faces, vertices, and texture of the RPAS data are reproduced and then applied in 
a 3D textured mesh. It is widely used for visual inspection. Some file formats for storing 3D textured mesh 
are .pdf, .dxf, .obj, etc. 

• Digital Surface Models (DSM) - DSMs are created from the RPAS images. Each pixel holds 3D information 
(Latitude, Longitude, and altitude). Some file formats are GeoTIFF, .xyz, .las, .jpeg, etc. 

• Digital Terrain Model (DTM) - After removing objects in the field, such as building in the RPAS images, 
DTM can be created. File formats: GeoTIFF. (Fig. 13). 

• Contour Lines - contours can be generated from the DTM or DSM model generated from the RPAS images. 
It gives a clear representation of the surface in the vector data format. Some of the file formats such as .shp, 
.lyr, .dxf, .tab, .dwg (Agiratech, 2021) (Fig. 14). 

• Maps and sections – based on orthomosaic, Digital Terrain Model and 3D Point-Cloud created by manual, 
semi-automatic or automatic digitalization generated topographic maps, thematic maps, sketches and cross-
sections in formats .dgn, .dxf, .dwg, .shp, etc.  (Fig. 15). 
 

 
 

 
 

Fig. 10.  Orthophoto supplemented by vectorized drawing Fig. 11.  3D Point Cloud 
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Fig. 12.  Classified point-cloud for DTM Fig. 13.  DTM 

 

 
 

 
 

Fig. 14.  Vectorized drawing created based on DTM and 

supplemented by elevation expressed in contour lines. 

Fig. 15.  Thematic map – survey sketch 

 

 
Conclusions 

 
This article aimed to practically verify and present the possibilities of using RPAS RTK / PPK 

photogrammetry for the needs of:  
- mapping changes in the urban landscape and the location of objects and phenomena,  
- a creation of topographic maps, thematic maps and site plans,  
- a creation of digital landscape models and their derivatives.  
 
RPAS RTK / PPK photogrammetry gives better results than "classic" low-cost UAV photogrammetry without 

the need for GCP. RTK/ PPK approach eliminates the need for the surveyor to enter technically or physically 
inaccessible areas or on inaccessible areas or dangerous objects. Results of our research indicate that the average 
mean error of bundle adjustment is 0.083m. Residual georeferencing errors calculated on the check points are 
0.031 m in horizontal and 0.111 m in the vertical direction. We have achieved this accuracy without the use of 
GCP. In addition, to verify the accuracy of photogrammetric data collection using the RPAS RTK / PPK approach, 
we also tested and confirmed the usability of the point cloud, obtained by processing photogrammetric data to 
create topographic maps and thematic maps, including cadastral maps and plans. By vectorizing a raster image 
based on the X-ray georeferenced .tif file or by vectorizing sections of a 3D point cloud, it is possible to generate 
high-quality and accurate topographic and thematic maps. The value of standard deviation mvect 074,0=σ was 

determined at 52 control points. The accuracy of the control points achieved by us in the created map with the 
officially available data in the cadastral map shows a standard deviation mkat 042,0=σ , which is at the level of 

accuracy of GNSS measurements. From the presented research results, we can clearly state that the RPAS RTK / 
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PPK technology in conjunction with photogrammetry gives quality and accurate outputs even without using GCP, 
usable as an equivalent of conventional field geodetic data collection. 
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