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One of the challenges of aerial data acquisition for 
3D visualisation is the choice of flying platform, data 
processing and data quality. A point cloud created from 
photographs is characterised by a large amount of mea-
surement noise. This noise can be reduced to some extent 
during post-processing, but not eliminated entirely. The 
advantage of UAV (Unmanned Aerial Vehicle) technol-
ogy in the context of 3D model creation is: low cost of 
data acquisition and the equipment itself, the possibility 
of creating realistic textures and reaching places difficult 
to access e.g. roofs of buildings or higher floors of build-
ings. For Terrestrial Laser Scanning (TLS) measurements, 
a common limitation of the technology is the high cost 
of the equipment. In addition, the internal camera built 
in laser scanners can be sensitive to lighting changes and 
overexposure, which limits the creation of photorealistic 
textures for the reconstruction of cultural and historical 
monuments. However, a point cloud derived from TLS 
is less noisy and the accuracy of determining individual 
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Abstract. The 3D reconstruction of historical and cultural heritage monuments is a procedure recommended by the UN-
ESCO World Heritage Institution since 1985. It is crucial when conserving monuments and creating digital twins. Current 
3D reconstruction techniques using digital images and terrestrial laser scanning (TLS) data are considered as cost-effective 
and efficient methods for the production of high-quality digital 3D models. In the presented study, laser scanning and 
close-range photogrammetry techniques and images taken by a low-cost unmanned aerial vehicle (UAV) were applied to 
quickly and completely acquire the point cloud and texture of a historic church in Poland. The aim of this study was to 
evaluate two options for integrating TLS and UAV data, using ground control points (GCP) measured by two independent 
techniques: tachymetry and laser scanning. The study shows that the 3D model created based on ground control points 
acquired by the laser scanning technique has a mean square error RMSEXYZ = 2.5 cm on the check points. The result ob-
tained is not much larger than the second variant of data integration, for which RMSEXYZ = 1.7 cm. Thus, the TLS method 
was positively evaluated as a GCP measurement technique for the integration of UAV and TLS data and the creation of 
cartometric 3D models of religious buildings.

Keywords: TLS, UAV, close-range photogrammetry, data integration, digital twins, low-cost drone.

Introduction 

The maintenance of cultural heritage documentation and 
conservation resources is increasingly carried out using 
3D products. This is reflected in work related to conser-
vation, as-built documentation, reconstruction and the 
creation of digital museum exhibitions (Xu et  al., 2014; 
Mikoláš et al., 2014; Federman et al., 2018). Among the 
many data acquisition techniques in 3D space, we can dis-
tinguish methods based on digital images and laser scan-
ning (Hejmanowska et  al., 2017). Both techniques have 
advantages and disadvantages, while synthetically they 
allow one to achieve very good effects and accuracy in 
the process of creating inventory documentation of monu-
ments. According to (Liang et al., 2018), the integration of 
both techniques gives all the better results (compared to 
the situation where only one technique is used) when the 
object under study has a complex geometry or is difficult 
to measure with traditional methods. 

http://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-8678-6264
https://orcid.org/0000-0002-8678-6264)1*
https://orcid.org/0000-0002-6626-6202
https://orcid.org/0000-0002-6626-6202)2
https://orcid.org/0000-0002-0112-924X


Geodesy and Cartography, 2023, 49(2): 76–87 77

measurement points is higher than a point cloud created 
from photographs. Moreover, the advantage of laser scan-
ning over classical photogrammetry is the possibility to 
take several samples of surface types that are in the line 
of sight of the laser beam, until the impermeable surface 
prevents further penetration of the laser energy (Šašak 
et al., 2019). 

The presented data acquisition techniques complement 
each other and thus overcome the weaknesses of each of 
them. For this reason, in many works (Escarcena et  al., 
2011; Xu et al., 2014; Reiss et al., 2016), authors recom-
mend the integration of different sensors and techniques 
to create geometrically accurate and realistic 3D models. 

Current 3D reconstruction techniques using a digi-
tal image, according to (Escarcena et al., 2011; Xu et al., 
2014), are considered to be cost-effective and efficient 
methods for producing high-quality digital 3D models. 
Together with the development of image matching tech-
niques and algorithms, the modelling results are becoming 
more precise (Gradka et al., 2019). For spatially complex 
objects, they require digital images with high forward 
and side overlap. Using the SfM (structure from motion) 
method implemented in many photogrammetric software 
(e.g. Agisoft Metashape, Pix4D), it is possible to acquire 
the geometry of the reconstructed scene by processing 
multiple images simultaneously. Some of the steps are 
fully automated, which speeds up the process of creating 
a cartometric 3D model – especially when using converg-
ing images (Reiss et al., 2016).

UAV platforms equipped with an optical camera and 
GNSS systems (Global Navigation Satellite Systems), allow 
to solve many problems of close-range photogrammetry 
concerning, among others, determining approximations 
of external orientation elements of images or reaching 
places difficult to access (e.g. roofs of buildings) (Feder-
man et al., 2018). A weakness of TLS scanning is the in-
ability to acquire information about building roofs, which 
can be compensated by UAV technology (Xu et al., 2014; 
Bieda et  al., 2020). Moreover, UAV technology has re-
cently become an interesting complement to TLS, by gen-
erating point clouds with not much worse accuracy than 
TLS (Šašak et al., 2019). The large amount of information 
contained in digital images from UAVs allows not only 
to create cartometric products in the form of orthopho-
tos and 3D models, but also to help the economic sector 
make smarter decisions (Gbopa et al., 2021; Karabin et al., 
2021). 

In the presented study, TLS and UAV techniques were 
used to quickly and completely acquire the point cloud and 
texture of a historic church in Poland. The purpose of the 
study was to assess the impact of different ways of integrat-
ing UAV and TLS data on the quality of the resulting 3D 
model. The steps taken to achieve the objective were to per-
form a scan around the research object and to perform a 
photogrammetric flight with a UAV platform. Two variants 
of spatial data fusion were presented in this paper: a) us-
ing precisely measured photogrammetric reference points 
(ground control points) with a tachymeter and b)  using 

established photogrammetric reference points measured 
by laser scanning. Both methods differed in terms of ac-
curacy and labour consumption. The analysis of the two 
variants presented was to help optimise the process of in-
tegration of UAV and TLS data for future documentation 
of sacral objects and to answer the question if scanning of 
stabilised ground control points (chequerboard targets for 
UAV flights) allows to obtain comparable accuracy of 3D 
models as in the case of determining the coordinates of the 
geodetic network with a precise total station.

1. Literature review

3D reconstruction of historical heritage monuments is a 
procedure recommended by the UNESCO World Heritage 
Institution since 1985 (Xu et al., 2014). It is crucial during 
the preservation of monuments and the creation of digi-
tal twins. In this way, in the event of a disaster related to 
the damage or destruction of a monument, it is possible 
to partially or fully rebuild it for future generations. Fur-
thermore, the paper (Jo & Hong, 2019) highlights that the 
acquisition of full geospatial information is important for 
the systematic management, monitoring and response to 
possible deformations of a monument. Preventive meas-
ures in the form of creating full digital documentation 
of national heritage monuments are increasingly actively 
promoted worldwide (Mikoláš et  al., 2014; Reiss et  al., 
2016; Hejmanowska et al., 2017), which further highlights 
the importance of this issue. 

For 3D reconstruction and visualisation of cultural 
heritage objects, TLS systems are frequently used as a so-
lution. Laser scanning is one of the many methods cur-
rently used to perform a wide range of tasks related to, 
among others: inventory of urban spaces (Esmer et  al., 
2019), building and engineering objects, including objects 
of historical significance (Ramondino, 2011) and assess-
ment of their condition, including deformation studies 
(Chow, 2014; Lipiceki et al., 2017; Sztubecki et al., 2018). 
The TLS measurement method allows quick reconstruc-
tion of monument geometry with high accuracy of detail 
representation (Jo & Hong, 2019). TLS captures both spa-
tial point data and radiometric information in the form of 
point colour and reflection intensity. Based on fast meas-
urements of distance and horizontal and vertical angles, a 
point cloud is determined. It is a reprocessed representa-
tion of the object under study in the instrument’s local 
coordinate system. The huge amount of captured data, up 
to several hundred thousand points measured per second, 
allows the generation of very detailed and reliable surface 
models. On the other hand, such a huge data set may pose 
a problem in post-processing, which results in filtering 
and often removal of data fragments at the post-process-
ing stage (Escarcena et al., 2011; Róg & Rzonca, 2021). 

Many cartometric products are now created using 
photogrammetric methods and images acquired from air-
craft or UAVs (Cienciała, 2018; Gradka et al., 2019; Gbopa 
et al., 2021). Aerial images have a great potential for in-
formation, and the possibility of obtaining information in 
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areas difficult to access remotely supports their increas-
ing use (Mikrut et  al., 2013; Karabin et  al., 2021). The 
photogrammetric documentation performed allows for a 
complete assessment of the condition of the studied object 
and a comparison of periodic results. They also can be 
useful for monitoring a monument subject to deformation 
(Mikoláš et al., 2014). 

The use of measurement techniques providing 3D data, 
favours 3D modelling and the creation of high-resolution 
orthomosaics for cultural heritage documentation. Dense 
point clouds make it possible to select the required cross-
section of a research object and create a 2D line drawing 
with measures for detailed inventory based on it. Accord-
ing to (Liang et al., 2018), this way of documenting the 
results is to some extent more relevant and understand-
able than the created 3D model. Although the 3D model is 
cartometric, conducting spatial measurements is difficult 
and requires specialised software.

2. Study area

The object of study was a Roman Catholic church listed in 
the Polish Monuments Register and located in Chełmce, 
14 km north-west of the city of Kielce. The detailed 

location of the site is shown in Figure 1. The church is 
situated on top of a hill called Góra Plebańska. The temple 
was built in the mid-17th century and is orientated and 
consists of a three-bay nave. The presbytery is adjoined by 
twin chapels of St George and St Nicholas. A characteris-
tic element of the historic church is a lofty tower with a 
quadrilateral base in the lower part and an octagon base, 
in the upper part, covered with a three-storey helmet with 
a spire (Zespół kościoła parafialnego…, n.d.). The building 
was erected in the early Baroque style. The church ana-
lysed in this study is located on an elevation, surrounded 
on all sides by steep escarpments, which means that the 
research object is located in the zone of potential influence 
of vertical movements of the escarpments. Thus, conduct-
ing cyclic observations of the church condition may lead 
to monitoring of this monument for deformations, which 
may eventually lead to damage including e.g., frequent in 
these cases, cracks on the facades.

The main reason for choosing the object presented 
for the investigation was the preservation of the report-
ed cracks in the church façade. Due to the large size of 
the object, it was decided to conduct inventory activities 
with the use of UAV and TLS technologies in order to 
create a digital 3D model as a basis for further digital 

Figure 1. Historical church in Chelmce: a – location of research object on the background of Poland (coordinates in UTM system, 
34N zone (WGS84)); b – view of church from west; c – view of church from south

a)

b) c)
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documentation of the church object. Thus, the research 
presented was also practical and the results obtained could 
be implemented in the assessment of the building in terms 
of planned conservation.

3. Methodology of the work performed

The chapter describes the data acquisition methodology 
for creating a 3D model of a religious object in Poland, 
together with the problem of integrating data from various 
sensors. The whole work can be divided into four main 
stages:

 – stabilisation and measurement of marked ground 
control points,

 – spherical targets placement and laser scanning,
 – UAV flight,
 – integration of TLS and UAV point clouds.

The aim of the work was to create two 3D models, 
which were created after data integration by using ground-
based checkerboard targets measured by tacheometry 
or laser scanning. The resulting 3D models should be 
checked for both quality and accuracy of geometry repro-
duction with the technical condition. Due to the lack of 
current regulations in Poland on the accuracy of survey-
ing historic buildings, it is the client who imposes the ac-
curacy of the resulting study. In the present study, it has 
been assumed that the results obtained will allow the 3D 
measurements to be made with an accuracy of less than 

5  cm. A detailed schematic of the data acquisition and 
post-processing steps, as well as the integration of the TLS 
and UAV results, is presented in Figure 2. 

3.1. Tachymeter measurement of control points

During the planning of the geodetic network for the pre-
sent study, several aspects were taken into account that 
could influence the accuracy and usability at a later stage 
of data integration. A group of points was designed in a 
configuration ensuring coverage of the entire object, tak-
ing into account their visibility for the scanner and in the 
photogrammetric images. Ultimately, the obtained coor-
dinates were also to guarantee geo-location in accordance 
with the national coordinate system PL-2000 (EPSG:2178). 
It was assumed that the ground control points should be 
characterised by errors smaller than those for a typical 
single point from laser scanning (2–10 mm), in order to 
minimise losses resulting from merging adjacent data sets.

Taking this into account, it was decided to carry out 
the measurement in a geodetic network system with 
over-abundant observations. A Topcon QS1 robotic to-
tal station was used, with a direction accuracy of mk = 
±1” and a distance determination error of md = ±1 ppm. 
The servomotors present in the instrument improved 
the measurements in full-angle repetition. The centres of 
chequerboard discs placed on the ground were measured. 
A miniprism was used at the lowest possible target height.

Figure 2. Workflow of integration of UAV and TLS data (source: own study based on Jo & Hong, 2019)
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In order to give the desired geo-location, several points 
were measured using the GNSS-RTN method in the na-
tional spatial reference system. For the set of measurement 
data, an exact parametric least squares adjustment was 
made using the free method, assuming the only crucial 
conditions for obtaining correct location and orientation 
in space, i.e. one fixed point and pseudo-observation of 
azimuth on the basis of the quoted satellite measure-
ments. Due to the small area of the imaging, corrections 
due to the reference system were excluded. As a result, 
coordinates in the desired datum were obtained with im-
proved accuracy, which is characteristic for tacheometric 
measurements. The results were processed using the least 
squares method. The accuracy of individual measurement 
points of < 3 mm was achieved for a confidence level of 
one standard deviation. In the alignment process, the 
standard deviation parameter m0 = 0.78 and the indi-
vidual observations received corrections no greater than 
the accepted instrumental errors. This confirms the cor-
rect measurement and data processing. The accuracy of 
the prepared network meets the assumptions of the con-
ducted research and is consistent with the experience of 
other authors (Granek et al., 2020).

3.2. Laser scanning survey (TLS)

Acquiring point clouds using the TLS method for the pur-
pose of creating 3D models, brings with it a variety of 
issues related to efficient and effective measurement ses-
sions (Hlotov & Marusazh, 2019; Róg & Rzonca, 2021). 
These will include ensuring coverage for the entire project, 
controlling the resolution range for all scan elements, or 
maintaining similar, homogeneous accuracy levels for the 
resulting point cloud. To obtain the desired results, data 
logging was performed from multiple sites, often with 
repeated coverage. After combining the scans, a homo-
geneous point cloud with correct mutual orientation was 
obtained. 

In this study, the Faro Focus 150S scanner (FARO, 
n.d.), which is the equipment of Kielce University of 
Technology, was chosen to carry out the inventory of 
the church object. This device enables scanning indoors 
and outdoors under different lighting conditions within 

a radius of up to 150 m. The maximum range can be ob-
tained when scanning surfaces with a reflectivity of 10 to 
90%, while with a reflectivity of 2 to 10% the measurement 
range drops to 50 m.  

The Faro Focus 150S enables scanning accuracy of up 
to 1 mm with a measurement tolerance of 0.2 mm, at dis-
tances of 10 m to 25 m and for surfaces with a reflectiv-
ity of about 90%. When acquiring scans on the outside 
of structures, the distances between the measured points 
were at the level of 12.3 mm (at a distance of 10 m to the 
measuring object). In the case of scans taken in locations 
with varying lighting conditions, in addition to averaging 
the illuminated area, the HDR function (High Dynamic 
Range) was used to obtain a coloured point cloud of bet-
ter quality. During the work, spheres and chequerboard 
targets (Figure 3) were deployed for subsequent post-pro-
cessing of the data. As a result of the survey work, 16 scans 
were taken around the survey object.

The merging of the working scans was carried out us-
ing the SCENE software. The process of registering the 
individual scans itself was carried out using the two main 
joining methods available in the SCENE software, i.e. 
Cloud to Cloud and Top View Based. In the case of unsat-
isfactory joining accuracy of selected scans, an additional 
method of manual joining of scans was used. For this 
purpose, surfaces and common elements on the merged 
scans were manually indicated. Spherical patterns placed 
in areas of increased scanning difficulty were also used. A 
mean square error of RMSEXYZ > 20 mm and an overlap 
of less than 10% between the scans were considered as 
values that indicate the need to improve the merging of 
the individual scans. The end result was an average fit er-
ror for all scans of 2.5 mm with a maximum local error 
of 8.4 mm. The resulting merged file was then processed 
into a homogeneous point cloud, resulting in a resampled 
test object of more than 254 million points.

3.3. Photogrammetric flight

Before an UAV flight, the status of airspace activity over 
the study area presented in Figure 1 was checked using a 
teleinformatic system recommended by the Polish PANSA 
service. The UAV flight took place in the G class airspace. 

Figure 3. Equipment used during measurements: laser scanner Faro Focus 150S (left), spherical patterns (right) and signalled 
ground control points (GCP) in the form of chequerboard targets

 a) b)
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An amateur unmanned aerial vehicle, Mavic 2 Pro, was 
used to acquire aerial images, and its specifications are 
presented in Table 1.

Table 1. Specifications of the Mavic 2 Pro drone used in the study

Weight 0.91 kg
Camera matrix 1’’ CMOS, 20 MP

Lens FOV: 83° (25mm); 48° (48mm) 
eqivalent to format 48 mm, f/2.8

Flight time on one battery ~24 minutes
IP tightness standards No
RTK/RTN corrections No

During the UAV flight, vertical and oblique images 
were acquired, with the aim of fully representing the 
object studied and to make visible all the details of the 
cultural monument. This approach is consistent with the 
experience of other researchers (Puniach et al., 2018; Fe-
derman et al., 2018; Pyka et al., 2020). The forward and 
cross overlap value of the images was set at 70%. A to-
tal of 180 aerial images with an average terrain pixel of 
1.5 cm/pix were acquired. In addition, a series of images 
from below were taken for objects not visible from above, 
e.g. gates, windows, and the underside of the roof pro-
jecting beyond the building wall. The quality of UAV im-
ages was checked by determining the QI (Quality Image) 
parameter. Its value for all images was within the range 
(0.85–0.90), which confirmed that the images are sharp 
and suitable for further processing. 

The process of aligning the images with simultane-
ous camera self-calibration was performed in Agisoft 
Metashape software based on the bundle method, which 
allows for accurate calculation of the external orientation 
elements of the images and minimisation of projection 
errors (Xu et  al., 2014). Carrying out the digital cam-
era calibration process involving the determination of 
the camera’s internal orientation elements, according to 
(Mikoláš et al., 2014), is a necessary step for the correct 
reconstruction of the geometry of the studied object. The 
optical camera calibration process includes defining the 
geometry of the sensor model in the form of the camera 

constant (ck), the coordinates of the principal point and 
the image errors modelling distortion (Kapica et al., 2013; 
Sobura, 2022). Camera self-calibration is based on the 
simultaneous solution of photogrammetric intersection 
and resection indentation and uses the colinearity equa-
tion model in doing so. In this study, the calibration of 
the UAV camera was based on self-calibration during the 
survey process using ground control points (GCPs) meas-
ured in the field. 

After aerotriangulation with self-calibration of the 
UAV camera, a dense point cloud was generated in Ag-
isoft Metashape software. Detailed filtering of the UAV 
point cloud was performed in Cloud Compare software. 
After filtering, the point cloud was checked for missing 
spatial information. Missing points were observed around 
the folds of the base of the church and on the walls of its 
tower.

3.4. Integration of TLS and UAV data

Sacred objects usually have a complex geometric structure, 
therefore the documentation of the shape of such a monu-
ment by laser scanning alone is, according to (Jo & Hong, 
2019), difficult and in places impossible (e.g. on roofs and 
towers). Furthermore, the acquired TLS data have a vari-
able sampling density depending on the distance of the 
scanner to the object being measured. For very tall ob-
jects (e.g. tall towers), this can lead to a sparse point cloud 
at the edge of the scan and result in an unrepresentative 
geometry for object reconstruction. The inaccessibility of 
such locations to TLS technology can be eliminated by 
UAV technology and multidirectional data integration. 

One of the most accurate, yet highly efficient meth-
ods of combining scans is to place spherical marks on 
adjacent images (Reshetyuk, 2009; Cox, 2015; Kowalska 
& Zaczek-Peplinska, 2018). Unfortunately, for spatially 
extensive objects that require scans from multiple sites, 
this method is insufficient. Furthermore, in this study, the 
final model is the result of the integration of TLS scan-
ning technology with photogrammetric methods based 
on UAV images, which further forces the introduction of 
checkboard targets. For the purposes of this study, a solu-
tion was proposed to combine all data sets in a way that 

 a) b)
Figure 4. Visualisation of acquired point clouds based on: a – TLS; b – UAV
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ensures accurate control and also gives the whole a proper 
geolocation. For this purpose, a measurement network of 
points was designed in the form of a geodetic control net-
work designed for high precision.

Both series of independently acquired data contained 
local voids or too sparse coverage for full reconstruction 
of the object, as shown in Figure 4. For the TLS data, large 
data voids were observed in the upper part of the research 
object: around the tower and on the roofs. On the con-
trary, the point cloud created from the UAV images was 
characterised by a large amount of noise around the edges 
of the building and the roof, and missing data at the base 
of the church. For this reason, it was assumed that the 
integration of TLS and UAV data is necessary for the cor-
rect reconstruction of the geometry of the studied church 
object, which confirms the experience of other authors 
(Bieda et al., 2020).

Point clouds independently acquired from two differ-
ent sensors were integrated with each other in the Cloud 
Compare software. A prerequisite for data integration was 
to have both point clouds in the same coordinate system. 
In the presented studies, point clouds were transformed to 
a common coordinate system for two analysis variants: a) 
for the national coordinate system from the total station 
measurement, b) for the local system determined by the 
scanner.

The first fusion of TLS and UAV data was performed 
based on point cloud transformations from the TLS to the 
state coordinate system 2000 zone 7 (EPSG: 2178). The 
spatial coordinates of three terrestrial chequerboard tar-
gets, measured by tacheometry, were used for the trans-
formation. For the first variant, the UAV images were pro-
cessed in the same coordinate system.  Thus, by importing 
both point clouds (from TLS and UAV measurements) 
into Cloud Compare, it was possible to display them in the 
same region and obtain faster convergence of calculations.

The second option involved processing the UAV im-
ages in the coordinate system of the point cloud from the 
TLS (local laser scanner system). As in the first option, the 
point cloud generated from the UAV images was matched 
with the point cloud from TLS in the Cloud Compare 
software. 

After integration and filtering, the resulting point 
cloud was triangulated to create a triangle mesh in Ag-
isoft Metashape software. The option of generating a mesh 
for an object with spatially varying geometry was selected 
(option: arbitrary). The mesh was checked for holes and 
incorrect interpolation and the identified errors were 
manually corrected. In the final stage, the mesh model was 
smoothed and cleaned using the Refine Mesh function.

The final step in creating the 3D model was to create 
a realistic texture. In photogrammetric work, texturing is 
mainly used to show a virtual model of inventoried 3D 
objects aiming to reproduce their real appearance as close-
ly as possible (Tokarczyk et al., 2012). In this study, the 
“adaptive orthophoto” option and a texture resolution of 
8k were chosen, which proved to be suitable for texturing 
the 3D model analysed in the paper. The entire surface of 

the object when texturing with the “adaptive orthophoto” 
option, is divided into a series of horizontal and vertical 
segments, which allows for an accurate representation of 
the texture and colour of the object. The occurrence of 
errors at this stage can only be caused by incorrect mesh 
generation (Gradka et  al., 2019). Texturing of the 3D 
model in its lower parts and places difficult to see from 
the upper level (e.g., under the roof) was performed based 
on complementary images acquired with a drone at low 
level, holding the drone in the hand, and treating it with 
a terrestrial camera. The images acquired in this way were 
resolved into a single image network together with images 
acquired during the UAV photogrammetric flight.

4. Results

The following chapter presents the results of the integra-
tion of TLS and UAV data in the form of 3D models, for 
the two analysed variants. The results have been analysed 
qualitatively and quantitatively, and the results of the anal-
yses are included in the following chapters.

4.1. Integration variant I – tachymeter 
measurement

In the first integration variant, UAV images were pro-
cessed based on GCPs, the coordinates of which were de-
termined using the tacheometric method, with an error 
mpXYZ < 3 mm. Such a high accuracy was possible due 
to the use of a precise total station and the establishment 
of a geodetic control network, which was adjusted. Three 
GCPs located around the church were used for georef-
erencing. The distribution of ground control points and 
check points on the background of a true high-resolution 
orthomosaic is presented in Figure 5.

The direction and size of the error ellipses presented 
in Figure 5 indicate the error of the horizontal compo-
nents, while the colour of the ellipse indicates the error of 
the height component. The RMSEXYZ error at the check 
points was 1.5 cm, which is the value that corresponds to 

Figure 5. Distribution of control points and check points with 
their determination errors for the integration of UAV and TLS 

data based on tacheometer measurement (I variant)
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the geometric mean resolution of the images acquired by 
the UAV. The point cloud generated from the UAV images 
was imported into Cloud Compare software. When the 
UAV point cloud was treated as a reference layer, it was 
merged with the TLS point cloud by indicating the three 
homologous points needed to determine the transforma-
tion matrix. A summary of the cloud matching deviations 
on homologous points is presented in Table 2. 

Table 2. Summary of TLS to UAV point cloud matching 
deviations

Matching point number Deviation of fit ∆XYZ [m]

T4-T4’ 0.009

T6-T6’ 0.013

T8-T8’ 0.005

The mean deviation for the first analysis variant was 
0.008 [m]. The results of data integration were accepted 
and merged as a single point cloud. Within the first vari-
ant of analyses, the point cloud contained coordinates re-
corded in the Polish large-scale geometry system (EPSG: 
2178).

4.2. Integration variant II – measurement by 
scanner

For the second variant of data fusion, UAV images were 
subjected to absolute orientation based on GCPs measured 
by laser scanning alone. As in the previous case, 3 GCPs 
were used to provide georeferencing. The smaller number 
of check points in relation to the previous case resulted 
from the problem of scanning two signalled chequerboard 
control points (points T2 and T3). The model was fitted to 
the control points, while the error at the check points was 
RMSEXYZ = 1.9 cm. The distribution of errors for the sec-
ond variant of the analyses is presented in Figure 6. Both 
error values are similar in the two analysed cases. Small 
error values testify to the high precision of the measure-
ments of the indicated photogrammetric network. Thus, 

the point cloud obtained from UAV images was exported 
for further calculations.

Within the second variant, a point cloud from laser 
scanning was treated as a reference layer, to which a point 
cloud from the UAV was matched. As in the previous 
stage, data integration was carried out on the basis of three 
homogeneous points, corresponding to the first variant of 
analysis: T4, T6, T8. The results of point cloud matching 
are presented in Table 3.

Table 3. Summary of UAV to TLS point cloud matching 
deviations

Matching point number Deviation of fit ∆XYZ [m]

T4-T4’ 0.022

T6-T6’ 0.032

T8-T8’ 0.015

The average deviation for the second analysis variant 
was 0.024 [m]. The resulting point cloud, after integration 
with UAV data, was stored in the local coordinate system 
of the scanner. At this stage, two-point clouds were ob-
tained after integration of UAV and laser scanning data. 
They were the basis for the full reconstruction of the sur-
face of the sacred object and the creation of 3D models.

4.3. Visual analysis of the generated 3D models

Using the methodology presented (Figure 4), two 3D 
models of the same religious building were generated. 
Model generation was carried out in an iterative man-
ner until satisfactory visual effects were obtained. During 
mesh generation, an anomaly was observed on the church 
tower in the form of a pronounced bulge. The distorted el-
ement was highly overexposed in the UAV images, which 
could indicate noise that was not properly removed by 
filtering the integrated point clouds. Another reason for 
the incorrect modelling could have been insufficient batch 
data. To correct this error, it would be necessary to ac-
quire another series of ground images at a different time 
of day. The tower bulge was manually corrected in Agisoft 
Metashape software. In the end, the resulting 3D mod-
els were similar in terms of visualising the various object 
details, which is related to the similar accuracy of point 
cloud generation from the UAV for both analysis variants. 
In addition, the same drone images were used for textur-
ing at 8k resolution for both variants, which further justi-
fies the visual convergence of the presented 3D models. 
Figure 7 presents a view of one of the created 3D models 
from different directions of the world.

In both Figures 7a and 7c, no locations on the object 
indicating 3D modelling errors were observed. In Figure 
7b, an error was identified in the texture of the roof over 
the chapel. This may be due to the small number of UAV 
images on which this feature was mapped as a result of 
its being obscured by nearby trees. Despite the southern 
time of day during which the UAV images were acquired, 

Figure 6. Distribution of control points and check points with 
their determination errors for the integration of UAV and TLS 

data based on scaner measurement (II variant)
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shadows and partial loss of contrast could not be avoided. 
Nevertheless, the final modelling results were considered 
satisfactory and eligible for detailed accuracy analyses 
based on them.

4.4. Quantitative comparison of spatial data 
integration variants 

To carry out a detailed analysis of the accuracy of the ge-
ometry of the resulting 3D models, the spatial coordinates 
of 10 architectural details on the site were acquired in the 
field. The coordinates were calculated in the local system 
and surveyed using the tacheometric method. For both 
generated 3D models, the coordinates of characteristic ar-
chitectural details were read out and deviations between 
the coordinates from the 3D models and from the total 
station measurement were calculated. A summary of the 
results obtained is presented in Figure 8.

As a result of the control measurements, a mean square 
error of 1.7 cm was obtained for the first variant of the 
analyses and RMSEXYZ of 2.5 cm for the second variant 
of the work. The results obtained confirm that the quality 
of the 3D models is very close to each other. However, 
higher accuracies on the 3D model were obtained when 
the GCP measurement was done by tacheometry rather 
than laser scanning.

5. Discussion

Cultural heritage is a record of the human past and, as 
monuments, shows great diversity in terms of geometric 
complexity or the nature of its origin. Monuments are af-
fected by damage attracted by the impact of erosion, past 
wars, natural disasters or human neglect. According to 
Escarcena et al. (2011), a monument can only be restored 
and protected if it has been fully measured and document-
ed and its development is successively monitored. 

The selection of an appropriate technique for the cre-
ation of digital documentation of cultural heritage objects 
is difficult and involves the analysis of many work steps 
such as: the choice of data acquisition methods, optimal 
workflow, and obtaining a product compliant with the re-
quirements of technical specifications and national stan-
dards. For the object analysed in this paper, it would not 
have been possible to obtain full information on the ge-
ometry of the tower and the roof had it not been for the 
point cloud generated from the UAV images (Figure 4). 
Aerial images additionally made it possible to assess the 
condition of the roof and decide on the roof renovation. 

The combination of TLS scanning methods and close-
range photogrammetry allows one to streamline and op-
timise the cultural heritage documentation process. UAV 
imagery and point clouds from TLS can, according to 

          a) b) c)
Figure 7. Visualization of one of the two resulting 3D models of the sacred site: a – view from the southeast;  

b – view from the northwest; c – view from the east
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Escarcena et al. (2011), be complementary, and the disad-
vantages of one system can be compensated for by the ad-
vantages of the other. TLS allows for high spatial reliability 
and detail of the collected information, while techniques 
based on digital images allow obtaining valuable informa-
tion for correct point cloud interpretation. In this work, 
without the integration of UAV and TLS data, it would 
be impossible to create a complete 3D model (Figure 7) 
or to generate any cross-section through the point cloud 
(Figure 9).

Both TLS and UAV measurements are dependent 
on meteorological conditions (precipitation, humidity, 
sunshine), which means that the planning of measure-
ments using the presented methods should be done in a 
thoughtful and precise way. In case of large overexposure 
or underexposure on the images, the authors of this article 
recommend taking additional series of ground images at 
a different time of the day. The problem of overexposure 
of the images for a fragment of the tower caused incor-
rect generation of the mesh grid and reconstruction of the 
tower geometry, which required manual correction of the 
errors (Figure 4b). 

The generated two-point clouds from the UAV im-
ages were similar in terms of accuracy of fitting into the 
check points, which is confirmed in Figure 5 and Figure 
6. This means that having a laser scanner of Faro Fo-
cus 150S class, there is no need to measure the control 
points with the tachymetry method if the measurement 
accuracy ordered by the Ordering Party is no higher 
than 2 cm. This is further confirmed in Figure 8 and the 
error of combining point clouds obtained from different 
sensors at the control points on the site. Measurement 
of ground control points with the TLS method allows 
for streamlining the measurement process and reduc-
ing the number of people involved in the field work to 
one person. Visual analysis of the resulting 3D models 
(Figure 7) did not show any significant errors during tri-
angulation and texturing. The detailed accuracy analysis 
presented in Figure 8 confirmed the cartometricity of 
the resulting spatial models in the full 3D dimension 

and the possibility of measuring selected elements of the 
object with an accuracy of less than 3 cm. This means 
that the resulting 3D models are suitable for conduct-
ing measurements for the inventory of the presented 
church. The innovation of the research presented in 
this paper is the demonstration that the use of the TLS 
scanner in the creation of consistent point clouds with 
the data obtained from the UAV method allows the fi-
nal results to be obtained with a very good accuracy, as 
demonstrated by comparison with the geodetic network 
established with the tachymeter.

Conclusions

The development of close-range photogrammetry in re-
cent years has significantly expanded the possibility of 
creating technical building documentation and collecting 
aerial information on a larger scale (Kapica et al., 2013; 
Mikrut et  al., 2013). The photogrammetric point cloud 
allows to improve the quality of the 3D model by com-
pleting data for the upper parts of the building, which are 
difficult to obtain by laser scanning. Integrated 3D models 
have great potential to document heritage sites, manage 
them intelligently, and take preventive measures for con-
servation (Jo & Hong, 2019).

Taking into account factors such as accuracy, cost, 
time of fieldwork conducted, and the resulting 3D model 
output, the authors of this study assess the technologies 
used as efficient and conducive to conducting inventories 
of cultural heritage sites. In the course of the work carried 
out, the TLS method was positively evaluated as a GCP 
measurement technique for the integration of UAV and 
TLS data and the creation of accurate 3D models of large-
scale religious buildings.
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 a) b)
Figure 9. Cross-section through the point cloud after UAV and TLS data integration: a – view of the north elevation of the church; 

b – view of the east elevation of the church and the altar
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