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Abstract: For several years, photogrammetric surveys are quite often applied for surveying cultural
heritage. For a detailed and accurate result, it is indispensable that the calculated point cloud
represents the original geometry of the building in high quality, with vertical and horizontal structures
in the same manner. Whereas many published papers in the field of digital heritage documentation
are dealing with creating such models or using photogrammetric data for damage detection, only a
few papers are investigating the crucial fact of accuracy and how it can be influenced by the used
camera resolution. We want to present a case study, in which we compare the photogrammetric point
cloud of a normal consumer drone with a high-end device. Beside the actual survey results showing
the details of a Romanesque church, a statistical calculation of deviation is shown. It becomes evident
that there is only a difference within some millimetres between the corresponding point clouds in
most parts of the monument. Hence, it can be stated that, for most applications in heritage protection,
affordable consumer unmanned aerial vehicles (UAVs) are sufficient. Only if faint details have to be
resolved will a better resolution of the mounted camera be required.

Keywords: UAV photogrammetry; consumer drone; digital heritage protection; statistical evaluation;
Romanesque church; Bavaria

1. Introduction

For many applications in modern cultural heritage management, high-resolution sur-
veys, showing even fine details of the building construction and its state of preservation,
are required. For several decades, digital methods as total stations and laser scanning have
been standard and reliable methods. Especially for terrestrial laser scanning (TLS), several
case studies treating historical monuments are published from all over the world, e.g.,
China [1], Turkey [2], Syria [3], or Poland [4]. The advantage of such remote approaches,
compared with manual surveys directly at the facades, is that no additional equipment,
e.g., ladders or scaffolds, are needed. Besides saving time, occupational safety is increased
and costs are reduced dramatically. For some years, the development of affordable, power-
ful, and reliable unmanned aerial vehicles (UAVs) opens new possibilities within digital
heritage documentation. The use of drone photogrammetry or structure from motion
(SfM) mainly covers the field of the so-called building information modelling (BIM) and
construction research (e.g., [5–10]). Another common task is damage detection, which is
published, for example, for Italy [11–13], Germany [14–16], or Turkey [17].

A detailed and mathematical evaluation of accuracy is mainly limited to the com-
parison of SfM and TLS, e.g., in Thailand [18], Tibet [19], Georgia [20] and Italy [21]. In
contrast, the scope of the presented paper is to analyse the influence of different camera
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types on the results in mapping a historical building statistically. The main advantage of
using photogrammetry instead of TLS is that not only the vertical facades of a historic
building, but, furthermore, also the roofs and other horizontal parts can be mapped in
detail. Furthermore, RGB colour information can be added to the point cloud from the
individual photos directly.

For our analysis, we chose the small church St. Ägidius in Schönfeld as the test site.
It has a quite simple geometry and, hence, is very suitable for evaluating even subtle
deviations between the datasets. Schönfeld is located approximately 19 km northeast of
Regensburg in the Upper Palatinate in Eastern Bavaria (Figure 1). The region between the
rivers Danube and Regen is named “Falkensteiner Vorwald” [22]. The church St. Ägidius
itself is situated in a rural area at a slightly inclined slope towards the Ottenbach.
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In medieval times (12th and 13th century), a local noble family, being ministry offi-
cials of the bishop of Regensburg, had their residence there. Therefore, St. Ägidius possi-
bly had been a former castle chapel [23,24]. It is unknown when the castle in Schönfeld 
was abandoned. However, it was supposedly quite early, as, already in 1568, Philipp 
Apian only named the church St. Ägidius in his “Landtafeln”, the first maps of Bavaria 
[24]. For this reason, there are doubts about the existence of such a castle and St. Ägidius 
is assigned to the so-called solitary fortified churches or churches with a secular upper 

Figure 1. Topographical map illustrating the location of the test site St. Ägidius in Schönfeld
northeast of Regensburg (marked with blue star). Coordinate system WGS84/UTM33N (© Bayerische
Vermessungsverwaltung). The top left corner marks the location within Germany (blue rectangle
marks the test site) (© Bundesamt für Kartographie und Geodäsie, Frankfurt am Main, 2011).

In medieval times (12th and 13th century), a local noble family, being ministry officials
of the bishop of Regensburg, had their residence there. Therefore, St. Ägidius possibly
had been a former castle chapel [23,24]. It is unknown when the castle in Schönfeld was
abandoned. However, it was supposedly quite early, as, already in 1568, Philipp Apian
only named the church St. Ägidius in his “Landtafeln”, the first maps of Bavaria [24]. For
this reason, there are doubts about the existence of such a castle and St. Ägidius is assigned
to the so-called solitary fortified churches or churches with a secular upper floor [25]. These
sacral buildings are mainly located in the region ”Altbayern” (i.e., the origin regions of
Bavaria) and there is a cluster in the hilly country of the Eastern Upper Palatinate, the
central Altmühl valley, the area between the Danube and Altmühl, and around Regensburg.
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Today, 88 churches with a secular upper floor are preserved in Bavaria and 66% of these
belong to the Diocese Regensburg [25].

St. Ägidius in Schönfeld was built in 1160/70 as a Romanesque hall church. It is single-
nave and has a semi-circular indented apse towards the East [23,24]. The walls consist of
coarse-grained granite blocks that are carefully hewn and stacked nearly mortarless [25,26].
The interior comprises two trusses that are separated by a traverse arch. The latter rests on
a pilaster in the South and an impost in the North. The impost results from a jutty, hiding
a staircase to the western gallery [23,24]. In former times, the gallery was additionally
accessible via a high entrance in the western wall that is, nowadays, bricked up. The nave
has a size of 9.5 × 14.3 m and a height of 8.57 m; the outer walls are 1.7 m thick [24]. The
church can be entered through a Romanesque round-arched portal in the south, which is
accessible by 10 steps, as the nave is lying 1.8 m above the surrounding level. The reason is
a secular cellar below the church, a detail that is very uncommon [24]. Only two windows
are illuminating the nave: two Romanesque ones on the southern side, of which one is
partly bricked today, and a low-lying, bigger Baroque one. There is a historical tradition
that the wall had to be blasted for opening the Baroque window because of its thickness [26].
The apse has another Romanesque window [23,24]. The hipped roof is covered by cut
stone shingles; its ridge turret with a small dome is claimed to have been erected in the
18th century [23] or even later in 1853 [26]. Nowadays, the former secular upper floor is
removed [25]. Figure 2 shows the layout and a cross-section of St. Ägidius to visualise all
the above-mentioned building details.
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2. Materials and Methods

The photogrammetric survey at Schönfeld comprised two parts: the church was
mapped with a DJI P4RTK, a standard consumer UAV system, and a DJI M300 equipped
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with a Zenmuse P1 camera, a high-end device. The aim was to evaluate if there is a
difference in data quality and accuracy depending on the resolution of the individual
images, as well as the different acquisition modes.

The DJI P4RTK is a 2 kg maximum take-off-weight (MTOW) consumer drone that is
widespread in the field of historical monument research (Figure 3a). It is equipped with
a permanently installed camera that uses a 1′′ CMOS sensor resulting in 20 Megapixel
resolution and a lens with 8.8 mm focal length (see Table 1 for comparison) [28]. Due to
its global shutter, the single images can be taken without stopping the drone, as no blur
effect that is typical for rolling shutter cameras is occurring. The camera mode was set to
automatic mode to gather images in best available quality. The SfM mapping was executed
in a cross-grid manner in 40 m flight altitude and 85% overlap in both directions. This
automatic flight was planned in the app “DJI Pilot”. In total, 59 single images with nadir
camera angle were taken in this flight. For a better mapping of the vertical structures like
the facades of the church, a manual circular flight with oblique camera angle in 360◦ around
the object gathered 31 additional photos. The latter should imitate the Smart Oblique mode
of the M300 described below. This results in a ground-sampling distance (GSD) of 9 mm
and a coverage of every part of the church by more than nine single images.

NDT 2024, 2, FOR PEER REVIEW 4 
 

 

2. Materials and Methods 
The photogrammetric survey at Schönfeld comprised two parts: the church was 

mapped with a DJI P4RTK, a standard consumer UAV system, and a DJI M300 equipped 
with a Zenmuse P1 camera, a high-end device. The aim was to evaluate if there is a differ-
ence in data quality and accuracy depending on the resolution of the individual images, 
as well as the different acquisition modes. 

The DJI P4RTK is a 2 kg maximum take-off-weight (MTOW) consumer drone that is 
widespread in the field of historical monument research (Figure 3a). It is equipped with a 
permanently installed camera that uses a 1″ CMOS sensor resulting in 20 Megapixel res-
olution and a lens with 8.8 mm focal length (see Table 1 for comparison) [28]. Due to its 
global shutter, the single images can be taken without stopping the drone, as no blur effect 
that is typical for rolling shutter cameras is occurring. The camera mode was set to auto-
matic mode to gather images in best available quality. The SfM mapping was executed in 
a cross-grid manner in 40 m flight altitude and 85% overlap in both directions. This auto-
matic flight was planned in the app “DJI Pilot”. In total, 59 single images with nadir cam-
era angle were taken in this flight. For a better mapping of the vertical structures like the 
facades of the church, a manual circular flight with oblique camera angle in 360° around 
the object gathered 31 additional photos. The latter should imitate the Smart Oblique 
mode of the M300 described below. This results in a ground-sampling distance (GSD) of 
9 mm and a coverage of every part of the church by more than nine single images. 

  
(a) (b) 

Figure 3. Unmanned aerial vehicle (UAV) systems used in Schönfeld: (a) DJI P4RTK, and (b) DJI 
M300 with Zenmuse P1 (Photos by: Andreas Stele, BLfD). 

Table 1. Comparison of the camera parameters and acquisition details for the drone models used 
for structure from motion (SfM) (camera parameters from [28,29]). 

 DJI P4RTK DJI M300 with P1 
Sensor size 13.1 × 8.8 mm 35.9 × 24 mm 
Effective pixels 20 Megapixel 45 Megapixel 
Focal length * 24 mm 35 mm 
Camera mode Automatic Shutter priority 
Flight altitude 40 m 50 m 
Image overlap 85% 85% 
Number of images 90 304 
Ground sampling distance 9 mm 6 mm 
* as 35 mm equivalent. 

Figure 3. Unmanned aerial vehicle (UAV) systems used in Schönfeld: (a) DJI P4RTK, and (b) DJI
M300 with Zenmuse P1 (Photos by: Andreas Stele, BLfD).

Table 1. Comparison of the camera parameters and acquisition details for the drone models used for
structure from motion (SfM) (camera parameters from [28,29]).

DJI P4RTK DJI M300 with P1

Sensor size 13.1 × 8.8 mm 35.9 × 24 mm
Effective pixels 20 Megapixel 45 Megapixel
Focal length * 24 mm 35 mm
Camera mode Automatic Shutter priority
Flight altitude 40 m 50 m
Image overlap 85% 85%
Number of images 90 304
Ground sampling distance 9 mm 6 mm

* as 35 mm equivalent.

The DJI Matrice 300 RTK is an industrial drone of 9 kg MTOW that can be equipped
with exchangeable cameras (Figure 3b). For the purpose in Schönfeld, we mounted a
Zenmuse P1 camera that uses a full-frame sensor of 45 Megapixel resolution and a 35 mm
lens (Table 1) [29]. The camera was set to a semi-automatic shutter-priority mode with an
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ISO value of 400 and a shutter of 1/1000 s. The “DJI Pilot” app for the Zenmuse P1 offers a
special operation mode called Smart Oblique mode. In this acquisition mode, the camera is
steered automatically in a way that photos from varying angles are taken, always showing
the target object in the centre. Hence, a combination of nadir images and oblique ones
with different inclination angles ranging from −45◦ to −90◦ is generated in one cross-grid
flight [30]. This mode generates a huge number of photos: in our case study, it comprises
304 individual photos. The survey in Schönfeld was executed in 50 m altitude with an
image overlap of 85%. This results in a GSD of 6 mm, despite the 10 m higher flight altitude,
and, again, a coverage of the church by more than nine images from all directions.

Despite the utilised UAVs already providing co-ordinates for the data in RTK accuracy
(RTK = Real Time Kinematic, i.e., <5 cm accuracy), four ground control points (GCPs)
were lain out equally distributed around the church in Schönfeld to guarantee that the
resulting point clouds are comparable with regard to their location. A Stonex S900A,
an RTK-GNSS-system (GNSS = Global Navigation Satellite System), was used to survey
the GCPs afterwards. During data processing of the photogrammetric flights in Agisoft
Metashape, for both datasets, the same parameters were applied to prevent a difference in
the point clouds caused by processing.

3. Results

The resulting point cloud of the P4RTK data comprises approximately five million
points. In contrast, the dataset produced with the Zenmuse P1 camera has more than twice
the amount of points and twice the average point density due to the high resolution of the
sensor. Table 2 shows the detailed parameters for the two point clouds.

Table 2. Resulting parameters of the point clouds used in this case study.

DJI P4RTK Zenmuse P1

Amount of points 5,381,000 11,160,000
Point density 6138/m2 12,694/m2

Comparing the output of the surveys reveals that the church St. Ägidius is represented
very well in both datasets (Figure 4a,b). Even fine details like the golden spheres at the top
of the roof and the ridge turret are visualised in the 3D models (Figure 4c,f). Furthermore,
the damage and areas of repair work, for example, the bricked-up high entrance in the west
(Figure 4d,g), as well as the parts of the roof covered by moss or missing slats (Figure 4e,h),
can be identified in the photogrammetric data. Due to the acquisition geometry in oblique
from above, there are some empty areas in the point cloud near to the protruding roof of
the church’s nave and apse.

A detailed comparison of the two point clouds shows that the window recesses and
the golden spheres especially are better represented by the Zenmuse P1 data, because this
camera could be operated in the highly sophisticated Smart Oblique Capture mode. A
huge restriction of the mode, nevertheless, is that the UAV must be partly operated far
away from the real object above nearby buildings and estates to guarantee a view of the
target from all perspectives. For the example of St. Ägidius in Schönfeld, this is as far as
83 m, compared to 23 m for the DJI P4RTK flight. Sometimes, such a large operation radius
can cause problems with the surrounding neighbours or might even be impossible due,
for example, vegetation, roads, or power lines. Another crucial difference between the
two datasets is that the different camera settings (i.e., the automatic mode for P4RTK and
shutter priority for Zenmuse P1) cause variations in the colours of the models. Partly, the
vertical facades appear slightly overexposed in the P4RTK model due to the strong sunlight
illumination at the acquisition time in August 2022 that causes problems for the automatic
white balance.
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high entrance at western wall, and (e,h) missing slat in belfry of ridge turret. Partly, the difference in
camera resolution can be observed.

4. Discussion

Until now, most comparisons of photogrammetric point clouds had been with those of
TLS. The published research in this field mentions deviations of 1–3 cm [18–21]. In contrast,
we want to evaluate the difference between two point clouds of photogrammetric flights,
but with different camera types. The statistical calculations presented in the following were
mainly executed in the free software CloudCompare v.2.12.4 [31]. To create comparable
datasets, both point clouds were limited to the same extent covering only the church and
the surrounding flat terrain including a small heap of earth and, of course, the location of
the GCPs.
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The statistical calculation of the deviation between the two results is based on a point–
mesh difference. This prevents, contrary to a point–point calculation, the generation of any
artificial error simply by small variations in the point distribution. As a base mesh, the
Zenmuse P1 data were used; the P4RTK data served as the point cloud to be compared.
The colourised difference is shown in Figure 5.
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Figure 5. Statistical calculation of the difference between the two photogrammetric point clouds as
point–mesh deviation. The Zenmuse P1 data served as reference mesh, the P4RTK data as point
cloud to compare: (a) view from south, (b) view from top with south up, (c) visualization of regions
with maximum error in view from south, and (d) histogram. The histogram for (a–c) was clipped to
±1.2 cm, as the majority of error occurs within this range.

A statistical analysis reveals that the mean deviation is 0.1 cm at a standard deviation
of 2 cm. The maximum occurring error is 15.3 cm. This results in a nearly perfect Gaussian
spreading of the error. It becomes evident that, already within the range of ±5 mm, more
than 50% of the data can be found. In a range of ±2 cm, even 99% of the data occurs and
errors beyond this value mainly concern the window recesses and the tip of the ridge turret
(Figure 5d). Hence, these maximum values are governed rather by the different acquisition
geometry than by the data quality itself: The Smart Oblique mode of the Zenmuse P1
produces images with shallower inclination angles in more diverse perspectives than the
crossgrid flight of the P4RTK combined with some manual oblique photos. This fact can
also be seen at the church spire that is better represented by the higher resolution and
number of points of the Zenmuse P1. Another influencing factor could be the varying
acquisition mode resulting in some problems with the white balance for the P4RTK, as the
error is higher in regions that are in direct sunlight. Furthermore, the slightly different
acquisition time may not be totally disregarded here: both flights were executed around
noon with a steep sun angle in August. However, within the 30 mins in-between the
first and last photo of the two flights, the shadow has slightly moved. This also causes
differences in the photogrammetric model.
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An in-depth analysis of the error distribution reveals that the southern roof of the nave
appears with higher values than the other ones (Figure 5b). Due to the manual acquisition
of oblique images with the P4RTK, the distance in-between them varies and is a bit larger
in the south (Figure 6).
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This causes a larger error in the data. The same effect occurs at the northwestern
corner of the nave. As this is the quoin of the church, the influence is not as strong as for
the roof and the error is not significantly raised here. However, in this area, the error of
the ground points surrounding the building is higher. At the vertical facades, there is an
observable difference between the higher parts and lower ones. Again, this is an effect
of the shallower and more versatile inclination angles of the Zenmuse P1 survey. Further
regions with enhanced deviations are the orthogonal corners of the nave. These negative
error values are induced by two factors: the Zenmuse P1 produces a higher point density
in the data due to the better resolution of the sensor and, furthermore, the M300 flight
consisted of more individual images, also improving the quality at the sharp edges.

The absolute accuracy of the georeferenced data was evaluated at the GCPs. For this
task, only three of the points could be used, as the northwestern GCP has reduced accuracy
in the GNSS survey due to a shadowing of satellites by the nearby buildings. The single
values for the error are given in Table 3:

Table 3. Deviation in x-, y-, z-, and 3D direction at the GCPs compared with the GNSS survey. Values
are average of the three reference points.

DJI P4RTK DJI M300 with P1

∆x 1.1 cm 0.7 cm
∆y 1.3 cm 1.4 cm
∆z 0.2 cm 0.4 cm

∆3D 1.7 cm 0.8 cm
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Table 3 shows that the difference in accuracy between the two flights is negligible.
Although those of the M300 data, especially in 3D, are a little better than those for the
P4RTK, all single error values are within the RTK accuracy of the GNSS survey.

We executed further accuracy and deviation tests, based on the digital elevation
models (DEMs) in the area of a heap of earth nearby to the church. The subtraction of the
P4RTK DEM from the M300 DEM results in the following statistical parameters (Table 4):

Table 4. Statistical parameters of the digital elevation models (DEM) difference at the heap of earth.

Minimum −1.3 cm
Maximum 9.3 cm

Mean 0.4 cm
Median 0.4 cm

Standard deviation 0.8 cm

The maximum values in the deviation occur around the edges of the heap in the flat grass
and in small depressions at its slopes. As these are areas that are partly shadowed—especially
near the church—once more, the phenomena of the sophisticated Smart Oblique Capture
mode of the Zenmuse P1 resulting in more individual photos becomes evident, as the
corresponding DEM bares more details than the one of the P4RTK. We also took into
account the cubature volumes of the heap of earth. Whereas the stockpile of the P4RTK
survey results in 10.27 m3, the M300 data reveal 10.44 m3. This means a difference of
0.17 m3 or 1.6% related to the M300 volume; therefore, this deviation is also negligible.

5. Conclusions

The discussed statistical assessment reveals that there is only a small deviation of less
than 2 cm between three-dimensional models produced by consumer drones and high-end
industrial ones. Therefore, both datasets are quite similar and, for most applications in
heritage protection, the cheaper UAV systems are sufficient. Only in the case where fine
details and a high accuracy in all parts of a building are crucial for the outcome do we
require drones that are more expensive. Small details like the globes at the church spire of
St. Ägidius or the sharp edges of the vertical walls, especially, are better represented by the
M300 system due to the higher resolution of the camera, as well as the more sophisticated
flight-planning software that is available in these cases. Besides the cheaper price of
consumer UAVs, the smaller size and weight of these systems play a significant role for
heritage protection applications: as most of the relevant sites are located within settled
areas, the legislative regulations for drone flights have to be taken into account [32]. These
are much easier to fulfil with lightweight systems than with heavy ones.
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