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Abstract

Assessing the condition of historical sites at risk requires an interdisciplinary approach based on combining multiple measurement
technologies. Due to the dynamic development of technology, non-invasive remote sensing methods are gaining significant
importance. Among these techniques is photogrammetry based on images taken from unmanned aerial vehicles (UAVs) and those
taken with a smartphone. In the study, the authors specified the possibilities and limitations of using remote photogrammetric
methods to build accurate digital models of the walls of historic buildings with cracks in them. Point clouds, TIN grids, and facade
orthophotos were examined. Statistical analysis was used to determine the repeatability of the data. Two parameters were
identified that affect the accuracy of the data: the first — the direction of the segment between two points in the facade plane, and
the second — the distance of the segment between two points in the plane of the facade. The study showed that the average
accuracy of crack width measurements on the data acquired with the DJI Mavic 3 Enterprise RTK is 1 mm. Testing of crack width
measurements using a Samsung Galaxy S20 FE smartphone showed an average absolute error of 0.24 mm. Based on the results, it
was concluded that the imagesacquired using mobile devices can be used to determine changes in crack widths on walls.

Key words: historical objects, 3D models, cracks, point cloud, smartphone, TLS

1 Introduction laser scanning. The obtained accuracy at the level of 1 cm enables
executing precise inventory works for cultural heritage purposes.
Generally, geodetic monitoring of historical sites utilizes vari-
ous technologies and inventory methods. They can be divided into
invasive (or tactile), i.e., those that interfere with the structure of
the measured objects, and non-invasive (or contactless), i.e., not
requiring such interference (Wozniak, 2009). Among the former,
we can distinguish all kinds of inclinometers (Ornoch et al., 2021) or
crackmeters (Wozniak and Wozniak, 2020), as well as the geomet-
ric levelling method, enabling the precise study of vertical changes
(Baselga et al., 2011). Classical tachymetric inventory is also used

Developing modern geoinformation technologies, including survey
instruments and methods, opens many interdisciplinary opportuni-
ties for quantity surveying. One of the main development trends is
risk management (Jigyasu, 2005). This issue concerns using geode-
tic knowledge in effective risk management, structural monitoring,
and assessing and identifying phenomena. The literature also gives
many examples of the application of surveying systems in studying
the condition of historical objects. For example, in the publication
by Bolognesi et al. (2014), the authors considered various strategies

for processing photogrammetric data acquired during the inven-
tory of a historical 15th-century castle. The measurements were
verified against analogous point clouds obtained using terrestrial

(Karsznia, 2023). Another interesting approach is the application
of angular intersections described in Baselga et al. (2011). These
methods are exact, but mounting sensors or surveying points on
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historical structures requires permission from the conservation
officer. Hence, the only acceptable methods for obtaining repeat-
able readings are solutions based on photogrammetry and remote
sensing (Di Stefano et al., 2020; Markiewicz et al., 2019). A so-
lution may be laser scanning technology utilizing a spatial polar
coordinate system (Buill et al., 2020; Wozniak et al., 2015). In this
way, information about the object’s shape is obtained based on the
point cloud, a spatial and quasi-continuous representation of the
surveyed surface.

Based on capturing multisource data, a monitoring system was
developed for the objects of the Coal Basin Area Museum in Bedzin
(Karsznia, 2024). Due to their historical importance, the objects
cannot be subjected to invasive techniques (mounting signs and
measuring apparatus directly on the surveyed structures). Inte-
grating diverse data resulting from survey campaigns with highly
precise, real-time inclinometer time series enables composing a co-
herent risk-management system, empowering a dedicated knowl-
edge base used for further modelling.

Tachymetric measurement using a total station is a frequently
used method for studying the deformation of difficult-to-access
objects (Gairns, 2008; Shevchenko et al., 2020). The total station
method can be used as a standalone or complement to other meth-
ods that allow more detailed imaging, like photogrammetry or laser
scanning (Baca et al., 2015).

Problems of accessibility to the ever-emerging signs of struc-
tural damage (gaps and expansion joints) determine the need to use
small and fully mobile measurement technologies (Swierczynska
etal., 2023).

Unmanned aerial vehicles and smartphones can record mea-
sured objects with a mounted or built-in laser scanner. Then, the co-
ordinates of the points in the spatial coordinate system are acquired
directly with the sensor (Lohani and Ghosh, 2017). These devices
can also capture images of the measured object using a mounted or
built-in digital camera. Then, the coordinates of points in the spa-
tial coordinate system are acquired from photogrammetric process-
ing of the images using appropriate software. Most image-based
3D reconstruction software has its own algorithm for generating a
dense point cloud (Murtiyoso and Grussenmeyer, 2017).

Inexpensive scanning devices such as the iPhone 13 Pro LiDAR
(Light Detection and Ranging) have recently become standard. Li-
DAR technology is often implemented in UAVs and relies on measur-
ing the timing of the return pulse emitted from a laser transmitter
to a laser receiver (Lohani and Ghosh, 2017). On the other hand,
over the past few years, studies have been conducted to determine
the suitability of LiDAR technology in the iPhone for the inventory
of architectural details (Teppati Losé et al., 2022) or small rooms
(Zaczek-Peplinska, 2023). Studies on crack detection have shown
that with high resolution, short iPhone distance, and using addi-
tional tie points, it is possible to measure very small cracks (even
about 1 mm) (Btaszczak-Bak et al., 2023). A comparison of the
iPad’s LiDAR sensor, a handheld laser scanner, and traditional for-
est inventory equipment shows a high detection rate of tree trunks
over 10 cm in diameter (Gollob et al., 2021).

Thanks to the development of technology and the placement of
cameras with increasingly bettersmartphone performance, data
similar to that obtained with the iPhone can be obtained with any
smartphone. The difference lies in the indirect way of obtaining
them rather than the direct way. The accuracy and resolution of
the output data depend on a number of factors: the quality and
number of images taken, the algorithm, and the image processing
parameters (Fawzy, 2019). Using short-range photogrammetry
with ground-based equipment, it is possible to record an area even
of considerable size (for example, 25 x 55 m) with high resolution
(for example, 1 mm) (Sapirstein, 2016). Short-range photogramme-
try technology produces results similar to those of laser scanning
technology (in the form of point clouds). However, it differs from
laser scanning in the process of acquiring and processing input
data (Baltsavias, 1999). The research shows that the standard de-
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viation for point clouds, obtained by processing images acquired
with different cameras, compared to terrestrial laser scanning, is
about 5 cm (Jaud et al., 2019). However, the integration of a digi-
tal camera with sensors such as an accelerometer, magnetometer,
gyroscope and GNSS antenna in a mobile device gives users the
ability to map surface changes of objects with a repeatability of
about 4 mm (Corradetti et al., 2021). These solutions inspired the
authors to undertake a comprehensive study of the technical con-
dition of historic buildings located in endangered (post-mining)
areas. The field and analytical work has been carried out within
the framework of two consecutive scientific projects granted by the
Council of Scientific Disciplines of Civil Engineering, Geodesy, and
Transportation. The test sites belong to the Museum of the Coal
Basin Area in Bedzin, Silesian Voivodeship, Poland, with which
Warsaw University of Technology collaborates in the field of risk
management and assessing the condition of historic objects.

The aim of this work was to assess the accuracy of two types
of data (from the UAV and a smartphone) that will feed a unified
facility monitoring system for the entire Mieroszewski Palace. The
research attempts to determine the feasibility of using technology
based on photogrammetric image processing to assess the technical
condition of object surfaces. The innovative nature of the research
consisted in acquiring working photogrammetric data in such a
way that it was possible to detect changes in the dimensions of the
cracks. These changes were assumed to be about 1 mm.

The paper is organized as follows. In section 2, the research
objects with their structural problems are presented. Section 3
presents the methodology of the research conducted and the theo-
retical aspects of the statistical analyses. In section 4, we present
the specification of the equipment used in the study and the charac-
teristics of the data obtained. In section 5, the results of the research
are described. This section is divided into two subsections: the abil-
ity to assess the technical condition of objects based on UAV data
and the ability to assess the technical condition of objects based on
smartphone data. In section 6, we compare the obtained results
with existing studies using similar technologies. In section 7, a
summary and concluding remarks are presented.

2 Research sites

The research was carried out on historical sites of the Museum of the
Coal Basin Area in Bedzin, including Mieroszewski Palace, Bedzin
Castle, Bedzin Underground, and the synagogue “Mizrachi”. For
practical reasons, our research was limited to the results obtained
at the Mieroszewski Palace.

The Mieroszewski Palace was built in 1702 and was a typi-
cal 18th-century noble French-style residence (Figure 1). It is
a one-story palace with a double-arched mansard roof and an
amphiteatre-like arrangement of rooms. Rich polychrome paint-
ings dated to the 18th century are on the interior walls. On the east-
ern side, a wide driveway leads to the main entrance. In addition, on
the west side, there is a park with stone sculptures and interesting
tree specimens. The whole forms an architectural layout, reflecting
an 18th-century park and palace composition (Museum of the Coal
Basin, 2024).

Based on data from the Polish Geological Institute, it can be
concluded that the city of Bedzin is strongly influenced by the im-
pact of the mining industry (PGI, 2024). Figure 2 shows the range
of the surrounding mining areas. They are located in a radius of
about 2.5 kilometres. However, the space covered by the predicted
harmful effects of the mining works is in the immediate vicinity.
This neighbourhood means that such factors can be responsible for
potential damage to the Museum facilities.

The main reason for the degradation of the subsoil of Castle
Hill and its surroundings (including the area of the Mieroszewski
Palace) can be traced to the Bedzin Fault, which cuts through the
northeastern part of the city. GPR and gravity surveys have shown
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Figure 1. The Mieroszewski Palace in Bedzin — 1702
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Figure 2. Location of the city of Bedzin in relation to the mining areas
(PGI, 2024)

that mining activities have caused rock mass movements. The ac-
tivation of the Bedzin Fault can be seen in the cracks of buildings
located in the Castle Hill area. The movement of the tectonic struc-
ture is compounded by the geology of the area and the impermanent
casing of the Bedzin Underground (Figure 3), which is currently
an unfinished German air raid shelter. Its course crosses the castle
hill, significantly affected by the geological activity of the Bedzin
Fault (Stec, 2007).

Figure /4 shows the area with the highest probability of ground
destruction resulting from the Bedzin Fault. It extends to the north-
eastern walls of the castle.

Among other factors impacting the technical condition of the
monitored sites may be climatic and environmental changes like
air pollution or acid rains (Chen et al., 2013; Xie et al., 2004 ), as well
as the proximity of monuments to major transportation routes, the
expansion of the road network, or renovation works carried out.

As a result of the above factors, the technical condition of the
Mieroszewski Palace included in the survey is deteriorating. Cracks
and fissures have appeared on the palace walls, requiring monitor-
ing. The most significant changes are noticeable along the walls
connecting the central part of the building with the annexed part
on the southern side. Cracks are also present on the ceiling, located
above the palace’s second floor.

3 Research methodology

The presented studies encompass non-invasive mobile technolo-
gies limited to unmanned aerial vehicles (UAVs) for the exterior
parts and the smartphones used in the interior. Additionally, total
station survey data was used to boost the accuracy in generating
photogrammetric point clouds.

The methodology of data acquisition, processing, and elab-
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Figure 4. Location of sites to be monitored in relation to the Bedzin Fault

oration is presented in Figure 5. The exterior facade of the
Mieroszewski Palace and the fortified castle were recorded in co-
operation with NaviGate Ltd. using the DJI Mavic 3 Enterprise RTK
flying system. It is equipped with a telephoto camera with a 1/2-
inch CMOS sensor with an effective resolution of 12 MP (maximum
image size: 4000 x 3000), a field of view of 15°, an aperture of f/4.4
and a format equivalent to 162 mm (Pix4D, 2023).

During the survey, the interior walls of the palace were recorded
using the Pix4Dcatch application installed on a Samsung Galaxy S20
FE smartphone. It allows acquiring images from which a point cloud
representing the measured objects is generated in the Pix4Dcloud
software.

Figure 6 shows photographs of the experimental and internal
measurements taken at the Mieroszewski Palace. Figure 6a shows
a DJI Mavic 3 Enterprise RTK in a flight, and Figure 6b shows an
inventory of the attic floor using a Samsung Galaxy S20 FE smart-
phone.

During fieldwork, tie and reference points were established.
Reference points were marked on objects surrounding the palace,
and tie points were marked on the palace facade. Retroreflective
tape targets were used for both groups of points. The function
of these points was twofold. Firstly, they constitute a matrix for
photogrammetric studies, counteracting the phenomenon of error
accumulation. Secondly, a group of points located on two sides of the
crack visible on the outer wall of the building were measured. Cyclic
surveying of these points provides information about changes oc-
curring in the crack area independent of photogrammetric studies.

All points were measured from two stations (A and B) stabilized
only for the duration of a given measurement, which is an advan-
tage given the historic nature of the area, i.e., the garden adjacent
to the Palace. The locations of the tie points and the two survey
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Figure 5. The main stages of the proposed measurement methodology

Figure 6. Object inventory by two methods: (a) — using UAV by DJI Mavic
3 Enterprise RTK; (b) — using Samsung Galaxy S20 FE smart-
phone

positions are shown in Figure 7. The marked points were measured
using a Leica TS 09 total station. Since the locations were not refer-
enced to an external coordinate system, each has a separate local
system. For further analysis, it was necessary to convert the XYZ
coordinates obtained from the measurements to a common system.
This system was defined so that one of the axes of the coordinate
system (Y) was parallel to the fagade of the building. The orienta-
tion of the local coordinate system axes is shown in Figure 8. The
Z-axis was assumed to be vertical. Assuming the coordinate system
in this way facilitated the data analysis presented later in the article.
The horizontal coordinates (X, Y) and Z vertical coordinate were cal-
culated separately. The object’s extent (excluding reference points)
does not exceed 50 m. For such a distance, the effect of the Earth’s
curvature does not exceed 0.2 mm, the vertical line convergence is
5, and the linear effect of this convergence for a building height of
12 mis below 0.1 mm. Considering the measurement precision (lim-
ited by the target marking type) of about 1 mm, the ortho-cartesian
coordinate system can be assumed for further analyses.

This step was followed by averaging the coordinates obtained
from the two measurement stations. To do this, a coordinate trans-
formation was performed according to Equation (1). This conver-
sion was a four-parameter transformation of the 2D+1 type, con-
sisting of a rotation around the vertical axis by an angle « and a 3D
shift, as follows:

cosx Sina O
—sinax cosx O
0] 0 1

PSEC. = - Pprim‘ + TO (1)
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Figure 7. Total station measurement from two stands to the tie points
located on the front facade of the Mieroszewski Palace, refer-
ence points on objects surrounding the palace, and the control
points mounted along the main crack

Figure 8. The local coordinate system of the Mieroszewski Palace

where:
Psec. — coordinate of points in a secondary coordinate system,
Pprim, — coordinate of points in a primary coordinate system,
o — angle of rotation in the horizontal plane,
To — 3D shift vector.

The reference points (101, 102, 103, 104, and 107), located outside
the site, were used to determine the transformation parameters
(angle « and vector Ty ). The sets of coordinates for sites A and B
were then averaged, and transformed to a common system. The
coordinates thus obtained were taken as final for further analysis.

Table 1 shows the accuracies of the tie points and reference
points obtained from total-station measurement and adjusted, re-
spectively. These are the differences between the coordinates of the
points deployed on the Palace fagade (1 — 21) and the surrounding
objects (101 — 104, 107) captured from standpoints A and B.

In the final alignment, the alignment of the total station over a
fixed reference point was not considered. The coordinates of sta-
tions A and B were determined from reference points (101 — 104,
107), located on the structures adjacent to the palace. In this case,
the coordinates of these stations were determined in the same way
as the coordinates from the free stations.

Two types of error can determine the precision of the acquired
data:

- absolute error, which describes the accuracy of a single mea-
surement, is the difference between the measured value and the
actual value:

e(X) = |Xx—Xo]| (2)

- relative error, which describes the accuracy of a measurement
with an instrument, is the ratio of the difference between the mea-
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Table 1. Differences between the coordinates of points on the Palace fagade (tie points) and the surrounding objects (reference points) captured

from stations A and B (after transformation))

Point number Accuracy Point number Accuracy
dX[mm] dY[mm] dH[(mm] dP[mm] dX[mm] dY[mm] dH[mm] dP[mm]
1 -1,0 -0,4 0,5 1,2 15 -0,1 -1,0 -0,2 1,0
2 -0,3 0,3 -1,6 1,7 16 -0,1 -1,1 0,1 1,1
3 -1,0 0,8 -0,5 1,4 17 -0,3 -1,0 -1,1 1,5
A -1,9 0,0 -1,4 2,4 18 -1,4 -1,7 016 2,3
5 -1,1 -1,6 0,3 2,0 19 -1,6 -0,8 -1,8 2,5
6 -1,0 0,4 -0,5 1,2 20 -2,1 -0,5 -1,8 2,8
7 -1,5 -0,9 -0,4 1,8 21 -1,4 -1,1 0,9 2,0
8 =75 '4:5 -0,7 8)8 101 1,5 0,3 -0,9 1)8
9 -1,1 -1,8 0,6 2,2 102 -0,2 0,5 -0,1 0,5
10 -1,1 0,0 -1,0 1,5 103 -1,8 0,9 -0,7 2,1
1 -0,3 -1,2 0,1 1,2 104 -0,2 -0,1 0,5 0,5
12 1,4 -2,5 _016 2,9 105 -0,3 0,7 -0,9 1,2
13 -0,2 -2,3 -1,3 2,6 106 1,8 -0,5 0,4 1,9
14 -0,9 -3,1 -0,8 3,3 107 -1,0 -1,8 0,2 2,1
sured value and the actual value to the measured value:
5(x) = % -100% 3)

where x is the measured value, and X, is the real value.

The accuracy of the point clouds resulting from photogrammet-
ric processing depends on several factors, including the size of the
registered object, the distribution of tie points, or the number of
images used in the alignment process. A correlation coefficient is
calculated to test the correlation between two variables, for exam-
ple, X and Y. Obviously, the two sets of variables should have the
same number of observations in a scalar form. It is worth noting
that the correlation coefficient only determines the degree of linear
dependence of two variables (Press et al., 1992). The Pearson corre-
lation coefficient is calculated from the following formula (Pearson,

1896):
1 Y /x-X\ /Y -Y
p(X,Y):N_lz< oy )( oy ) (4)

i=1

where:
X and Y — first and second set,
N — the number of both sets,
X and Y — the mean of X and the mean of Y,
oy and oy — the standard deviation of X and the standard devi-
ation of Y.

The point clouds obtained from the research were analyzed for
their metricity, mainly in the plane coinciding with the wall of the
front facade of the palace.

4 Data specification

As a result of the measurement and processing of the obtained re-
sults, a very high accuracy of the position of the signs on the front
facade was obtained. The average error in the position of the ad-
justment points in the local coordinate system does not exceed
1 mm. This accuracy further allowed the generation of a “true
ortho” facade with equally high accuracy, i.e. the degree of agree-
ment between the model parameters and the actual quantities. This
demonstrates the high accuracy of the spatial data.

As aresult of data registration and processing, point clouds and
spatial models of the Bedzin Palace were obtained. Figure 9a shows
point clouds which are quasi-continuous geometric representa-
tions of the palace. They were created due to processing several
hundred images with specialized photogrammetric software using
the image-matching method.

(b)

Figure 9. Views of models representing the Mieroszewski Palace: (a)
— perspective view; (b) — part of the palace facade with the
location of the largest crack marked

It should be noted that the degree of detail of the generated
spatial data is relatively high. The density of the point cloud repre-
senting the palace is 300 points/m?. This parameter is a property
that characterizes this data, as it determines the ability to recog-
nize individual objects and identify details. Based on the density,
the average distance between neighbouring points of the cloud is
determined. In the process of automatic image matching, a dis-
cretization of the object in the form of nodal points of a regular
grid of squares is carried out. Assumption that the average distance
between the points of the cloud representing the palace is 6 cm may
help imagine the spatial precision of the data. The space between
the cloud points is filled at the stage of modeling and applying the
texture to the triangle grid.

The data presented in Figure 9a are the results of the processed
images, taken using an unmanned aerial system during a horizon-
tal flight. In addition to the horizontal missions, a vertical flight
was carried out along the front fagade of the Mieroszewski Palace.
The images obtained from this flight were used to analyze the tech-
nical condition of the facade. Processing about 1000 photos with
specialized photogrammetric software using the image matching
method, resulted in a point cloud with a density of 62500 points/m?.
It gives an average distance between neighbouring points of the
cloud of about 4 mm. In addition, the vertical flight images created
a “true ortho” of the front facade of the Mieroszewski Palace. Its
fragment is presented in Figure 9b.

Atrue orthophoto of the wall is the analogue of a true orthophoto
of the terrain. These two ortophotos differ in the plane on which
the image is projected. In “true ortho”, the wall is a vertical plane,
not a horizontal plane as in the case of terrain. The most crucial



geometric property remains unchanged: the elimination of radial
displacement of objects projecting above the wall (such as orna-
ments, balustrades, or columns) or “blind spots”, understood as ar-
eas obscured by leaning projecting objects. This means that objects
lying on the vertical plane, which approximates the wall surface, as
well as those projecting above it, are depicted in orthogonal projec-
tion. Specialized photogrammetric software such as Pix4Dmatic or
Pix4Dmapper is used to eliminate radial displacements.

The precision of “true ortho” is defined by the field pixel size.
This is the actual distance to which the smallest uniform element of
a digital image corresponds. As a result of the conducted research,
a “true ortho” of the front fagade of the Mieroszewski Palace was
obtained with a field pixel size of 0.7 mm. The order of this size
indicates a very high degree of detail and recognition of individual
details.

In addition to the high level of detail, the “true ortho” facade
is also characterized by a high degree of accuracy,j achieved by
adjustment points evenly distributed on the front wall of the palace.
Figure 10 shows the distribution of the accuracy of the position of
the adjustment points evenly distributed on the front wall of the
Mieroszewski Palace. Their average errors along the length and
height of the facade are presented on a colour scale.

Average tie points errors were determined based on the modified
Formula (5) in the following general version:

h. ortho
s, (xfach. — xortho)
N = tach. _ yeortho\ _ =Jj=1 \"j J
Ax) = (X, X ) -
(5)
h. ortho
S, (Yo - v
A = (Yitach._Yiortho)_ J (J - J )

where:

Xl.t‘“h', Y{“Ch- — tie points coordinates calculated from tacheome-
try measurements,
X,?’”h", Y,."”h" — tie points coordinates measured at “true ortho”

facade.

The modification is due to the need to compare 2D and 3D data.
Its application was possible because, during the adjustment of the
total-station measurement, the YOH plane of the geodetic local
system was adapted along the fagade. For accuracy analysis, the
YOH plane of the geodetic local system has been replaced by a two-
dimensional XOY system, where the X axis is parallel to the facade
length (X,.tam), and the Y axis is parallel to the facade height (Y{“Ch ).

The differences are evaluated in terms of the average difference
between the coordinates obtained by the two techniques because
the coordinates of the tie points obtained from total-station surveys
are expressed in a different local coordinates system than the tie
points measured on the facade “true ortho”.

The errors of the tie points concerning the X and Y axes are
equal to the deviation of the individual differences between the
coordinates obtained with the two techniques from the average dif-
ferences between the coordinates obtained with the two techniques.
Such a procedure replaced the need to transform the “true ortho”
facade coordinate system relative to the coordinate system of the
total station measurement.

Since during the alignment of the total station survey, the
YOH plane of the geodetic local system was taken along the
facade wall, the transformation would only consist of shifting the

n tach. _yortho
T ()

“true ortho” coordinate system by the: X = and

h. _yortho
s (ytach _y
Y= M vectors.

The average errors of the tie points range from 0 to almost 6 mm.
However, the largest error value has only one point (point number
8) in a hard-to-reach place. The average error of the position of
the adjustment points on the “true ortho” along the length of the
facade is 1 mm, which is within the limit of the tachymetric mea-
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Figure 10. Analysis of the accuracy of the position of the tie points along
the (a) — length of the front facade of the Mieroszewski Palace;
(b) — height of the front fagade of the Mieroszewski Palace; (c)
— analysis of the accuracy of the 2D position of the tie points

surement error. In contrast, the average error of the position of the
adjustment points on “true ortho” along the facade height is more
than 3 mm. Thus, a decrease in accuracy in the vertical direction
and high accuracy in the horizontal direction are noticeable.

5 Results

According to the scheme presented in Figure 5, the results of the
measurements were analyzed separately. First, the possibility of
assessing the condition of objects based on UAV data was tested.
Then, the possibility of assessing the condition of objects based on
smartphone data was tested.

5.1 Fagade inspection possibility on the Palace using a
UAV

Even though Mieroszewski Palace is located 700 meters from the
Bedzin Fault, cracks and fissures have appeared on its walls, which
require monitoring. The most significant changes are noticeable
along the walls, which connect the main part of the building with
the annexed part on the south side. Around this connection, cracks
and fissures are also present on the ceiling of the Palace’s second
floor. Figure 11a shows the largest crack on the front facade of the
Palace. It is located just around the connection between the main
part of the building and the annexed part on the south side.
Survey marks were stabilized around the crack, also measured
during the tacheometric inventory. In Figure 11b, these points are S1,
S2, S3, S4, S5, S6 and S7. In the metric analysis of the UAV-derived
data, they served as facade control points. It should be noted that
these points, unlike tie points, did not take part in the image cali-
bration and matching process. Figure 11b shows the position errors
of facade control points. The differences between the coordinates of
facade control points determined from the tachymetric survey and
those determined from the orthophoto survey are shown in colour
scales. These errors were calculated based on the Formula (5) and
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Table 2. Comparison of the results of measuring the crack on the outer wall of the Palace on 2D — “true ortho” and 3D — point cloud

data
3 H « ”» H
Measure along .the line | Crack size on “true ortho Size of the crack on the Absolute error [mm]  Relative error [%]
between points facade [mm)] facade cloud [mm]
S1-S2 6.7 8 13 16.3
S3 -S4 3.2 4 0.8 20.0
St -85 4.5 4 0.5 12.5
S6 —S7 5.0 4 1.0 25.0
Average 0.9 18.4

ranged from 0.2 mm to 1.3 mm.

Table 2 shows the results of measuring the crack located on the
outer wall of the Palace. This is a comparison of 2D — “true ortho”
and 3D — point cloud data. The width of the crack was measured at
threelevels along four straight lines connecting the points S1and S2,
S3 and S4, S6 and S7. The volumes measured on ’true ortho’ with a
field pixel size of 0.7 mm were taken as the reference measurement.
The results obtained from the point cloud differ from the reference
by an average of 18.4%. The magnitude of the absolute error is due
to the high resolution of the “true ortho” and the density of the
point cloud such that the distance between cloud points averages
4 mm. The density of the point cloud is, therefore, lower than the
resolution of “true ortho”. In addition, the obtained results are
affected by the subjectivity of identifying the crack’s edge.

The “true ortho” metric analysis was based on all possible com-
binations of distances between facade control points (from S1 to
S7) and all possible combinations of distances between tie points
(from 1 to 10 and from 12 to 21). The distances calculated from the
coordinates determined from the total station measurement were
taken as reference. Total station measurement is characterized by
high accuracy, as shown in Table 1. For this reason, the coordinates
of the points obtained from the alignment of the tachymetric obser-
vations were taken as reference. The distances between all possible
combinations of two points were calculated based on them. These
are Xo in the Formulas (2) and (3). In this way, reference distances
were obtained and compared with their counterparts, which were
calculated from coordinates measured on the true ortho (these are x
in the Formulas (2) and (3). The differences between the reference
distances and the distances tested on the true ortho were presented
in the form of relative and absolute errors according to Formulas (2)
and (3).

The parameters on which the accuracy depended were:

- direction of the segment between two points in the plane of the
facade — where ¢ = 0° means vertical orientation (along the facade
height), ¢ = 90° means horizontal orientation (along the length
of the facade), while intermediate values of ¢ indicate oblique di-
rections. Thus, it was possible to check the metricity of the true
ortho in directions parallel to the X-axis, in directions parallel to
the Y-axis and in intermediate directions. It was also possible to
answer the question in which direction the metricity of the data is
the lowest and in which direction it is the highest. The method of
calculating the directions of segments between two points in the
plane of the facade () is shown graphically in Figure 12.

- the segment’s distance between two points relative to the verti-
cal plane of the facade - in order to check whether they are scaled
in the 2D data. Then, as the distance increases, the errors of the
segments increase. However, the orientation of the segment in
question should be considered.

The correlation between the accuracy of the lengths of all pos-
sible combinations of segments, the lengths of these segments,
and the direction of these segments are shown using graphs. Fig-
ure 13 shows the dependence of the relative (Fig. 13a) and absolute
(Fig. 13b) errors of the lengths of the sections between the facade
control points and the direction of the section in the fagade plane.
Figure 14 shows the dependence of the relative (Fig. 14a) and ab-
solute (Fig. 14b) errors of the lengths of the sections between the

(@) (b)

Figure 11. Effects of the inventory of cracks on the outer wall of the
Mieroszewski Palace: (a) — photograph of a fragment of the
fagade; (b) — orthophotomap made based on UAV images. The
accuracy of fagade control points, stabilized along the crack
is shown in colour scale.

Figure 12. Method of calculating the directions of segments between
two points in the plane of facade — ¢

fagade control points and the lengths of these sections in the facade
plane. Similar graphs were generated for tie points. Figure 15 shows
the dependence of the relative (Fig. 15a) and absolute (Fig. 15b)
errors of the lengths of the sections between tie points and the
direction of the section in the fagade plane. Figure 16 shows the
dependence of the relative (Fig. 16a) and absolute (Fig. 16b) errors
of the lengths of the sections between tie points and the lengths
of these sections in the facade plane. The point plots also include
trend lines in the form of second-order polynomial functions that
approximate the scatter.

Interpreting the effect of the direction of the section between
two points, it should be noted that the relative errors of the sections
between the fagade control points are smaller for ¢ = 0° (vertical
sections) than for ¢ = 90° (horizontal sections). As the direction
increases, these errors increase. In contrast, the relative errors of
the sections between tie points are smaller for ¢ = 90° (vertical
sections) than for ¢ = 0° (horizontal sections). This fact is consis-
tent with the geometry of the distribution of the different types of
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Figure 13. The dependence of section length errors between fagade con-
trol points and the direction of the section in the fagade plane,
presented in the form of error: (a) — relative calculated from
Equation (3); and (b) — absolute calculated from Equation (2)
(trend lines generated using polynomials of the second order)
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Figure 14. The dependence of section length errors between fagade con-
trol points and section length in the facade plane presented in
the form of error: (a) — relative calculated from Equation (3);
and (b) — absolute calculated from Equation (2) (trend lines
generated using polynomials of the second order)
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Figure 15. The dependence of segment length errors between tie points
and the direction of the segment in the facade plane pre-
sented in the form of error: (a) — relative calculated from
Equation (3);and (b) — absolute calculated from Equation (2)
(trend lines generated using polynomials of the second order)
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Figure 16. Dependence of section length errors between tie points and
section length in the fagade plane presented in the form of
error: (a) — relative calculated from Equation (3); and (b) —
absolute calculated from Equation (2) (trend lines generated
using polynomials of the second order)
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points.

In turn, the absolute errors of the sections between the facade
control points are the largest for oblique directions. This is evi-
denced by the convexity of the trend function. In contrast, the
absolute errors of sections between the tie points show a decreasing
trend as the direction ¢ increases. These results suggest greater
accuracy of linear quantities measured along the length of the wall
than those measured along the height of the wall. This direction is
consistent with the measurement of the width of vertical cracks on
the fagade.

Interpreting the effect of the segment length between two
points, it should be noted that as this length increases, the rel-
ative errors of the distance between the facade control points and
tie points decrease. A decreasing trend can also be observed for the
absolute errors of the distance between the tie points. On the other
hand, in the case of absolute errors of distance between the facade
control points, there is a large dispersion of points.

Correlations between segment errors and the analyzed param-
eters are shown in Table 3. They were calculated according to the
Formula (4) separately for the direction of segments between points
and the distance of segments between points relative to the vertical
facade plane.

The correlation coefficients for relative errors, whose absolute
value ranges from 0.38 to 0.66, testify to the dependence of the two
data sets at an average level. The values of all coefficients in Table 3
differ from the value of 0, so correlation exists. The highest correla-
tion was observed for relative errors and distance between points.
The greater the distance, the smaller the relative error, which may
indicate that the calculations are correct. On the other hand, the
correlation for absolute errors and direction for the control points
has an increasing trend, and for the tie points it has a decreasing
trend.

The correlation coefficients for absolute errors, whose absolute
value ranges from 0.03 to 0.37, testify to the dependence of the two
data sets at a very low level. The correlation between absolute er-
rors of distance between combinations of tie points and analyzed
parameters occurs at a higher level than the correlation between
absolute errors of distance between combinations of control points
and analyzed parameters. It should be noted that the correlation
coefficient for the absolute error and the direction of the section
is —0.37. This is relatively high and shows that the errors of sec-
tions with directions parallel to the X-axis are relatively smaller
than those with directions parallel to the Y-axis. The correlation
coefficient should be considered to indicate the degree of linear
dependence between two sets. It is not possible to characterize an
exponential or polynomial trend with this coefficient.

5.2 Facade inspection possibility on the Palace using a
smartphone

The Pix/4Dcatch app installed on a Samsung Galaxy S20 FE smart-
phone recorded cracks on the palace’s interior walls. Changes on
all levels of the building, on walls and ceilings, were inventoried.
Images of all cracks were processed using Pix4Dcloud software,
obtaining a point cloud and TIN (Triangulated Irregular Network)
model for each object.

Figure 17 shows all the resultant products, such as cracks. Fig-
ure 17b shows the point cloud that represents the crack. It was gen-
erated using the Pix4Dcloud app based on images acquired using
the Pix4Dcatch app installed on a smartphone. The cloud in Fig-
ure 17b has a 100 points/cm? density. This shows that the distance
between cloud points is about 1 mm. In turn, Figure 17c presents
the TIN model which is a triangle mesh formed from the point cloud
and the texture of the images. Measuring with a precision of more
than 0.5 mm on the TIN grid is possible. Such a high density of the
point cloud and the resolution of the TIN model is due to the short
distance between the registered object and the camera.
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Table 3. Correlation coefficients between data sets
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Type of points

Parameter

relative errors 5  absolute errors ¢

Correlations coefficients of error

¢ 0.59 0.07

distances between points S1 — S7

Distance between tie points -0.66 0.03
Correlations coefficients of error [ -0.38 -0.37
distances between points 1 — 10 and 12 — 21 . . .
P Distance between tie points -0.48 -0.25

Table 4. Comparison of the results of measuring the crack on the interior wall of the Palace by two methods: the
first, using a calliper, and the second, on a cloud of points with a cloud density of 100 points/cm?, i.e. the

point-to-point distance was about 1 mm

Mela:)scual:ie(r’rrllent The size of the crack measured: Absolute error [mm]  Relative error [%]
using a caliper [mm]  on the TIN model [mm]
Section A 6.6/, 6.5 0.14 2.15
Section B 7.84 75 0.34 4.53
Average 0.24 3.34

(a) (b) ()

Figure 17. The results of the inventory of the cracks on the inner walls
of the Mieroszewski Palace: (a) — a photograph of the crack;
(b) — a point cloud representing the crack, generated using
the Pix4Dcloud application based on images acquired with
the Pix4Dcatch application installed on a smartphone; (c) — a
TIN model of the crack, generated using mobile technology
with a smartphone

In the Pix4Dcatch software specification, the authors state that
its accuracy is a few centimetres, while its repeatability is a few mil-
limetres. These quantities are not very high. The described studies
showed that the photogrammetric processing of images acquired
with a smartphone could be sufficiently accurate and useful for the
described applications.

As is known, the calibration of images without the use of tie
points results in the fact that the 3D model generated in post-
processing is burdened with a scale factor. This coefficient is dif-
ferent in each direction. The user has no control over the metric
properties of the resulting model. On the other hand, however, the
distortion of a 3D model, TIN mesh or point cloud is smaller the
smaller the object. This property is helpful for the model of cracks
on the interior walls of the palace. Admittedly, 3D models generated
by photogrammetric processing of images without tie points are
burdened by a scale factor. However, as Table 4 shows, the error in
measuring the width of cracks is, on average, 0.24 mm or 3.34%.
Measuring the length of the entire crack on a smartphone model is
not as accurate, but the measured size is also larger. The accuracy
of the crack width measurement may be sufficient to detect any
future changes of 0.5 mm. The repeatability of the results presented
in Table 4 was confirmed by repeated registration of the crack and
repeated measurement of the crack width.

(@) (b)

Figure 18. TIN model of one of the cracks on the wall of the palace, gen-
erated using the Pix/4Dcloud application based on images ac-
quired with the smartphone Pix/Dcatch app (a) (the red rect-
angle shows the location of the crackmeter); (b) close-up of
the scale drawn on the crackmeter

T
—— e 1|

Figure 19. Location of crackmeters on the plan of the outline and interior
walls of the Mieroszewski Palace

Accurate identification of crack edges is difficult. Manual point-
ing of points to measure crack width is subjective. Therefore, the
feasibility of using mobile technology to determine the condition
of walls was assessed by measuring the graduations of crackmeters.
An example of such a sensor is shown in Figure 18a. The method of
attaching the device to the wall surface is shown in Figure 18b.

As shown in Figure 19, the crackmeters network was stabilized
on the interior walls of the Mieroszewski Palace. Usually, crackme-
ters are used to determine changes in crack width by taking periodic
readings. In the study, which aimed to determine the metricity of
smartphone-acquired TIN models, they served as a base with spe-
cific dimensions. As can be seen in the figure, the graduation of the
slit gauge has two main axes: horizontal and vertical. The nominal
length of the horizontal axis is 4.00 cm because the horizontal scale
ranges from -2.00 cm to 2.00 cm. The nominal length of the vertical
axis is 2.00 cm because the vertical scale ranges from -1.00 cm to
1.00 cm. These quantities were used to determine the TIN’s models
average relative and absolute errors.
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Table 5. The results of measuring the sections, which are the main axes of the scale, drawn on the crackmeters in the direction:
horizontal in the range from —2.00 mm to 2.00 mm and vertical: from —1.00 mm to 1.00 mm

Number of Horizontal length in range Vertical length in range
<-2.00;2.00> [cm] <-1.00;1.00> [cm]
crackmeter Size on the Size on
Absolute Relative error Absolute Relative
TIN model o the TIN o
fem) error [cm] [%] model [em] error [cm) error [%]
S1 3.93 0.07 175 1.95 0.05 1.25
S2 3.86 0.14 3.50 191 0.09 2.25
S3 3.81 0.19 475 1.93 0.07 175
St 3.85 0.15 3.75 1.90 0.10 2.50
S5 4.08 0.08 2.00 2.06 0.06 1.50
S6 3.86 0.14 3.50 1.93 0.07 175
S8 412 0.12 3.00 1.98 0.02 0.50
S9 £4.01 0.01 0.25 2.01 0.01 0.25
S10 3.89 0.11 2.75 1.96 0.04 1.00
S11 3.99 0.01 0.25 1.99 0.01 0.25
S12 3.99 0.01 0.25 1.98 0.02 0.50
S13 4.06 0.06 1.50 2.03 0.03 0.75
S14 3.95 0.05 1.25 1.98 0.02 0.50
S15 3.95 0.05 1.25 1.95 0.05 1.25
S16 3.82 0.18 4.50 1.94 0.06 1.50
S17 4.08 0.08 2.00 2.01 0.01 0.25
S18 3.01 0.09 2.25 1.90 0.10 2.50
Average 3.95 0.09 2.26 1.97 0.05 1.19

Table 5 shows the results of measurements of the main axes of
the pitch, which is on eighteen crackmeters. The average length of
the horizontal section is 3.95 cm, with an average absolute error of
0.09 cm. The average length of the vertical section is 1.97 cm with
an average absolute error of 0.05 cm. The average relative error
of the horizontal section equals 2.26 %, while the average relative
error of the horizontal section is 1.19 %. The resulting measurement
errors of the horizontal section are, on average, twice as large as
the measurement errors of the vertical section. This conclusion is
related to the fact that the nominal length of the horizontal section
is twice that of the vertical section. Such a correlation may indicate
a scale factor in point clouds and TIN grids. This confirms that the
mapping error of objects using a smartphone with the Pix4Dcatch
app increases proportionally to the increase in object size. Based on
the calculated average errors, it is possible to conclude the method’s
usefulness for measuring the width of cracks. Despite the fact that
the data is produced in the process of photogrammetric processing
of images without tie points, it is possible to detect changes of 1 mm
in size from the data.

The orthophotomap and front fagade point cloud obtained from
the UAV are in a global coordinate system, one for the entire palace.
The orientation of the smartphone data is approximate. Each point
cloud recorded from the smartphone is in a different local coordi-
nate system. The tie points on the exterior facade of the Palace have
a precise location in the global coordinate system.

On the other hand, there are no tie points on the interior walls
of the Palace. Therefore, smartphone measurements cannot be
realized in the global coordinate system. hThe network was not sta-
bilized inside the palace due to conservation andlack of tachymetric
measurements.

The location of individual cracks relative to the global layout
of the site can be approximated. Data on the width of cracks at
individual sections should be stored in databases. On the other hand,
to determine the effect of the size of crack changes on the entire
object, attention should be paid to the direction of the changes. The
direction of cracks on walls is usually vertical. Over time, cracks
on walls usually widen, that is, they increase their width in the
plane of the wall. As the conducted research has shown, 2D and
3D photogrammetric data acquisition technology is suitable for
recording such changes in walls. Based on the data acquired by
UAV and smartphone, it is possible to accurately determine the

width of cracks ranging in size from several millimetres to tens of
millimetres.

6 Discussion

Using unmanned aerial vehicles and mobile technologies allows
a non-invasive inventory of historic buildings. As a result of im-
age processing with specialized photogrammetric software, a point
cloud is generated, based on which it is possible to determine the
geometry and shape of objects, as well as the degree of their degra-
dation. Each point of the cloud has specific coordinates in the spatial
rectangular coordinate system. Each cloud point also has coordi-
nates in the RGB colour space model, which facilitates identification
of details and makes point cloud classification more accurate.

It should be noted that the structural health of the building,
i.e., the degree of deterioration and damage to the walls, is also
monitored by traditional methods. As part of the ongoing research,
periodic readings are also captured from sensors stabilized in the
Mieroszewski Palace. The readings of crack gauges installed near
the largest cracks are recorded. At six-month intervals, data are
also read from the specific inclinometer, which has been operating
on the second floor, as well as from an ultrasonic inclinometer oper-
ating in the attic. Moreover, precise levelling has been performed to
determine the height differences of control benchmarks placed on
the palace walls and its surroundings.. Data collection from crack-
meters and inclinometers provides accurate information on the
progress of the site’s structural changes. The data also provides a
reference point for testing remote technologies for recording the
surfaces. The research described is part of a major project integrat-
ing data from various sources. It is planned to develop the concept
of modelling all measurements taken at the Palace. It was necessary
to determine the accuracy of the data acquired using a UAV and a
smartphone, before comparing it with the data from other sensors:
an ultrasonic inclinometer, a laser scanner or precise levelling.

To determine the correlation between the magnitude of crack
changes and other sensors’ data, it is necessary to orient all readings
related to the same coordinate system. Such alocation does not have
to be precise; hence, it can be approximated. The most important
thing is to determine the directions of ongoing changes, for ex-
ample, to determine the axes’ coherence with the reference frame.
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Partial models are assigned approximate coordinates in a globally
unified system for the entire Palace in the concept described. Due
to the vertical cracks appearing on the palace walls, monitoring the
changes encompasses periodic measurements of the width of these
cracks along the walls and, therefore, in the horizontal direction.
The presented study showed that the analyzed technologies for re-
mote object inventory are helpful and sufficiently accurate for such
measurements.

Research shows that the proposed methodology for determining
crack widths is accurate enough to detect changes of 1 mm in size.
It is an undoubted advantage. Besides, the object registration time
is relatively short, and measuring equipment is currently readily
available. The only difficulty in obtaining accurate data is proper
processing. The products of photogrammetric processing of images,
i.e., point clouds, mesh grids, or true ortho, are subject to a high
probability of distortion in the form of overscaling the presence
of a scale factor in the survey material. The most significant error
is in the depth of the images. This is the primary disadvantage of
close-range photogrammetry.

On the other hand, as studies have confirmed, coordinates with
higher accuracy are obtained in the plane of the images. It is this
property that was used to determine the width of the cracks. The
theoretical basis for estimating measurement error is the subject of
many literature positions — e.g., Piotrowski and Kostyrko (2012);
Taylor (1999).

7 Conclusions

The details of spatial data acquired using non-invasive geo-
information technologies are satisfactory for assessing the degree
of degradation and deterioration of historic buildings. The accuracy
of spatial data generated by photogrammetric image matching is
sufficient to detect more than 1 mm changes. Studies on the feasi-
bility of using images from the DJI Mavic 3 Enterprise RTK showed
an average accuracy of 1 mm for measuring the width of cracks. The
metricity of these data depends on the direction and distance of the
segment between two points relative to the vertical facade plane.

The research on measuring the width of cracks and fissures
using a Samsung Galaxy S20 FE smartphone showed an average ab-
solute error of 0.24 mm and an average relative error of 3.34%. The
high accuracy of the spatial data, especially in the facade surface,
results in a high probability of accurately determining the width
of cracks and fissures. On the walls and vertical elements of the
structure, the direction of these changes is vertical (they run from
top to bottom). Given such peculiarities of the structure, measuring
the width of cracks and checking the rate of their changes in the
horizontal plane plays a vital role in wall monitoring.

In the project’s next stage, the authors plan to use the research
described in the article to model the changes in the Palace. They
plan to compare the results of periodic measurements and develop
a procedure for automatically detecting changes in crack widths.
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