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A B S T R A C T   

Cultural heritage sites are exposed to several factors that cause their deterioration and degradation, namely 
moisture content. There are several destructive and non-destructive methods available to monitor moisture. 
However, destructive methods are avoided in cultural heritage to prevent surface damage, while non-destructive 
methods are limited to penetration capabilities. This study proposed geo-positioning of non-destructive moisture 
assessment based on microwave spectroscopy and close-range photogrammetry. The experimental data were 
collected at the Museum of King Jan III’s Palace at Wilanów, Poland. The data was analysed using clustering 
algorithms (t-SNE, PCA, K-Means and Hierarchical), which demonstrated clear clusters. However, the microwave 
results did not fully align with the pin-type moisture data as the proposed microwave system was able to 
penetrate through the material, whereas the pin-type meter only measured the surface. Therefore, the microwave 
sensing approach provided more detailed moisture information of the measured material.   

1. Introduction 

Cultural heritage (CH) is an integral part of modern society that al-
lows to observe and analyse the past, and it is a crucial part of cultural, 
environmental, social and economic sustainability [1]. Therefore, the 
sustainable management of cultural heritage buildings in the 21st cen-
tury is an essential strategical element for the European Union [2]. In 
addition, it stated in ‘European Framework for Action on Cultural Her-
itage’ [3] that safeguarding and preservation of CH is not only a national 
competence, but it is also an EU responsibility as set out in the founding 
Treaties. Recently, digital technologies have been utilised in CH as they 
offer unprecedented opportunities for the improvement of public access 
to CH assets and in their curation and re-use. Moreover, researchers have 
been implementing digital technologies in various aspects of the safe-
guarding and preservation of CH. For instance, numerous research 
studies have been undertaken to develop accurate, complete, and multi- 
source digital documentation of cultural heritage objects and sites for in- 

depth Structural Health Monitoring (SHM) analysis [4,5,6]. This is 
particularly important in the context of the adequate registration and 
documentation of objects as well as for object degradation analysis. For 
this purpose, the image-based (passive methods such as close-range 
photogrammetry, Structure-from-Motion/Multi-View Stereo or Remote 
Sensing techniques) [7,8,9] as well as range-based (passive methods, i.e. 
Terrestrial Laser Scanning) methods are used for 3D shape reconstruc-
tion and physical information about the object determination 
[10,11,12]. Integrating these techniques to complement each other and 
provide multi-source data for in-depth structural health analysis and 
detailed cultural heritage architectural documentation is essential. Over 
the past decades, the degradation of CH due to exposure to atmospheric 
and water pollution has become an increasing concern [13]. Therefore, 
it is vital to address the continuous deterioration of heritage structures 
due to the appearance of different defects caused by ageing, unpredicted 
events, environmental conditions, and incorrect previous restoration 
treatments [14]. 
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Environmental conditions introduce new challenges in the protec-
tion and conservation of CH, namely monumental complexes, archaeo-
logical sites, and historic buildings are at risk as a consequence of the 
impacts of slow and extreme environmental changes, particularly in 
urban areas, where the effect of multiple pressures is amplified [15]. The 
extreme changes in temperature, relative humidity and wind have a 
negative impact on the cultural heritage materials, which with increased 
changes in the frequency and intensity of severe weather events, will 
negatively impact the biological, chemical, and physical mechanisms, 
causing the degradation of the cultural heritage sites [16,17,18]. 

Most CH sites are constructed using porous material (e.g., ceramic 
bricks), prone to damp rise. The rising damp is a phenomenon where the 
water moves upward by capillary forces within the porous material. The 
most common cause of moisture is faulty waterproofing of foundations 
or its complete absence. These defects can lead to long-term dampness of 
the walls, which in turn attracts fungi, microorganisms, and moulds that 
are harmful to health [19]. Thus, water is considered an enemy to CH. 
The locating, measuring, and removing moisture from masonry surfaces 
and structures is an essential part of any CH conservation work, which 
has become a standard routine for conservators. These activities include 
(1) continuous monitoring of the moisture presence during seasonal 
cycles, (2) measuring the moisture level and identifying the individual 
damage thresholds of specific decorative elements such as mural 
paintings and stuccoworks and (3) removing the excess moisture using 
the appropriate techniques to maintain the balance between the effec-
tiveness and invasiveness of the selected method [20]. 

Non-destructive measurement techniques are the preferred assess-
ment methods in cultural heritage monitoring, as damages can be 
detected at the early stages, and specific actions can be taken to preserve 
the measured object [21]. The early detection of anomalies enhances 
cultural heritage maintenance and prevents the decay or loss of char-
acteristic structures or the need for costly and extensive restoration [22]. 
Martínez-Garrido et al [23] published a comprehensive study for mois-
ture control in cultural heritage using several non-destructive tech-
niques, which included Electrical Conductivity meter (EC) [24], Infrared 
Thermography (IRT) [21,25,26], Electrical Resistivity Tomography 
(ERT) [19,27,28,29] and Ground-Penetrating Radar (GPR) [30,31] 
techniques to provide sub-surface and surface information. Two ap-
proaches were investigated using these techniques, namely (1) a 
surface/sub-surface measurement using a combination of EC and IRT 
and (2) an in-wall measurement using ERT and GPR techniques. The EC 
and IRT methods were assessed to determine the distribution of damp-
ness on walls and to define the most intense moisture on the surface of 
the measured walls. The EC meters are specifically designed for moisture 
assessment of wood; however, they are also widely used for estimating 
the degree of moisture in surfaces with various construction materials 
(such as plaster, cement, and stone). The IRT technique [14] is also used 
for surface measurements based on images representing infrared radi-
ation emitted by objects. The downside of these methods is being limited 
to the surface measurement of construction materials, whereas an in- 
wall measurement is crucial in order to characterise moisture issues 
and their origin within a structure. The in-depth moisture content 

Fig. 1. Museum of King Jan III’s Palace at Wilanów. (a) Front of the Palace with the marked south gallery, (b) The map of the Palace with the marked south gallery, 
(c) the photo of the gallery interior, (d-e) Fragments of the orthoimages of the tested walls. 
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measurements within the wall structures were assessed using the ERT 
and GPR techniques. The ERT only estimates the sub-surface resistivity 
distribution from the surface measurements, whereas the GPR technol-
ogy is able to penetrate much deeper into a construction material. 

Furthermore, researchers studied microwaves [32,33] to determine 
moisture in building structures owing to the technique’s ability to 
penetrate through building materials. Kot et al. [34,35] investigated 
microwaves as a non-destructive approach for monitoring excess mois-
ture and membrane failure within concrete structures. The microwave 
approach demonstrated the ability to monitor the anomalies in concrete 
structures, namely penetrating through concrete specimens, deter-
mining excess moisture and failure of membrane layers. The penetration 
capability was also demonstrated by ultrasonic technique [36] in con-
crete. However, the referenced method required access to both sides of 
the tested sample, which is not always possible in cultural heritage sites. 
Thus, the microwave technique was selected as the moisture monitoring 
method (for in-wall measurement aspect of the study) for this 
investigation. 

In this work, a novel multispectral system (comprised of microwave, 
photogrammetry and Terrestrial Laser Scanning technologies) is intro-
duced to (1) identify in-wall moisture content and (2) provide its precise 
location (geo-positioning in space) on the measured wall as a part of 
detailed architectural documentation for safeguarding and preservation 
of cultural heritage buildings [37]. The existing geo-positioning (in 
space) techniques were investigated, and a new methodology for posi-
tioning the multispectral system was proposed by Markiewicz et al. [38], 
which will be evaluated in this article at the Museum of King Jan III’s 
Palace at Wilanów, described in Section 2. 

2. Materials and methods 

The initial stage of this study was undertaken in the Museum of King 
Jan III’s Palace at Wilanów (Fig. 1), particularly in the Open Gallery/ 
Transparent Garden Gallery, which was added during the extension of 
the chateau in 1681–1683. The south gallery originally had 4 bays and 
was extended by 2 more bays in the first third of the 18th century to 
close the tower from the south. There are eighteenth-century landscape 
frescoes on the gallery walls and ceiling. The gallery walls’ moisture 
content is monitored weekly using a Gann Hydromette UNI 2 moisture 
meter with the B50 active electrode. However, the penetration depth of 
the measurement is limited to the surface of the wall and a single-point 
measurement; therefore, the meter does not provide adequate moisture 
measurements of the walls. 

2.1. Principle of microwaves for moisture measurement 

In order to obtain the in-wall measurements of the moisture content, 
microwave spectroscopy was utilised. Microwaves can propagate 
through the dielectric material and interact with the material to produce 
information about this material. Materials will have different properties, 
which will influence the degree of the microwave interaction with these 
materials, which can be determined by the permittivity of the material. 
Relative permittivity εr is in a complex form in microwave frequency 
ranges and is presented in Eq. (1) [39]. 

εr = ε′

r − jε′′r (1) 

where ε′

r and ε′′r are the real part and the imaginary part of the 
relative permittivity, respectively. 

The electric field of a travelling wave E(x) in a material is expressed 

Fig. 2. (a) Sensor dimensions, (b) Proposed microwave Transmitter/Receiver setup and (c) block diagram of proposed Sweep Frequency system for SHM [43].  
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using the permittivity as follows: 

E(x) = E0exp( − k′′x).exp(− jk
′

x) (2) 

where 

k′

= k0Re(
̅̅̅
ε

√
), k′′ = k0Im(

̅̅̅
ε

√

and 

k0 =
2π
λ0 

where λ0 is a wavelength in vacuum, and E0 is an intensity of the 
electric field. 

When the condition of permittivity is ε′2≫ε′′2, the electric field is 
expressed as follows: 

E(x) = E0exp
(

−
π
λ
.

ε′′
̅̅̅̅
ε′

√ x
)

.exp(− j
2π
λ

̅̅̅̅̅̅
ε′ x

√
) (3) 

Eq. (3) demonstrates that the phase depends on ε′ , whereas the 

intensity of the electric field depends on both ε′ and ε′′. On the other 
hand, the phase will also depend on both ε′ and ε′′, if the condition of 
ε′2≫ε′′2 is not met. Therefore, the in-wall measurement of moisture can 
be determined via the intensity or the phase of the wave as the 
permittivity of the material is a function of the moisture since the 
permittivity of water (70–80) is greater than almost all materials, which 
significantly affects the microwave signal [39]. Furthermore, the field 
penetration into materials can be determined by the skin depth calcu-
lation, i.e., the depth at which the transverse electric and magnetic fields 
decay to 1/e of their amplitudes upon values entering the surface. The 
calculation is undertaken using the loss tangent and real part of the 
permittivity of the material [40]. The loss tangent of a material is 
expressed by the following Eq. (4): 

tanδ =
ε′′r
ε′

r
(4) 

While the skin depth of a material is expressed with: 

Fig. 3. Laboratory-based brick setup.  
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σs =
1
α [m] (5) 

Where α is the attenuation constant given by. 

α =
ω

c
̅̅̅
2

√

̅̅̅̅̅̅̅̅

ε′

rμ
′

r

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1 + tan2δ

√
− 1

√

(6) 

Where c is the speed of light, ω is the angular frequency and relative 
permeability μ′

r is set equal to 1 for concrete. 
Pisa et al. [41] reported brick measurements in the 1.7 GHz – 18 GHz 

frequency range that demonstrated permittivity values between 3.7 and 
4.6 for the real part and 0.12 and 0.6 for the imaginary part, respec-
tively, were used for the calculation of the skin depth. Based on the 
calculations, the skin depth ranges from 90 cm to 2 cm in the frequency 
range between 1.7 GHz and 18 GHz. The proposed microwave system 
enables (1) the adjustment of the angle between the transmitter and 
receiver and (2) frequency sweep (the operational frequency range of 
the used horn antennas is 2–18 GHz) to focus on the particular area of 
the measured material and avoid interference from the external 
environment. 

2.2. Laboratory study of the proposed microwave system 

An assessment of the microwave (MW) system’s suitability to detect 
moisture inside walls was conducted in a laboratory environment at 
Liverpool John Moores University. The MW horn antenna system 
(Fig. 2) consisted of two wideband horn antennas [42] (a receiver and a 
transmitter), Rohde & Schwarz ZVL13 Vector Network Analyser (VNA) 
and a laptop with a bespoke LabVIEW data acquisition program. The 
measurements were taken via S-parameter (S21) within the frequency 
range of 2–13 GHz and 4000 sweep points. The incident microwave 
signal is sent via the transmitter antenna, and the reflected microwave 
signal of the measured object is captured via the receiver antenna. The 
data was recorded in the complex data format, which can be converted 

to the magnitude and phase of the captured signal for further analysis. 
The study used red bricks with 18 drilled holes 10 mm each (see 

Fig. 3a). Plastic tubes were inserted into each hole (see Fig. 3b), and 
baseline measurements (S21) were taken with the system. All the mea-
surements were replicated three times in this study. Once the baseline 
measurements were captured, various setups (see Fig. 3c) were config-
ured, i.e., multiple holes were filled with water (2 mL per hole), and S21 
measurements for each setup were recorded via VNA. Each setup rep-
resented potential water distribution within walls. In this experiment, 
the moisture meter did not present any variation in the water content; 
therefore, this data is not included in the analysis. This investigation will 
provide an understanding of how the system will react to set water 
distributions within the brick wall, which is essential for the analysis of 
the carried out experimental work at the museum as the in-wall mea-
surements are not possible due to the requirement of the non-destructive 
methods, i.e., the microwave measurements at the museum will not be 
accompanied with the quantifiable in-wall water content measurements. 

2.3. Case study at Museum of King Jan III’s Palace at Wilanów 

The experimental work comprised measurements with the MW sys-
tem (Fig. 2), a pin-type moisture meter and a photogrammetry setup on 
selected walls in the palace. The MW system was pointed at the wall and 
positioned approximately 2–3 cm from it (Fig. 4). The data acquisition 
methodology was followed from the laboratory study (Section 2.2). 
Prior to the MW measurements, the moisture content of measured po-
sitions on both Test Sites was recorded using a pin-type moisture meter. 
In addition, photogrammetry measurements were taken via the Canon 
5D Mark II camera and Z + F 5006 h laser scanner. 

The proposed method for processing data from the multi-sensor 
platform (Fig. 4) is a multi-stage process based on the combination of 
the commonly used algorithms in Computer Vision (such as Structure- 
from-Motion, MultiView-Stereo for close-range image processing), 
Terrestrial Laser Scanning point cloud processing and Electromagnetic 

Fig. 4. Microwave system positions sketch with marked sensors footprints for (a) Test Site I and (b) Test Site II, (c) The example of the measurement setup, (d) Top- 
view of the sensor’s location near the investigated wall. 
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Fig. 5. The diagram of the performed experiments: data acquisition, processing and analysis.  

Fig. 6. Schematic of the image taking used to (a) generate the reference orthoimage and (b) determine the position of the MW system in space.  
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Data pre-processing and interpretation. The proposed data processing 
and integration is a novel approach allowing orientation and integration 
of results from different-range and wavelength sensors. The detailed 
diagram of the data processing is shown in Fig. 5. 

(1) The first stage of multi-source processing involves the measure-
ment of the coordinates of photogrammetric network points using 
the classical tacheometric method (TS). Coordinates of natural 
unsigned details of wall paintings were determined using the 
adjustment of TS measurements acquired with the spatial resec-
tion method from two TS positions. 

(2) The obtained close-range images were processed for two pur-
poses: (1) for “orthoimage generation” (see Fig. 6a) to create 
documentation from the multi-sensor platform data. All data 
processing was compleated using Agisoft Metashape software 
[44], resulting in a dense point cloud, a Numerical Object Surface 
Model and an RGB orthoimage. Natural control points were used 
to fit the images into the adopted reference system, bundle 
adjustment check points were used to assess the accuracy of the 
process, and (2) the images were also used to orient the Micro-
wave (MW) system (see Fig. 6b) to the assumed reference system. 
Markiewicz et al. [38] present a detailed description of the 
algorithm.  

(3) The processing of point clouds from terrestrial laser scanning for 
orthoimages generation was processed according to the meth-
odology proposed by Markiewicz et al. [46]. The only change to 
the proposed method was the correction of raw intensity based on 
surface normal angles and scanning distance according to the 
methodology proposed by Fang et al. [45].  

(4) The co-registration of point clouds acquired from terrestrial laser 
scanning and close-range images (TLS-SfM approach) was carried 
out using the feature-based registration method proposed by 
Markiewicz et al. [46]. The corresponding points were detected 
by the SURF algorithm [47] implemented in the author’s 
software.  

(5) The captured complex MW data was converted into magnitude 
format to determine the microwave energy absorption level by 
the moisture within the measured walls. The magnitude data 
consisted of 4000 points, swept across the frequency range of 
2–13 GHz, i.e., the amplitude changes at various frequencies were 
recorded.  

(6) To visualise and find the clusters of the data, which share similar 
characteristics in terms of moisture content, the data has been 
analysed using the t-Distributed Stochastic Neighbour Embed-
ding (t-SNE) algorithm. 

Fig. 7. The sketch of reference point distribution used for image orientation with natural points measured by Total Station (control points – red, check points – 
yellow) for (a) Test Site I and (b) Test Site II. 

Table 1 
The quality assessment of the images’ orientation used for orthoimages generation.  

Test Site Parameter Point type reprojection error [pix] X [mm] Y [mm] Z [mm] L [mm] 

I Minimum Control points  0.4  ¡0.5  ¡1.7  ¡2.3  1.0 
Maximum  0.5  0.4  1.6  2.4  4.2 
Mean  0.4  0.4  0.8  2.4  2.7 
Median  0.4  0.0  0.0  1.3  2.4 
RMSE  0.4  0.4  1.1  1.6  2.9 
Minimum Check points  0.3  ¡0.5  ¡1.2  1.4  1.9 
Maximum  0.5  0.0  0.8  2.5  2.7 
Mean  0.4  0.2  0.1  1.9  2.2 
Median  0.4  ¡0.1  0.8  0.5  2.0 
RMSE  0.4  0.3  1.0  1.0  2.2 

II Minimum Control points  0.1  0.3  ¡3.3  ¡3.3  1.0 
Maximum  0.6  ¡0.6  2.1  3.3  4.0 
Mean  0.3  0.1  0.6  1.2  3.1 
Median  0.4  0.0  0.0  1.0  2.8 
RMSE  0.4  0.2  1.6  1.6  3.3 
Minimum Check points  0.5  ¡1.1  ¡2.0  ¡3.4  1.4 
Maximum  0.7  1.5  3.4  3.5  4.4 
Mean  0.4  0.6  1.6  1.6  3.5 
Median  0.3  0.5  1.0  1.3  3.0 
RMSE  0.5  0.7  1.9  1.9  2.6  
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3. Results and discussion 

3.1. Surveying data acquisition and processing 

The initial acquisition process was divided into two main parts: (1) 
Total Station measurements with a Leica TCRP 1202 with angular ac-
curacy of 2 sec., linear accuracy of 2 mm + 2 ppm for photogrammetric 
network design and (2) TLS data acquisition with resolution 6.1 mm/10 
m. 

The total station acquired data from 2 measurement stations and at 
2-time series to ensure the data’s accuracy, reliability, and removal of 
errors. In the last square adjustment process, the mean square errors of 
determining the position for natural points (in 3D space) do not exceed 
1.5 mm. 

TLS point clouds were obtained from 2 separate stations positioned 
parallel to the object with a maximum distance of 3 m. In the pre- 
processing step, point clouds were filtered by the intensity and down- 
sampled to the 1 mm resolution. These point clouds were used to 
generate the intensity orthoimage by the methodology proposed by 
Markiewicz et al. [46]. 

3.2. Image orientation for “base orthoimage generation” 

The first stage of multi-source data processing involved the genera-
tion of reference point cloud and orthoimage with the depth map, which 
has been used for a co-registration of the MW system’s positions. Both 
approaches based on (1) unsignalised details (points) measured with 
Total Station, and (2) automatically detected tie points on point clouds 
from Terrestrial Laser Scanning were analysed to assess the suitable 
method for reference point cloud registration. 

3.2.1. The “classical” SfM based on the control and check measured by the 
total station 

Natural reference points were divided into control points, used to 
build a mathematical model and determine orientation parameters, and 
control points, used for independent quality assessment. Fig. 7a and b 
show the distribution of points measured by Total Station on the 
orthoimages for Test Site I and II. 

In both cases, the distribution of scores was similar for both test fields 
because measured points were used for fitting in and checking the 
photographs’ orientation not only for generating the reference ortho-
image but also for orienting individual groups of images of each MW 
system’s position. Table 1 shows the results of the bundle adjustment 
process for images obtained in Scenario I. The minimum, maximum and 
mean values were used to evaluate the quality of the images’ orienta-
tion. Additionally, the Root Mean Square Error (RMSE) (Eq. (7)) were 
compared to determine the outliers of the obtained datasets. 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(xi − μ)2

N

√

(7) 

where Σ means “sum of”, xi is a value in the data set, μ is the mean, 
and N is the number of data points. 

The presented analysis (see Table 1) shows that there are no outlier 
observations in the dataset for both Test sites. The results for the Test 
Site I demonstrate that:  

(1) The reprojection error values (the factor determining the relative 
orientation accuracy) do not exceed 0.5 pixels for control and 
check points. The mean and median values are similar: (mean/ 
median) 0.4/0.4 for control points and 0.4/0.4 for check points, 
respectively. The range of values (difference between the mini-
mum and maximum value) is 0.1 pixel for control points and 0.2 
pixel for check points. The RMSE values for control and check 
points are equal and are 0.4. The process of the relative orien-
tation of the images was performed correctly, and according to 
the theory of errors (3 RMSE values), the maximum reprojection 
error of the point measurement does not exceed 1.2 pixels.  

(2) The accuracy analysis of the external orientation of the photos 
based on deviations for linear values (accuracy of determining 
the position of a point in 3D) demonstrates that the maximum 
values do not exceed 3 sigma of the accuracy of determining the 
position (measurement error was 1.5 mm) and are respectively 
4.2 mm for control points and 2.7 mm for check points. This 
proves the correct external orientation of the images. As in the 
case of reprojection error, the mean and median values are 
similar and are 2.7/2.4 mm for control points and 2.2/2.0 for 
check points, respectively. The maximum linear error of the point 
measurement does not exceed 4.5 mm – three times the RMSE of 
determination of the position of the measured point with the total 
station.  

(3) From the analysis of deviations for coordinates X, Y and Z, it can 
be concluded that the largest errors were obtained for coordinates 
Y and Z (related to the deviations of point determination in width 
and height of the surface, instead of deviation to the wall sur-
face). Comparing the obtained values for control and check 
points, one can see similar values, which proves the correctness of 
the conducted process of orientation of external images and the 
lack of outliers in observations. 

The results of the deviation analysis on the control and check points 
on Test Site II show similar correlations to the data obtained for Test Site 
I. 

Fig. 8. The sketch of the points distribution automatically detected and matched by SURF algorithm on RGB and TLS orthoimages for (a) Test Site I and (b) Test 
site II. 
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(4) The analysis of the reprojection error values shows that the 
maximum value is 0.6 pixels for control points and 0.7 pixels for 
check points. The maximum and minimum value difference is 0.5 
pixels for control points and 0.2 pixels for check points. The mean 
and median values for control and check points are similar and 
are 0.3/0.4 and 0.4/0, respectively. 

(5) As in the case of Test Site I, the maximum values of linear de-
viations do not exceed 3 of the RMSE of determining the position 
of a 3D point from total station measurements and are 4 mm for 
control points and 4.4 mm for check points, respectively. This 
proves the absence of outliers in the data set. The difference be-
tween the mean and median value for the control points is 0.3 
mm and for the check points 0.5 mm, which confirms the cor-
rectness of the bundle adjustment process. The RMSE values are 
3.3 mm for the control points and 2.6 mm for the check points, 
respectively, which confirms the above statement.  

(6) In the case of statistical analysis of deviations on control and 
check points, a similar trend occurs in the case of Test Site I, i.e., 
larger errors in determining the horizontal and vertical position 
(on the wall) than in depth (deviations from wall surface). 

3.2.2. The TLS- SfM based on the control and check points automatically 
detected in the TLS point cloud 

The relative orientation of point clouds from the terrestrial laser 
scanner and close-range images based on the point cloud converted into 
the orthoimages form (with depth maps and GSD 2 mm) and natural 
points detected by the SURF detector (Fig. 8). 

The deviation results were visualised using the boxplots (Fig. 9) due 
to the higher number of control and check points (Fig. 8) detected on 
TLS point clouds, when compared to the “classical SfM”. 

The analysed TLS results are presented in Fig. 8a and b (Test Site I), 
demonstrating the deviations of the natural control and check points did 
not exceed ± 10 mm for X, Y and Z-coordinates.  

(1) The median values (orange line) of X deviations for control and 
check points are equal to 0 mm, the interquartile range (IQR) is 
approximately equal to 1 mm (grayscale box) and the minimum 
and maximum values were smaller than ± 2 mm, which proves 
the lack of systematic errors.  

(2) For Y- coordinates deviations, the median values for control and 
check points are different, and for check points are approximately 
equal to − 2.5 mm. The Q1 and Q3 values for control points are 
–2.5 mm and 1.5 mm, and for check points are − 3.5 mm and 2.5 
mm, respectively. The maximum and minimum values are 6.5 

Fig. 9. Box plots for the distribution of the deviations on (a) control points for Test Site I, (b) check points for Test Site I, (c) control points for Test Site II and (d) 
check points for Test Site II. 
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mm and − 3.5 mm for the control points and 8 mm and − 3.5 mm 
for the check points, respectively. The minimum, maximum, Q1 
and Q3 values are not symmetric with respect to the median, 
indicating systematic errors.  

(3) For Z-coordinates deviations, the median value for control points 
is approximately 0 mm and for check points − 2 mm. Comparing 
the Q1 and Q3 values for Z-coordinates are lower than for Y-co-
ordinates but higher than for X-coordinates and are − 1.5 mm and 
1.5 mm for control points and − 2.5 mm and − 1 mm for check 
points, respectively. For the maximum and minimum values, 
deviations of − 1.5 mm and 3.5 mm were obtained for the control 
points and − 6 mm and 3 mm for the check points. There are no 
systematic errors for control points. 

Similar accuracy analysis was performed for Test Site II (Fig. 8 c,d), 
where the error values do not exceed ± 10 mm, but unlike the previous 
Test Site, there are outliers in the dataset (marked as circles on the 
boxplot).  

(1) The distribution of deviations for X-coordinates values is similar 
to those obtained for Test Site I. The median value is approxi-
mately 0, and the IQR is about 1 mm. There is a noticeable dif-
ference in the minimum and maximum values, approximately ±
2 mm for control points and ± 1.5 mm for check points, respec-
tively. The distribution of values compared to the median is 
symmetric, which proves the absence of outliers. 

(2) For the Y-coordinate, the distribution of deviations is symmetri-
cal compared to the median (for control and check points), which 
is approximately 0. The Q1 and Q3 values are ± 1.5 mm, and the 
minimum and maximum values do not exceed ± 5 mm. The 
spread of deviations is less than for Test Site I.  

(3) The distribution and values on the boxplot for deviations for Z- 
coordinates are similar to Y-coordinates. For the check points, the 
median is approximately 1 mm, the Q1 and Q3 are − 2.5 mm and 
1 mm, respectively, and the minimum and maximum values are 
6.5 mm and 4.5 mm. The distribution of values is symmetrical to 
the median value, but it is not equal to zero, indicating a sys-
tematic error. 

To summarise, both Test Sites demonstrated small deviation values 
for the X coordinate, which was directed perpendicular to the plane of 
the wall. The errors in the direction of the Y and Z coordinates occurred 
due to the correctness of detection and matching of feature points on the 
orthoimages. Despite systematic errors (for Test Site I approx. − 2.5 mm 
and Test Site II approx. 0.5 mm), the registration process was carried out 
correctly, considering the GSD value being 2 mm for both orthoimages. 

3.2.3. The comparison of the proposed methods for “base orthoimage” 
orientation 

This study shows that the application of the “classical” SfM method 
(based on reference points measured in the total station) and the TLS 
SfM method (based on reference points automatically detected in the 
point cloud) achieves similar accuracy in the bundle adjustment process. 
When selecting between these two methods for the orientation of the 
base images, the following factors should be considered:  

(1) Identification of the same reference points in the photos and 
during total station measurement. The external orientation was 
made on the natural points of the object (the points were not 
marked), which often made it difficult for the observer to identify 
the point in the image. By using the feature-based method, it is 
possible to detect points on both datasets automatically, and with 
a larger number of points (compared to the total station mea-
surement method), it is possible to filter out points that do not 
meet the accuracy requirements while maintaining the correct 
spatial distribution.  

(2) Time of measurement of reference points. In the case of total 
station measurements, it is necessary to carry out measurements 
from at least two different stations in two series to obtain milli-
metre accuracy and perform the simultaneous control of the 
measurements. When acquiring point clouds with TLS, the pro-
cess is fully automatic and does not require points to be manually 
“pointed out”, which significantly impacts data acquisition time.  

(3) The proposed TLS SfM method works well for developing objects 
with varying textures and structures. In the case of white walls 
without decorations, it is recommended to use a method based on 
signalled reference points measured by total station. 

3.2.4. MW Sensor position determination with the SfM approach 
The following data processing step consisted of determining the in-

dividual MW system’s position using a two-step approach: 

(1) Determining the relative orientation of the images (acquired ac-
cording to Scenario II) with respect to the images processed in the 
previous step (“base orthoimage”).  

(2) Determination of the position of antennas (MW signal transmitter 
and receiver) based on signalled points located in the sensor 
housing (Fig. 10) and known geometrical relations between them 
(Fig. 2a). 

To perform an independent check of the accuracy of the determi-
nation of the signalled points on the MW housing, measurements of the 
coordinates of the points were made using a total station. These points 
were used as check points in the bundle adjustment process. The mini-
mum, maximum and mean values of RMSE (Eq.1) were used to evaluate 
the quality of the image’s orientation for the measured wall and each of 
the MW positions. Additionally, the RMSE and Sigma Median Absolute 
Deviation (SMAD; Eq. (8)) were compared to determine the presence of 
outliers in the dataset. 

SMAD = 1.4826* median(|xi − δ| ) (8) 

where xi is a value in the data set, and δ is the median of the data set. 
Table 1 presents an analysis of the orientation accuracy of the images 

used to determine individual measuring positions of the MW sensor. 
The results shown in Table 2 indicate that the orientation of the 

images is correct for both Test Sites. Based on the analysis of the values 
of RMSE reprojection error, none of the indicators exceeds 0.5 pixels. 

Fig. 10. The example image of a measurement platform system with retrore-
flective points used to orient horn antennas in a defined reference system. 
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The mean and median of RMSE error are similar for both Test Sites − 0.4 
pixels. The standard deviation (RMSE) and SMAD are similar for both 
Test Sites. The maximum and minimum reprojection errors are between 
0.3 and 0.5 pixels for both Test Sites. This indicates the absence of 
outliers on the control points used for the external orientation of the 
images. 

The accuracy of the external orientation of the images used to 
generate orthoimages for both Test Sites varies. The linear error of the 
median values is 3.0 mm for Test Site I, and 1.8 mm for Test Site II. For 
Test Site I, the median and mean values are similar for all coordinates, 
with differences of 0.1 mm for the X, 0.3 mm for the Y and 0.3 mm for 
the Z coordinate on check points. Differences between RMSE and SMAD 
values less or equal to 0.3 mm can be observed, and this proves that the 
images orientation is correct in the adopted reference system and that 
the proposed method of MW sensor position in space allows for accurate 
localisation determination. It should also be mentioned that the values 
of errors in determining the exterior orientation do not exceed 4.3 mm 
for a maximum value and are three times lower than the RMSE of 
determining the position of the measured point with the total station 
(4.5 mm). For Test Site II, a similar trend might be seen, but only the 
maximum value of the RMSE for linear deviation is about 1.8 times 
lower, which proves the correctness of the orientation process and the 
absence of outliers in the data set. 

Relative errors of the averaged RMSE were set based on the 

antenna’s dimensions and the distance between the antenna and the 
measured object:  

(1) the accuracy of determining the horizontal centre of the antenna 
was 1.4 % of the width for Test Site I and 1.5 % for Test Site II, 
respectively;  

(2) the accuracy of determining the vertical centre of the antenna 
was 0.7 % for Test Site I and 1.2 % for Test Site II; 

(3) The maximum error (3 times the mean value) for the determi-
nation of horizontal position was 4.3 % for Test Site I and 4.5 % 
for Test Site II.  

(4) The maximum error (3 times the average value) for the vertical 
position was 2.0 % for Test Site I and 3.5 % for Test Site II;  

(5) The mean RMSE of determining the distance of the antenna from 
the wall (X coordinate) was 1.2 mm for Test Site I and 1.0 mm for 
Test Site II, respectively. This error value will not significantly 
affect the correction of the MW signal passing through the air, 
which is a different medium from the wall. 

3.3. Moisture meter analysis 

The yearly moisture content data was recorded using a pin-type 
moisture meter between the 2nd of October 2018 and the 6th of 
August 2019. According to Gann [48], the selected pin-type moisture 

Table 2 
The quality assessment of the images’ orientation used for orthoimages generation and MW sensor measuring positions.  

Test Site Parameter Point type RMSE reprojection error [pix] RMSE X [mm] RMSE Y [mm] RMSE Z [mm] RMSE L [mm] 

I Minimum Check points 0.3 0.5 0.5 1.4 1.9 
Maximum 0.5 2.0 3.8 4.4 4.3 
Mean 0.4 1.2 1.7 1.3 3.0 
Median 0.4 1.3 1.4 1.0 3.0 
RMSE 0.04 0.5 1.1 1.1 0.9 
SMAD 0.02 0.5 1.0 0.8 1.3 

Test Site Parameter Point type RMSE reprojection error [pix] RMSE X [mm] RMSE Y [mm] RMSE Z [mm] RMSE L [mm] 
II Minimum Check points 0.3 0.7 0.3 0.5 1.1 

Maximum 0.5 1.3 1.6 1.8 2.4 
Mean 0.4 1.0 0.8 1.0 1.7 
Median 0.4 1.0 0.7 0.9 1.8 
RMSE 0.05 0.2 0.4 0.4 0.5 
SMAD 0.03 0.2 0.5 0.3 0.6  

Fig. 11. Yearly moisture meter data (relative values) with the linear moisture and temperature (oC) trends for Test Site I.  
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meter with active electrode B50 provides the measuring range 0.3–8.5 % 
moisture content, which is displayed on the moisture meter in relative 
values ranging from 0 to 199, which can be categorised into 6 groups, 
namely very dry (20–40)- <1.3 % moisture in weight percent, normal 
dry (40–60)- 1.3–1.9 % moisture in weight percent, semi-dry (60–80) −
1.9–3.2 % moisture in weight percent, moist (80–100)- 3.2–4.4 % 
moisture in weight percent, very moist (110–130)- 5–6.2 % moisture in 
weight percent and wet (above 130)- >6.2 % moisture in weight percent 
based on the density of historic brick masonry wall [49]. The conser-
vators from the Museum of King Jan III’s Palace at Wilanów further 
combined the categories into 3 groups, namely (1) accepted range of the 
moisture content for the measured walls (30 and 60), (2) inspection 
required (61–100) and (3) high-risk moisture level (above 100). During 
this period, 31 measurements were taken for every measuring position 
(MP). The indoor and outdoor temperature data was captured in parallel 
with the moisture measurements. The moisture data shows a decreasing 

trend over time, whereas the indoor and outdoor temperature shows an 
increasing trend. Therefore, it can be observed that there is a negative 
relationship between both measured variables, i.e., the moisture content 
(relative values of the moisture meter) and the temperature (oC). The 
moisture meter and temperature trend lines for Test Site I and Test Site II 
are shown in Fig. 11 and Fig. 12, respectively. 

The heatmap of moisture data for Test Site I and Test Site II is pre-
sented in Fig. 13a and b, respectively. The heatmap demonstrates that 
the measuring positions (MPs) in individual rows show a degree of 
correlation between each other. In Fig. 13a, the red highlighted boxes 
named rows 2 and 4 show a higher correlation between individual 
points, suggesting that the moisture content is persistent across these 
rows. However, there is a weaker correlation between Row 2 and 4. 
Additionally, the correlation decreases from the first row to the last row 
in Fig. 13a. This is evident from the analysis of the heatmap that the last 
row shows higher amount of moisture content as compared to the top 

Fig. 12. Yearly moisture meter data (relative values) with the linear moisture and temperature (oC) trends for Test Site II.  

Fig. 13. Correlation Heatmap of Moisture data for (a) Test Site I and (b) Test Site II.  
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rows in Fig. 13. Furthermore, the MPs in the middle of the rows show 
higher similarity than the corner MPs, which show less correlation as 
highlighted in red box Row 2. In Fig. 13b, the amount of moisture varies 
in the individual rows from left to right, which suggests that there is 
higher amount of moisture in the last column on the right. 

3.4. MW system’s data analysis 

The initial analysis was carried out on the laboratory-based brick 
setup to investigate how the presence and location of water interact with 
the MW spectrum. The correlation heatmap was created (Fig. 14a) for all 
12 setups described in the methodology section (Fig. 3). The results of 
the heatmap outline that there are three groups in the dataset. The first 
group comprises of setups 1–4 and 10 – the first four setups didn’t have 
any water samples in front of the horn antenna, and the setup 10 didn’t 

have any water samples in the first two rows, i.e. in front of the horn 
antenna. Thus, there is a strong correlation between these datasets. On 
the other hand, the setup 4 didn’t correlate as strong with setups 1 and 
10 compared to setups 2 and 3. This is due to the setup 4 having water 
samples on the right and left side of the brick, i.e., setups 2 and 3 had 
water samples on the right and the left side of the brick, respectively. 
Therefore, the setup 4 had a stronger linear correlation with setups 2 and 
3. The second group of datasets included setups 5, 6, 7, 8 and 11 – all 
these setups had water samples right in front of the horn antenna, 
namely in the closest/first row. The last group of datasets consisted of 
setups 9 and 12. These two setups differed from others by having water 
samples on the second (the setup 9) or second and third rows (the setup 
12). The data were further analysed using four clustering techniques, 
namely (1) t-SNE, (2) PCA, (3) K-Means, and (4) Hierarchical Clustering. 
All four clustering methods were able to categorise the data into three 

Fig. 14. Data analysis of MW System for water content detection using (a) Correlation heatmap, (b) t-SNE, (c) PCA, (d) K-Means, and (e) Hierarchical Clustering for 
laboratory-based brick setup. 
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groups (see Fig. 14), which aligns with heatmap correlations. This 
experimental study demonstrated that the MW system is able to identify 
both the presence and location of water content within the building 
material, whereas the pin-type moisture measurement method only 
determines the moisture content on the surface of the building material. 
This means that the latter method will not provide the true moisture 
measurement of the building material. Therefore, the MW system is 
believed to provide in-depth moisture measurement of the building 
material. 

A similar approach (heatmap and clustering techniques) was applied 
to the MW data obtained in Test Site I and II at the Museum of King Jan 

III’s Palace in Wilanów. The data from Test Site I and Test Site II are 
presented in Fig. 15 and Fig. 16, respectively. The correlation heatmap 
of the data (see Fig. 15a for Test Site I and Fig. 16a for Test Site II) 
demonstrates various groups, which are highlighted with boxes in green, 
yellow and red colours based on the pin-type moisture meter measure-
ments that are also provided on the right side of the graph. The majority 
of MW grouped data can be aligned with the pin-type moisture meter 
data. However, there are individual positions where the MW data do not 
correlate with the pin-type moisture meter data. This could be caused by 
the different moisture content on the surface and inside the measured 
wall, i.e., the MW system is able to penetrate through the measured wall 

Fig. 15. Data analysis of MW System for moisture detection using (a) Correlation heatmap, (b) t-SNE, (c) PCA, (d) K-Means, and (e) Hierarchical Clustering for case 
study Test Site I setup. 
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and determine the presence and location of moisture within the wall, 
which can be confirmed by the undertaken laboratory study on the brick 
experimental setup. Further analysis was carried out using the same 
clustering techniques used in the brick experimental setup, namely (1) t- 
SNE, (2) PCA, (3) K-Means and (4) Hierarchical Clustering, which are 
presented in Fig. 15 and Fig. 16 for Test Site I and Test Site II, respec-
tively. The clustering for Test Site I was set to determine three clusters in 
the data based on the pin-type moisture meter data (three thresholds for 
moisture content). The K-Means method was able to clearly identify- 
three clusters in the data, whereas the t-NSE and PCA results provided 
overlapping clusters. The Hierarchical technique identified two main 
groups and numerous sub-groups. Furthermore, all the methods 

identified one outlier in the results, namely “MP15”, which can also be 
observed in the correlation heatmap (see Fig. 15a). The potential reason 
for this outlier is thought to be a foreign object’s presence inside the 
wall. Performed clustering analysis demonstrated that the MW system’s 
data does not fully align with the pin-type moisture meter data as it was 
expected due to the penetration capability and influence of the presence 
and location of moisture within the wall on the MW signal. The precise 
quantitative measurement of moisture inside the measured wall is 
impossible due to the use of destructive methods. However, the MW 
system demonstrated the ability to estimate the moisture presence and 
its location inside a wall structure. 

Fig. 16. Data analysis of MW System for moisture detection using (a) Correlation heatmap, (b) t-SNE, (c) PCA, (d) K-Means, and (e) Hierarchical Clustering for case 
study Test Site II setup. 
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4. Conclusion 

The cultural heritage sites face day-to-day challenges with the 
extreme weather conditions (environmental change) and the assessment 
processes due to current limitations of utilised techniques. One of the 
most crucial monitoring parameters in cultural heritage is moisture 
content owing to the severity of caused damages to the sites. Thus, the 
research and development of adequate and appropriate monitoring 
techniques for excess moisture in cultural heritage sites are highly 
important. This article presented a novel approach based on the deep- 
penetration microwave technique complemented by the geo- 
positioning method using photogrammetry and terrestrial laser scan-
ners. Previously, several studies were undertaken using microwave 
spectroscopy, which lacked the geo-positioning capability of the system 
that is essential in identifying the measuring positions for architectural 
documentation. The proposed methodology was experimentally studied 
at the Museum of King Jan III’s Palace at Wilanów, Poland, which suffers 
from excess moisture content on frescoes from the XVII century. 
Currently, the excess moisture in this museum is monitored using a pin- 
type moisture meter, which only provides surface measurements of 
walls/paintings, and the data is captured and recorded manually. The 
moisture data from the pin type meter demonstrated that the lower 
sections of the measured walls had higher moisture content and a 
negative correlation against temperature data. This can be explained by 
the impact of the high temperatures on the drying process of the walls. 
The experimental work was undertaken using the proposed microwave 
sensing approach combined with the photogrammetry and terrestrial 
laser scanner to study the progression of moisture within the walls. The 
photogrammetry and terrestrial laser scanner were initially used to 
geolocalise the microwave sensing system in space (on the frescoes) and 
to develop multispectral architectural documentation required for 
safeguarding and preservation of cultural heritage buildings. The mi-
crowave data were processed and analysed using t-SNE, PCA, K-Means 
and Hierarchical clustering algorithms to identify groups within the 
data. The microwave system demonstrated a weak correlation against 
the pin-type moisture meter data. This is due to the measuring approach 
of each technique, i.e., the microwaves are able to penetrate through the 
material, whereas the pin-type meter only measures the surface of the 
material. Therefore, it could be assumed that the microwave sensing 
approach provides more detailed moisture information of the measured 
walls. 

Future work can involve the optimisation of the proposed system, 
namely, to minimise the dimensions and cost of the platform, namely (1) 
develop a built-in RF circuitry (to replace VNA), (2) implement a built-in 
camera for a portable all-in-one handheld system and (3) explore 
different types of antennas (e.g. microstrip/patch type antennas). 
Further data could be collected from numerous moisture measuring 
positions and frescoes to evaluate the current state of the measured 
gallery. Furthermore, a prediction model using machine learning algo-
rithms should be developed to provide an early warning for sustainable 
preservation and safeguarding of cultural heritage. The system can also 
be tested and evaluated on different absorbent building materials, 
namely timber, stones and concrete, at various historical sites. 
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