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Abstract: Infrared thermography techniques (IRT) are increasingly being applied in non-invasive
structural defect detection and building inspection, as they provide accurate surface temperature (ST)
and ST contrast (Delta-T) information. The common optional or off-the-shelf installation, of both low-
and high-resolution thermal cameras, on commercial UAS further facilitates the application of IRT
by enabling aerial imaging for building envelope surveys. The software used in photogrammetry is
currently accurate and easy to use. The increasing computational capacity of the hardware allows
three-dimensional models to be obtained from conventional photography, thermal, or even multi-
spectral imagery with very short processing times, further improving the possibilities of analysing
buildings and structures. Therefore, in this study, which is an extension of a previous work, the
analysis of the envelope of a wine cellar, using manual thermal cameras, as well as cameras installed
on board an Unmanned Aerial System (UAS), will be presented. Since the resolution of thermal
images is much lower than that of conventional photography, and their nature does not allow for
accurate representation of three-dimensional objects, a new, but simple, digital image pre-processing
method will be presented to provide a more detailed 3D model. Then, the three-dimensional re-
construction, based on thermal imagery, of the building envelope will be performed and analysed.
The limitations of each technique will be also detailed, together with the anomalies found and the
proposed improvements.

Keywords: UAS; IRT; thermal inspection; aerial inspection; 3D thermal photogrammetry; heat leaks;
cellar; winery; thermal bridges

1. Introduction

Thermography, when applied in the field of construction, is mainly used for the non-
invasive detection of pathologies in structures [1] and architectural heritage conservation,
as presented in [2], where the extent of deterioration of limestone, in a monument dating
back to the second half of the eighth century BC, was thoroughly studied [2]. Its use in the
analysis of building envelopes is also well documented [3–5].

Infrared (IR) sensors can be effectively used to assess temperature distribution across
surfaces, roofs, and walls. Two approaches have been widely implemented: passive and
active. Passive methods consist of recording temperature without external heat stimulation,
as the object itself acts as a thermal source. In [6], the restoration stones and original blocks
(pyroclastic and travertine) used in Kuruçeşme Han in the city of Konya (Turkey) were
examined in situ (infrared thermography, deep moisture meter, and ambient temperature
meter), and in a laboratory (petrographic, index-mechanical, and thermal testing) environ-
ment. Active methods use an external heat stimulus to increase thermal contrast, making it
more effective for detecting air infiltrations [7,8]. These procedures present some practical
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challenges, since environmental conditions may interfere with thermal flow, making them
unsuitable for actual working conditions.

Passive IRT is typically associated with the analysis and the detection of potential
anomalies in thermograms, showing defects in the envelope. This procedure is commonly
applied in different types of building analysis and is frequently used to perform envelope
study using a qualitative or quantitative approach. The aim is to evaluate the magni-
tude or importance of the target defects, so the measurement accuracy takes on special
relevance [3,9].

Thermal audit campaigns require an in-depth study of the specific parameters linked
to the properties of materials, such as emissivity and reflected apparent temperature
(RAT) [4,10]. With changing environmental conditions, like ambient air temperature (AAT)
and relative humidity (RH), not only thermal conductivity, but also specific heat and density
of materials, vary, and this also influences in a significant way the heat transfer through
buildings envelopes. Wind can also appreciably influence the heat losses through the
envelope and the thermal measurements over the facades; therefore, it must be considered,
too [11,12].

The thermography sector has undergone significant advances in recent years. The
newest revolution in IRT comes from the democratisation of UAS technology and the
emergence of lightweight devices easily installed on board. The integration of thermal
sensors with drones opens up new possibilities for real-time aerial inspection in many fields.
The massive capture capability of the UAS allows their application in thermal inspection of
large areas such as in the agricultural field [13], hydrology [14] or industrial inspections,
such as of photovoltaic farms [15–17].

However, the study of building envelopes is perhaps where the fusion of IRT and UAS
technologies presents the most promising potential [18–20]. UAS-mounted thermal cameras
can provide low-altitude aerial images, from a flexible perspective, with information
on both qualitative and quantitative scenarios. For this reason, the method could be
particularly well suited to inspecting difficult-to-access areas of the façade or the roof,
where the thermal conductivity is higher than those areas with thermal bridges, air leakages
or the presence of moisture in the walls.

Three-Dimensional Thermography

Three-dimensional thermography (3D-IRT) has been a growing field in recent years,
with a particular focus on its application in building science. This growth is due to the fact
that it allows the thermal behaviour to be analysed for use in thermal audits, providing
complete information on the envelope as a whole, rather than a series of disconnected
images. A three-dimensional reconstruction of the building envelope, although presenting
some drawbacks, can provide both quantitative and qualitative information on thermal
variations and, therefore, on the presence of defects. This approach, addressed in this study,
still needs to be further developed since studies are scarce. In fact, ref. [21] identified a
gap in the scientific literature related to the use of thermal imaging for building energy
modelling and analysis.

In the last decade, very few scientific papers have been published on this topic, high-
lighting the potential of this technology for identifying and analysing thermal anomalies
in buildings [22]. One of the main areas of research in 3D-IRT has been the development
of new and improved algorithms for data processing and analysis, even in real time [23].
These algorithms have allowed more accurate and detailed analysis of thermal data to be
obtained, making it possible to identify even small thermal anomalies that might otherwise
have gone unnoticed.

Another area of research is the development of new hardware for 3D-IRT, including
cameras and sensors that are capable of capturing high-resolution thermal data from a
building’s exterior [24]. This has led to a greater understanding of the thermal behaviour
of buildings, allowing for more accurate predictions of energy performance.
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However, unlike RGB images, thermal images pose greater difficulties for correlation
algorithms. Thermal images generally contain far fewer textural elements than conventional
visible-band images; therefore, the tie point detection algorithms incorporated in SfM-MVS
photogrammetry programs can fail with thermal images in complex 3D environments [25].

In fact, apart from the other analyses mentioned above, the main objective of this
study is to present a simple but efficient thermal image pre-processing methodology which,
to the authors’ knowledge, has never been applied before. With it, and despite the adverse
conditions during the collection of images, which will be shown later, three-dimensional
thermal models will be obtained that will demonstrate the advantages already mentioned.

One area where 3D-IRT has yet to be fully explored is in the application of this tech-
nology for understanding structures such as wine cellars. The unique thermal properties
of these structures make them difficult to analyse using traditional methods, and a more
detailed understanding of their thermal behaviour could lead to improved energy efficiency
and better preservation of stored wines.

The aim of this study is to demonstrate how, by combining different techniques and
tools—aerial photographs taken by low-cost thermal cameras on board a UAS, close-up
images from hand-held cameras installed on a simple lifting device, development of three-
dimensional thermal image models using photogrammetry, and installation of passive IR
sensors—it is possible to detect thermal anomalies in building envelopes. Digital image
pre-processing is proposed and applied to improve the 3D-IRT accuracy.

These procedures will be specifically applied to the wine cellar described in the
following section. The results of the study will demonstrate that it is possible to detect
issues that could compromise the wine aging process as well as taking the necessary
corrective measures.

A 3D-IRT of the exterior of a wine cellar could provide valuable information on the
thermal performance of the structure, including the location and extent of thermal bridges,
areas of air leakage, and the presence of moisture in the walls. This information could then
be used to make targeted improvements to the thermal envelope, leading to significant
energy savings and improved wine storage conditions. Additionally, 3D-IRT could be used
to monitor the thermal performance of the cellar over time, allowing for early detection of
any issues that may arise.

2. Case Study

The experimental study was carried out in a winery built in O Saviñao (42◦33′ N,
7◦40′ W, altitude 399 m above Mean Seal Level (MAMSL) in the province of Lugo, Spain.
The construction of the building dates back to 1920, when it was inaugurated for the
production of local wines on a small scale. Since then, the building has undergone structural
modifications and extensions, some of which were not documented. The results of these
changes make its study of great interest, as it presents some singular structures and an
important diversity of construction materials; the south façade is semi-buried to keep the
AAT constant inside during all seasons of the year.

The exterior walls are mainly made of granite, and the doors, windows, and the
structure supporting the roof are made of wood. Ceramic tiles were used for the wall
cladding and the pillars and floor are built with bricks. Figure 1 shows the location of the
winery and the exterior appearance of the building. Figure 2 shows a closer photograph of
the exterior walls of the building and the interior.

Temperature influences almost every step of wine production from the growing of
the grape [26]. The process of wine maturation, which is particularly important, can be
accelerated by high temperatures [27,28]. To prevent loss of quality, the wine should be
stored at a cool cellar temperature [29,30]. The final wine quality can be controlled by
monitoring the ambient air temperature inside the aging rooms [31], or even by means of
sensors embedded inside wine barrels [32].
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The introduction of modern cooling systems into the wine industry has allowed for the
production of excellent wines almost anywhere in the world, regardless of the surrounding
climate. However, energy use during wine production still represents a high percentage of
the total electricity used by the winery [33]. Traditional cellars are more energy efficient than
modern construction practices [34,35]. These traditional buildings incorporate bioclimatic
strategies, such as the use of buried or semi-buried structures, adequate orientation, and
natural ventilation [36,37].

Infrared thermography (IRT) techniques have been increasingly used in recent years
due to their fast and reliable results in envelope inspection and their non-invasive na-
ture [18]. This technology is adequate for evaluating thermal bridges, which are essential in
energy audit procedures. Materials may not perform as expected, which is why mismatches
between predicted and actual performance in buildings [38–43] are common.

Regarding the cellar where the study was carried out, it is important to point out that
according to the Spanish Building Code CT-DB-HE [44], there are different climatic zones
in the different regions of the country. This fact defines several wine production zones to
which the so-called Denomination of Origin (DO) is assigned.

The winery studied corresponds to the Ribeira Sacra appellation. In this area of Spain,
the AAT is 14 ◦C, and the average annual rainfall is 900 mm. This region has a microclimate
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with Mediterranean and continental influences due to its orography of steep slopes on the
banks of the Miño and Sil rivers [45,46].

3. Materials and Methods

This section presents the instruments used in the study, together with their specifica-
tions and a brief introduction to the processing of thermal images using photogrammetry
techniques to obtain three-dimensional models.

3.1. Electronic Instruments, Thermal Cameras, and UAS

The pieces of electronic equipment used for the measurement of temperature were
the following:

1. A Hobo data logger (model U12, Onset, MA, US) (with 4 × ext. channels) for
measuring the AAT inside the wine cellars. It presents a 0.03 ◦C resolution and
a +0.35 ◦C accuracy.

2. Two Hobo data loggers (model U23-001 Pro v2) for measuring both indoor and
outdoor ambient conditions (AAT and Relative Humidity (RH)). They present a
0.02 ◦C resolution with a +0.21 ◦C accuracy for AAT, and a 0.03% resolution and a
+2.5% accuracy for RH.

3. An XS Temp 7 portable thermometer (XS Instruments, Carpi, IT) equipped with a
PT56C contact temperature probe to obtain ST measurements for cross-checking the
thermal images radiometric measurements. The accuracy of this device is +0.15 ◦C
(120 s).

The locations of the data loggers and the temperature probes will be presented below.
Two radiometric thermal imaging cameras from FLIR™ Systems, USA were used for the
non-contact measurement of the Surface Temperature (SF) of the walls in the wine cellar.
The first, called FLIR Vue Pro-R 640, is lightweight and compact, designed to be installed on
board a UAS. The second, the FLIR B335, is a conventional handheld camera. The former
presents a resolution of 640 × 512 px, the maximum resolution that most UAS cameras
allow without interpolation. The latter has a resolution of 320 × 240 px. The focal length of
both cameras is 19 mm; pictures of both devices are shown in Figure 3.
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Two methods were used to record the images of the cellar walls. Firstly, the FLIR
VUE Pro R camera was installed on a UAS called Quasar™, manufactured by the company
Dronetools™-Sevilla. This 4-rotor aircraft has an autonomy of approximately 1 h carrying a
payload of 1.2 kg. The thermal camera was installed together with a Sony™ mirrorless RGB
camera, ILCE α6000™, of 24 MPx. Both were mounted on a gimbal that kept them stabilised.
The shots from the two cameras were synchronised, and the video transmitter installed on
board allowed real-time video streaming to a monitor on the ground. Although the UAS
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always remained within the line of sight (LOS), the above system provided real-time video
streaming as if the flight were being carried out in first-person view (FPV), ensuring in this
way that the region of interest (ROI) was correctly captured. The second procedure, much
simpler than the previous one, consisted of using a telescopic tool composed of three parts:
the first was a telescopic lifting mast built with lightweight materials and a maximum
working length of 7 m. This mast was employed to raise the FLIR B335 ground camera. At
the extreme of the mast, the second part was attached: a ball-head mount locked the camera
solidly in the desired position. Finally, the ground control unit (GCU) also included FPV
glasses and a shoot button, which were commercial devices directly wired to the camera.
The GCU was designed to be operated by only one person. Figures 4 and 5 show the UAS
and the manual system respectively. The use of UAS and ground cameras allowed the
study to be carried out redundantly by comparing the results obtained using both cameras.
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3.2. Software and Fundamentals of SfM-MVS Photogrammetry

Structure from Motion Multiview Stereo (SfM-MVS) Photogrammetry is a cost-effective
and versatile technique used, among other applications, for the three-dimensional (3D)
modelling of terrain and the three-dimensional reconstruction of archaeological heritage
sites and artistic objects [47–49].

The recording of overlapping images allows the use of SfM-MVS techniques. These
procedures are considered to be automated photogrammetric methods characterised by
high resolution and low cost [50], which are also flexible and easy to apply with a very
fast learning curve [51]. The SfM-MVS is, in essence, based on the overlapping of the
recorded images to find common points and thus generate a sparse three-dimensional
point cloud, without the need for prior calibration [52]. To achieve this, it is necessary
that the images present an adequate level of overlapping so that the processing software
can identify homologous points between them [53]. Subsequently, MVS algorithms are
applied to densify the sparse cloud from the already oriented images [54]. In addition,
during image analysis, the software automatically determines the internal and external
parameters of the camera [55]. It is important to note that one of the main advantages of
photogrammetry techniques is the absence of invasiveness; only through image processing
is it possible to detect damage and/or defects in the reconstructed structure or object, and
to maintain a continuous monitoring of the evolution of the entire affected area [56].

SfM-MVS techniques allow the use of conventional (RGB), multispectral or thermal
imagery. The first two are the most commonly used, although there are some studies
in which terrain models have been constructed using thermal images [57]. In this study,
SfM-MVS will not be applied to the terrain, but to the wine cellar.

Although various commercial products exist, one of the most widely used software
packages in SfM-MVS is Agisoft Metashape™, largely due to its intuitive, user-friendly
interface, and automated workflow, which allows for easy generation of dense point clouds,
3D models, digital elevation models, and orthomosaics.

The resolution of thermal cameras is significantly lower than that of RGB cameras, and
since the three-dimensional reconstruction process is based on finding points belonging
to two overlapping images, the modelling is much less detailed and more complex to
perform. In addition, thermal imagery is affected by factors such as the emissivity of the
materials, which makes it even more difficult to obtain a clear and detailed model. For
this reason, the thermal images recorded by the cameras presented in the previous section
were pre-processed using the Image Processing Toolbox belonging to MATLAB™. Figure 6
shows a diagram of the workflow and then details the focusing and contrast balancing
techniques applied.
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As discussed above, one of the major difficulties in 3D building construction using
thermal imaging is the low resolution of cameras designed to be used on board a UAS;
640 × 521 px compared to values as high as 6000 × 4000 px, and even higher on RGB
high-resolution cameras. SfM-MVS techniques are based on the capture of photos with
a good percentage of overlap that, as a whole, cover the entire region to be modelled.
The reconstruction algorithms search for common points between the images, from which
depth is introduced. A triangular mesh is then created, and finally a texture is added.

In the flowchart presented in Figure 6, the parts of the process that are carried out
outside the photogrammetry software are coloured in blue and those that are carried out
inside Metashape in green. It can be observed that after capturing the images, processing is
required that does not apply to the RGB images. Although its mathematical foundations
will be explained in detail in later sections, it can be anticipated that it mainly consists of
the application of filters to eliminate noise or improve the focus of the images.

Once a body of photographs is available, it is uploaded into Metashape, where the first
step consists of aligning the images, i.e., finding the common points (tie points) between
them that generate a sparse point cloud. This initial point cloud is not dense enough to form
a mesh to support the model. The SfM-MVS algorithms are again in charge of densifying it,
until a dense point cloud has been obtained.

The meshing process consists of the creation of a mesh of triangular elements that join
the points of the dense cloud. Once the mesh has been constructed, the three-dimensional
model is visible. However, its surface does not have the texture of the real object or
structure. In order for the final results to have the right texture, the pattern defined by
the photographs is used. To facilitate the understanding of the process, Figure 7 shows
3 screenshots of the RGB model from the sparse point cloud to the final model.
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3.3. Thermal Study of the Envelope: Probes and Cameras

In addition to the construction of the thermal model of the envelope, a complete
interior and exterior survey of the walls was carried out. The thermal probes and the two
cameras were used. Forty points were chosen at the same distance apart (300 mm). Twenty
points correspond to the exterior walls and 20 points to the interior ones. All were labelled
and selected from areas where no discontinuities existed. The thermometer was placed on
top of each point to measure the surface temperature, and photographs were taken with the
two thermal cameras, placed 3 m apart while keeping the point in the centre of the image.
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The results obtained are shown below: Figure 7 shows different views of the 3D model
built with RGB images, Figure 8 shows the procedure for measuring the temperature of
the walls using thermal probes and Figure 9 shows the thermal images with the sensitive
points selected for the study.
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To check the validity of the study and to determine the accuracy that could be obtained
by radiometric thermal imaging, the temperature values provided by the cameras at the
reference points were compared with those obtained from the thermal probes in direct
contact with the walls. The study was carried out for both cameras, inside and outside the
envelope. Figures 10 and 11 show, on the ordinate axis, the temperature measured by the
probes, and on the abscissa axis, those obtained from the thermal images. Figure 10 shows
the outside temperature results and Figure 11 shows the inside temperature results.

In order to check the validity of the radiometric measurements made with the two
thermal cameras, the Pearson’s correlation coefficient was calculated between the matrices
formed by the temperature values measured directly on the walls and the radiometric
values. The correlation coefficient of two variables is a measure of their linear depen-
dence. If each variable has N scalar observations, then the Pearson’s correlation coefficient
(Equation (1)) is defined as [58]:

ρ(A, B) =
1

N − 1

N

∑
i=1

(
Ai − µA

σA

)(
Bi − µB

σB

)
(1)

where µA and σA are the mean and standard deviation of A, and µB and σB are the mean
and standard deviation of B. Alternatively, it is possible to define the correlation coefficient
(Equation (2)) in terms of the covariance of A and B:

ρ(A, B) =
cov(A, B)

σAσB
(2)



Appl. Sci. 2023, 13, 3948 10 of 19

Appl. Sci. 2022, 12, x FOR PEER REVIEW 9 of 19 
 

 
Figure 8. Measurement procedure. 

 
Figure 9. Thermal images, points of measurement and anomalies (different colour patterns). 

To check the validity of the study and to determine the accuracy that could be ob-
tained by radiometric thermal imaging, the temperature values provided by the cameras 
at the reference points were compared with those obtained from the thermal probes in 
direct contact with the walls. The study was carried out for both cameras, inside and out-
side the envelope. Figures 10 and 11 show, on the ordinate axis, the temperature measured 
by the probes, and on the abscissa axis, those obtained from the thermal images. Figure 
10 shows the outside temperature results and Figure 11 shows the inside temperature re-
sults. 

 
Figure 10. Comparison between outdoor temperatures measured with the probes and those ex-
tracted from the two thermal cameras. 

Figure 10. Comparison between outdoor temperatures measured with the probes and those extracted
from the two thermal cameras.

Appl. Sci. 2022, 12, x FOR PEER REVIEW 10 of 19 
 

 
Figure 11. Comparison between the indoor temperatures measured with the probes and those ex-
tracted from the two thermal cameras. 

In order to check the validity of the radiometric measurements made with the two 
thermal cameras, the Pearson’s correlation coefficient was calculated between the matrices 
formed by the temperature values measured directly on the walls and the radiometric 
values. The correlation coefficient of two variables is a measure of their linear dependence. 
If each variable has N scalar observations, then the Pearson’s correlation coefficient (Equa-
tion (1)) is defined as [58]: 

𝜌(𝐴, 𝐵) = 1𝑁 − 1 𝐴 − 𝜇𝜎 𝐵 − 𝜇𝜎  (1)

where µA and σA are the mean and standard deviation of A, and µB and σB are the mean 
and standard deviation of B. Alternatively, it is possible to define the correlation coeffi-
cient (Equation (2)) in terms of the covariance of A and B: 𝜌(𝐴, 𝐵) = 𝑐𝑜𝑣(𝐴, 𝐵)𝜎 𝜎  (2)

Table 1 shows the results obtained both indoors and outdoors with the two cameras. 
As can be seen, even in the case of the lowest correlation, the results are more than ac-
ceptable. 

Table 1. Correlation coefficients. 

Pearson’s Coefficient Indoor Outdoor 
B335 0.785 0.813 

VUE PRO 0.803 0.52 

In the following, the procedure for the construction of the 3D thermal model will be 
presented. Then, the points or regions where anomalies were found will be highlighted, 
and finally, the conclusions and proposed improvements will be detailed. 

3.4. D Thermal Model of the Envelope 
Thermal cameras have a low resolution, meaning that at a certain distance from the 

object, the size of the pixel projected on it will be enlarged. The first consequence for a 

Figure 11. Comparison between the indoor temperatures measured with the probes and those
extracted from the two thermal cameras.

Table 1 shows the results obtained both indoors and outdoors with the two cameras. As
can be seen, even in the case of the lowest correlation, the results are more than acceptable.

Table 1. Correlation coefficients.

Pearson’s Coefficient Indoor Outdoor

B335 0.785 0.813

VUE PRO 0.803 0.52



Appl. Sci. 2023, 13, 3948 11 of 19

In the following, the procedure for the construction of the 3D thermal model will be
presented. Then, the points or regions where anomalies were found will be highlighted,
and finally, the conclusions and proposed improvements will be detailed.

3.4. 3D Thermal Model of the Envelope

Thermal cameras have a low resolution, meaning that at a certain distance from the
object, the size of the pixel projected on it will be enlarged. The first consequence for a
radiometric survey is that the measured temperature will be the average of the surface
temperatures projected on each pixel.

On the other hand, this same problem appears in photogrammetric processing as the
alignment of the images (extraction tie points) is much more complex. By approaching the
recording of images from a UAS, a certain level of improvement could only be obtained
with a minimum flight height and an increase in the overlapping of the photos. Reducing
the height causes the footprint of the photo to be much smaller, increasing the number
of photos noticeably, as does flying with greater overlap. The number of images that this
solution would generate, apart from the inherent difficulty of the flight and its planning,
means that the processing time would be extended to unacceptable limits or even require
special hardware if it were to be processed in high or ultra-high quality.

The location of the building and its construction characteristics make it very difficult
to take photographs from the UAS; not only is it impossible to photograph at close range,
but there are also multiple obstacles that prevent the alignment of some of the photographs.

With all the limitations described so far, it was decided to carry out pre-processing of
the images which, although simple, has not been applied to date, to the best of the authors’
knowledge. For this purpose, the MATLAB Toolbox was used, which offers all kinds of
functions for the processing of RGB, thermal and multispectral images.

Although 3D models were constructed by applying different focusing techniques,
white balance and histogram redistribution, as well as conversion of thermal images with
colour palettes to greyscale, it is important to note that whatever method is used, the
temperature, expressed in shades of grey and white, contained in the photograph must not
be altered. That is, any noise reduction procedure, correction of the non-linearity of the
camera’s thermal sensors or focusing cannot result in a model where thermal anomalies
are diluted or delocalised.

In order to present the study as clearly as possible, several examples of photographs
before and after processing are shown below, followed by details of the mathematical basis
of the method used.

Figure 12 presents the conversion of a radiometric thermal image recorded with a
colour palette to a greyscale image while retaining the thermal information. This trans-
formation was performed to add to the set of photographs from which the model was
generated, some taken by hand, thus making it possible to increase the size of the chunk
loaded in Metashape.

As can be seen from Figure 13, some thermal images have a very uneven histogram
that prevents the detection of tie points during photogrammetric processing. This figure
shows the original photo on the left and on the right the same image after redistributing the
histogram. Although the improvement in the result is clear and the resulting 3D model is
valid and shows the sharpest geometric details, it was not used, because the redistribution
of the histogram showed some thermal anomalies more intensely, but diluted the edges of
the affected regions on the roof of the building.

Figures 14 and 15 are of the greatest interest. They depict the application of two
Gaussian filters with different depths. The first one, used in Figure 14, is of lower intensity
than the one in Figure 15. In both cases, the better focus of the original image after applying
the filter is evident. Since the final model was constructed after focusing the images and this
type of filter is particularly suited to the characteristics of a thermal image, its mathematical
foundations and properties are presented below. Its advantages for global and direct
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diagnosis, accuracy, processing complexity and computational time are also presented in
later sections.

To understand how the filter works, it is necessary to define what Gaussian noise is
and what causes it to appear in RGB or thermal images. Gaussian noise, named after Carl
Friedrich Gauss, is a term from signal processing theory denoting a kind of signal noise
that has a probability density function (PDF) equal to that of the normal distribution (which
is also known as the Gaussian distribution). In other words, the values that the noise can
take are Gaussian-distributed. The probability density function p of a gaussian variable z
(Equation (3)) is given by:

PG(Z) =
1

σ
√

2π
e−

(z−µ)2

2σ2 (3)

z being the grey level, µ the mean grey value, and σ the standard deviation.
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The principal sources of Gaussian noise in digital images arise during acquisition, e.g.,
sensor noise caused by poor illumination and/or high temperature, and/or transmission
of electronic circuit noise [59]. Gaussian noise can be reduced using a spatial filter, though
when smoothing an image, an undesirable outcome may result in the blurring of fine-
scaled image edges and details because they also correspond to blocked high frequencies.
Conventional spatial filtering techniques for noise removal include mean (convolution)
filtering, median filtering, and Gaussian smoothing. The three methods were tested and the
Gaussian filter was selected as it improved the texture of the images, achieving the highest
number of aligned thermograms.

The filter applied to the images was therefore a Gaussian low-pass filter in which it
was possible to control the value of the standard deviation. This variable controls the size
of the region around the edge pixels of the image that is affected by the sharpening.

By selecting the correct value, as in the photographs in Figure 14, there is no variation in
the thermal information collected by the image and the improved focus allowed 199 images
to be oriented, compared to the 153 that Metashape aligned before processing. Although the
resulting model is not comparable to that extracted from the RGB images (6000 × 4000 px
vs. 640 × 512) the areas of the walls and roof where thermal anomalies were measured are
easily identifiable and the pre-processing valid for any three-dimensional reconstruction
using thermal imagery.

Figures 16–18 show three views of the thermal model. Figure 16 presents a zenithal
view. It can be seen that in the main roof, in the central area where both sides converge,
there is a central area and an outer area with different shades of grey, indicating the non-
uniform distribution of temperatures. To maintain the thermal equilibrium of the envelope,
the structure in these regions must be insulated.

Figure 17 is a front view of the model. In this image, it is possible to inspect the front
wall on the left side. As in Figure 16, the temperature is not uniform, and the anomaly
is also presented as a set of grey shades with different tones. In the region shown in the
model within the red rectangle, the presence of moisture was detected.

The validity of the thermal model for obtaining an overall picture of the building
envelope condition can be checked by simply reviewing Figures 1, 2 and 7. In the first two
figures, it is clear how the wall shows stains caused by humidity. In Figure 7, one of the
views of the 3D model constructed with the RGB images also shows the same pathology.
Finally, Figure 18 is a side view of the model. Although it is impossible to make any kind
of analysis here, it is presented to show how, even on the wall that is least likely to be
photographed due to its position, which has a minimal projection towards the camera
during the flight, it is almost possible to perform the reconstruction as well.
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4. Conclusions and Corrective Actions

This study showed that IRT is a valid assessment method for envelopes and, in
particular, for the wine cellar studied, where thermal stability is even more critical. Wine
ageing is strongly affected by environmental factors; therefore, the detection of thermal
insulation failures, heat leakage through joineries, and the presence of humidity must be
identified and avoided.

The use of a UAS with an on-board camera has proven to be effective, especially
in difficult-to-access areas such as the basement and roofs, reducing the risks related to
performing an inspection.

The two cameras used showed excellent performance in detecting thermal anomalies,
although they were somewhat more inaccurate when performing a radiometric assessment
of the surface temperature; the measured temperature was particularly sensitive to the
emissivity of the materials and to disturbances caused by specular reflections. During the
study, it could be observed that for angles of more than 45◦, the measurement deviation
could exceed the sensitivity indicated by the camera manufacturer. Radiometry therefore
requires further study and the use of more sophisticated cameras, but the qualitative
assessment of defects was really effective. As a result of the study, the following corrective
measures were proposed:

1. Installation of systems for thermal bridge rupture in the joineries.
2. Double-glazing windows.
3. Reinforcement of the insulation layer in the subfloor.
4. Cladding the concrete columns.

A key issue for the interpretation of the results of a thermal audit of buildings would be
the use of photogrammetric products such as ortho-thermograms and/or 3D thermographic
models. These products would provide a more holistic view than individual thermograms,
yielding an interesting viewpoint to analyse the thermal performance of the building
envelope as a whole. In fact, 3D-IRT provides a more useful product for evaluating the
thermal performance of the winery and understanding its energy efficiency, as the building
can be analysed from all directions.

Although the accuracy, analysed in terms of temperature values at the envelope walls
cannot be assessed using the 3D-IRT model, it was shown in Section 3.1 that there is a
more than acceptable level of error between the values measured by probes in contact with
the walls and those obtained from thermal imaging at the same points. Furthermore, the
comparison of the 3D RGB and thermal image models shows an excellent agreement in
pinpointing the areas affected by moisture. Therefore, it can be stated that, although the
exclusive use of 3D-IRT only allows the precise identification of the sensitive areas in a
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qualitative way, its accuracy is the same, in quantitative terms, as that demonstrated in the
comparison referred to above. Pre-processing the thermal images not only increases the
visual quality of the model, but also introduces a quantitative improvement in the number
of thermograms that are aligned. In fact, 23.1% more images were aligned than by using the
software directly. The pre-processing techniques (histogram balancing, Gaussian filtering,
etc.) therefore allow for a more exhaustive and simple exploitation of the images collected
by any UAS, thus facilitating a global and direct review of the areas in which the defects to
be corrected are potentially found.

Some IRT cameras also include an RGB sensor that is capable of capturing simulta-
neous images with a geometry equivalent to or very close to that of the thermogram [60].
Optical image processing allows the camera positions to be determined and the scene
geometry to be reconstructed and the temperature values to be superimposed or projected
onto the 3D model [61]. However, this process also involves losing some of the radiometric
temperature information at the pixel level. Therefore, there is still an important field of
study in applying conventional SfM-MVS photogrammetry fluxes to thermal images in an
efficient and reliable manner.
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