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Abstract: Engineering graphics are present in the design stage, but also constitute a way to com-
municate, analyse, and synthesise. In the Architecture-Engineering-Construction sector, graphical
data become essential in analysing buildings and constructions throughout their lifecycles, such as
in the thermal behaviour assessment of building envelopes. Scientific research has addressed the
thermal image mapping onto three-dimensional (3D) models for visualisation and analysis. How-
ever, the 3D point cloud data creation of buildings’ thermal behaviour directly from rectified infra-
red thermography (IRT) thermograms is yet to be investigated. Therefore, this paper develops an
open-source software graphical method to produce 3D thermal data from IRT images for tempera-
ture visualisation and subsequent analysis. This low-cost approach uses both a geographic infor-
mation system for the thermographic image rectification and the point clouds production, and 3D
point cloud processing software. The methodology has been proven useful to obtain, without per-
spective distortions, 3D thermograms even from non-radiometric raster images. The results also
revealed that non-rectangular thermograms enable over 95% of the 3D thermal data generated from
IRT against rectangular shapes (over 85%). Finally, the 3D thermal data produced allow further
thermal behaviour assessment, including calculating the object’s heat loss and thermal transmit-
tance for diverse applications such as energy audits, restoration, monitoring, or product quality
control.

Keywords: 3D thermal data; 3D thermograms; point cloud data; visualisation; temperature; heat
loss; infrared thermography; GIS; 3D point cloud processing software; engineering graphics

1. Introduction

As a graphical expression, engineering graphics are useful for conceptual and project
representation in the design stage, but also constitute a way to communicate, analyse and
synthesise [1,2]. In the Architecture-Engineering-Construction (AEC) sector, the use of
graphical data becomes essential when dealing with the analysis of the built environment,
buildings and constructions throughout their lifecycles [3]. This type of data can involve
the use of two-dimensional (2D) and three-dimensional (3D) graphics, in the form of ras-
ter and vector representations, as well as data and models based on 3D coordinates, re-
spectively. Within this framework, several digital technologies allow the integration of
additional information to the graphical data, such as Geographic Information Systems
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(hereinafter, GIS) and Building Information Modelling (henceforth, BIM) [4]. This can be
useful for the analysis of both geometric and geographical issues, as well as buildings and
construction processes. In this sense, there are relevant scientific works to be highlighted
dealing with the tools that support this research: Lerma et al. [5] implemented an archi-
tectonic GIS to analyse multi-source data, including thermal images, and rectified im-
agery; Previtali et al. [6] used a GIS-assisted method to improve the thermal anomalies
recognition, mainly for thermal gradient assessment; Yuanrong et al. [7] designed a GIS
to bring both Unmanned Aerial Vehicles and Terrestrial Laser Scanning data together for
facade construction supervision; Chen et al. [8] used a GIS-based platform to integrate the
facade data from different sources, such as infrared thermography (hereinafter, IRT), laser
scanner, or high definition digital cameras; and Wang et al. [9], in the frame of digital
cities, studied the semantic information on parametrised 3D buildings’ facades by hierar-
chical topological graphs. In the scientific literature analysed, the information associated
with the geometry of the studied objects has been considered an attribute. Therefore, these
attributes have not been represented as an integral part of 3D geometric data where one
of the coordinates is not geometric. Concerning the rectification of images, it is worth
highlighting the work by Yue et al. [10], who automatically rectified the building images
helped by a local symmetry feature graph. Thus, the authors matched both the original
and the corrected image in order to conduct their fusion. Finally, Soycan and Soycan [11]
revised the models to achieve rectified photographs for further facades analysis.

Regarding the use of 2D graphical data for building analysis, IRT is a versatile, non-
destructive technology that enables the recording and visualisation of the thermal radia-
tion emitted by the bodies. This can be used to determine energy loss in building enve-
lopes, issues in building services, construction defects, among many others [12]. Likewise,
active IRT has been proven useful to detect hidden openings or structural elements [13].
The thermal image produced by IRT, called thermogram, is 2D. Still, certain proprietary
software for this sort of equipment such as InfReC Analyzer [14] or Fluke SmartView [15]
can complement these images with 3D graphs [16,17]. Nevertheless, the 3D data that can
be produced do not represent the thermal images’ real magnitude, given the IRT survey
data’s perspective distortion. Furthermore, these applications can generally be acquired
together with the equipment or in a complementary manner, which entails additional in-
vestment.

Scientific research has also addressed thermal image mapping onto 3D models for
visualisation and analysis. Alba et al. [18] proposed a method to texture 3D building mo-
dels using infrared images. Vidas et al. [19] presented a hand-held mobile system that
combined a range sensor with an IRT camera to produce 3D models mapped with infrared
and Red-Green-Blue colour (hereinafter, RGB) images. Wang et al. [20] developed a hy-
brid system integrating Light Detection And Ranging (LiDAR) technology and an infrared
camera to produce thermal models of building envelopes. Borrmann et al. [21] combined
3D laser scanning, IRT, and a photo camera to map 3D building facade models. Rangel et
al. [22] presented an automatic approach to creating 3D thermal models by fusing IRT
images and spatial data from a depth camera. Ham and Golparvar-Fard [23] proposed a
3D thermal mesh modelling method to display the as-is condition assessment of build-
ings. Thus, the method permitted the visualisation of R-value distributions and potential
condensation issues. Moghadam and Vidas [24] designed a hand-held 3D thermography
device called “"HeatWave” that combined IRT, a range sensor and a photo camera to create
3D models with augmented temperature and visible information of the objects.
Moghadam [25] also presented a hand-held 3D device for medical thermography to sim-
ultaneously show both 3D thermal and colour information to facilitate diagnosis. Matsu-
moto et al. [26] developed a hand-held system based on IRT and an RGB-D (RGB depth
sensor) camera for 3D model and temperature change visualisation from arbitrary view-
points via augmented reality. Nakagawa et al. [27] established a system combining IRT
and an RGB-D camera for scene 3D reconstruction; later, the authors applied the View-
point Generative Learning method to the RGB 3D model to display the difference between
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the temperature of random scene viewpoints and known camera poses. Natephra et al.
[28] integrated thermographic images along with air temperature and relative humidity
values into BIM to create 4D models of the performance of existing building envelopes.
Finally, Landmann et al. [29] presented a high-speed system based on a structured-light
sensor and an infrared camera to measure 3D geometry and the fast-moving objects’ tem-
perature. The reviewed scientific literature continues to address the problem of represent-
ing the thermal behaviour of objects by associating thermal attributes (images and RGB
values) to purely geometric 3D data, with spatial coordinates.

In view of the above, the creation of 3D point cloud data of buildings’ thermal be-
haviour for visualisation and analysis directly from rectified IRT thermograms is yet to be
investigated. Given this knowledge gap, the aim of this paper is to provide an open-source
software graphical method to produce three-dimensional thermal data from the infrared
thermovision technique. It should be noted that, with the emergence and development of
open data and open-source software, this can be addressed free of charge or at low cost.
Consequently, the low-cost approach developed in this research (excluding the cost of IRT
equipment), applies both thermographic image rectification in GIS and 3D point cloud
data management. It has been proven useful to achieve, without perspective distortions,
the 3D visualisation of the temperature of the objects surveyed. Thus, the methodology
enables additional analysis of their thermal behaviour, which could not have been carried
out if the thermal information (attribute) had not been converted into a third geometrical
variable (coordinate) in the 3D thermal data set produced. The proposed method is tested
in two case studies: 1) a quasi-symmetrical building facade sector, and 2) a non-symmet-
rical fagade sector. This research also studied the impact of choosing between rectangular
and non-rectangular 3D thermograms after the image rectification in GIS in terms of ther-
mal data loss.

The rest of the paper is structured as follows: Section 2) the methodology is described
and subdivided into stages corresponding to each technology used in this research; Sec-
tion 3) the results of the two cases studied are presented; and Section 4) the results of this
research and its limitations are discussed; likewise, conclusions and future work are pro-
vided.

2. Methodology

As mentioned above, this research is based on the combination of IRT and GIS, plus
the treatment and management of 3D point cloud data for analysis. Thus, each technology
constitutes a stage in the suggested methodology:

2.1. Thermal Imaging

The first stage of the proposed method is to record the facade building components’
temperature via IRT. In this research, this was carried out in two surveys in Andalusia,
Spain (Figure 1): Survey A, in the south of the city of Seville (inland Mediterranean cli-
mate), and Survey B, in Alhaurin de la Torre, near Malaga (coastal Mediterranean cli-
mate).
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Figure 1. Location of IRT Surveys A and B.

The IRT surveys focused on the thermal bridge caused by the buildings’ reinforced
concrete structure due to the lack of thermal insulation between the pillar and slabs and
1) the rendered brick fagade (Survey A, a quasi-symmetrical sector), and 2) the vibrated
concrete rough block facade (Survey B, a non-symmetrical sector).

The recording of the surface temperature in the IRT surveys is affected by changes in
the directional emissivity due to different viewing angles (between the direction of the
camera and the object’s emission direction) higher than 40° [30-34]. Moreover, the camera
operators themselves constitute a source of emissions that must be taken into account by
avoiding the perpendicularity between the camera direction and the object. These aspects
were considered in the surveys of this research so that both procedural errors and envi-
ronmental radiant sources, respectively, were minimised in the recording of the fagades’
surface temperatures.

Besides, the weather conditions were recorded 24 hours before the surveys using a
portable weather station with sensors inside and outside the buildings. The hygrothermal
indicators, input in both the camera settings and the thermographic software along with
the material’s emissivity to produce the thermograms (graphical output of the IRT sur-
veys), are gathered in Table 1.

Table 1. Hygrothermal conditions in surveys A and B.

Exterior Tempera- Interior Tempera- Atmospheric Pres- Exterior HrInterior Hr

h D Ti
Scheme ate and Time ture (°C) ture (°C) sure (mbar) (%) (%)
A 28/01/2016 6:11 9.0 18.7 1053 91 72
am
5 02/09/;(:6 8:22 6 286 1020 87 67

! Hr represents the relative humidity. Wind speed was 0 m/s.

Surveys A and B took place in winter and summer, respectively, and early in the
morning to avoid direct sunlight as a radiation source; there was no rain or wind during
the surveys. Additional considerations to minimise possible temperature reading errors
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and, therefore, errors when producing the 3D data, were avoiding targets with a temper-
ature outside the thermal camera’s calibration range, such as the sky or extremely reflec-
tive surfaces [35]. The thermographic camera used was a FLIR E60bx, with an 18 mm FOL
lens and resolution of 320x240 pixels. The camera was placed 6 m away from the facades
in both surveys.

Once the data were recorded, this research used free thermographic software to pro-
duce the thermograms in the two cases. Flir Tools version 6.4.18039.1003 [36] allowed to
input the infrared images, the hygrothermal indicators (Table 1), and the material’s emis-
sivity coefficient [37] in the fagades (0.85 and 0.92, respectively). In order to encompass all
the possible temperature values in the thermograms, the range was set from 6.0°C to 15°C
for Survey A, and from 22.0°C to 27°C for Survey B, given the ambient and surface tem-
peratures in the scenes. The iron palette (colour configuration for thermograms) was firstly
selected to show heat distribution and subtle details [38]. Still, the monochrome (grey)
palette was chosen to ease image management in the GIS (Figures 2 and 3).

(@) (b)

Figure 2. Thermograms of Survey A for GIS processing: (a) Iron palette; (b) Grey (monochrome) palette.

(@) (b)

Figure 3. Thermograms of Survey B for GIS processing: (a) Iron palette; (b) Grey (monochrome) palette.

It is worth noting that the temperature ranges specified above were not included in
Figures 2 and 3 as colour scales because these thermograms were exported for further
processing. Finally, for the purpose of this research, it was necessary to extract the maxi-
mum and minimum temperature values from the thermograms (hottest and coldest
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points, respectively). Thus, the extent of the third dimension (of the 3D thermal data)
could be next obtained from the temperature range using GIS.

2.2. GIS-Based Image Management

GIS are tools that facilitate the handling of geographic information rigorously in each
process phase, such as data entry, storage, management, integration, edition, or visualisa-
tion. Their most common use is in work on the horizontal plane, as shown in the recent
literature, such as [39-43]. By contrast, there are fewer cases for working with elevation
[5,8], even if this only involves a change in coordinate axes.

In this work, a GIS has been used to carry out the thermogram’s geometric rectifica-
tion and assign temperatures to the rectified image. QGIS v3.8.2 software [44] was used
in this research.

In both surveys, it has been assumed that the area of interest is contained in a plane.
Thus, the relief (depth) of the facade is not deemed. For this reason, instead of an orthorec-
tification, only a 2D homography, or projective transformation is required. Here, eight
parameters are considered to conduct perspective removal. This planar homography aims
at transforming one plane into another, and can be expressed as [11]:

X X hi1 hiz hi3 1[X
[3’] = H|Y| = |ha1 haz hos ||V (1)
1 1 hsq hsp has 111

Although the matrix presents nine parameters, the transformation poses eight de-
grees of freedom because the values are usually normalised, considering h33=1 (Figure 4).
The eight parameters can be easily calculated from four pairs of points, both identified in
the two spaces.

Figure 4. Homographic transformation to remove the perspective distortion.

First, the geometrical measurement framework has to be defined. In this case, since
this research presents a low-cost method, it has been preferred not to use classic topo-
graphical methods but a plumb, a spirit level, and a measuring tape.

e  For Survey A, the facade itself served as a reference:
- Y-axis: the (left) vertical limit of the facade;
- X-axis: a mortar joint; a spirit level was used to check its horizontality.
e  For Survey B:
- Y-axis: a vertical joint, after checking with a plumb that its extension coincides
with another of the lower joints;
- X-axis: a horizontal mortar joint, whose horizontality has been verified using a
spirit level.

Contrary to conventional topography, the distance measurements have been estab-
lished a posteriori. To this end, it has been checked that the four points that will define the
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geometric frame are identifiable in the thermogram, using the diagonal as a verification.
The measurements (and the axes) taken are displayed in Figure 5 on each thermogram.

(a) (b)

Figure 5. Measurements taken for perspective correction: (a) Survey A; (b) Survey B.

Along with the geometrical 2D-homography, a radiometric conversion must be un-
dertaken. Thereby, a digital number (DN) value must be assigned to each pixel of the
resulting image. Besides, a bicubic interpolation has been chosen to conduct the
resampling process.

After obtaining an image with the rectified geometry and the corresponding DN, the
next step is for each pixel's DN to correspond to the thermogram's temperature. In both
surveys, each thermogram was encoded on 8 bits, i.e., 256 values, as radiometric resolu-
tion. For the DN value to correlate with the temperature, a linear normalisation formula
must be applied:

DNiemp =a X DN + b (2)

where g is the slope, that is related to the rectified image’s thermal sensitivity, and b is the
intercept, the minimum temperature value. From the temperature values of each case, the
calculated parameters are shown in Table 2. Thus, it can be concluded that the thermal
resolution for the rectified image for Survey B is approximately three times better than
that for Survey A:

Table 2. Extreme temperatures and conversion parameters for each survey.

SCheme Tmin (OC) Tmax (OC) DNmin DNmax a b
A 6.9 14.0 0 255 0.02784 6.9
B 23.0 254 0 255 0.00941  23.0

For each pixel in the new image, the DN coincides with the temperature recorded.
The image border has a dark background, which corresponds to the absence of data. This
fact is inherent in any "photograph". Due to the inclination, there will be points on the
resampled image that lack information. The tilt is determined by the commitment to ob-
tain an image covering as much spatial coverage as possible without a significant loss of
geometric resolution (pixel size on the facade). This matter is especially relevant since the
thermographic camera used only has 320 x 240 pixels.

Theoretically, a rectangular region of interest (hereinafter, ROI), in which all the pix-
els would have their temperature recorded, is more appropriate in terms of graphic lan-
guage. However, this is not always suited, as information not included in the rectangle
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can be lost. This happens in survey B, where the slab thermal bridge above the rectangle
has further temperature data.

Operating in a GIS environment allows fitting as much work area as possible by de-
fining an area of interest that is not rectangular. This area has been used as a mask when
exporting the data for the following processes.

2.3. 3D Point Cloud Data Treatment

For the purpose of this work, the three-dimensional data produced in the GIS plat-
form need certain transformations to constitute the final 3D thermal data. This was carried
out in CloudCompare v2.91 for 64-bit Microsoft Windows [45], although there are other
open-source applications such as MeshLab [46] that can be used.

Firstly, the data were imported into the programme as the XYZ file created in the
previous stage in GIS.

Next, a height ramp [47] or a height map of the 3D point set was generated to enhance
the visualisation and readability of the 3D thermal data produced. This was performed
using a monochrome linear gradient, 8-bit encoding (black for the lowest temperature,
white for the highest), and a direction (Z-axis). The red, green and blue values of the RGB
colours applied were therefore automatically associated with the coordinates of each point
in the 3D point cloud.

It should be also noted that the temperature range of the thermograms determines
the distribution of the points in the 3D thermal data. In other words, given that the third
coordinate (Z) is represented in the three-dimensional thermal data as its temperature
values (°C), it may be that these values are actually higher than the XY coordinates (di-
mensions of the object studied). As a result, interpretating the 3D point cloud’s propor-
tions may not be easy. Therefore, to reduce the “temperature-value/X-Y-dimensions” ra-
tio, a scale factor of 0.10 was applied to the Z-axis (temperatures). Thus, a more repre-
sentative 3D point set of the thermal behaviour of the facade was obtained.

Further management of the 3D thermal data makes it possible to gather useful infor-
mation such as those facade sectors at a similar temperature. This can be carried out by
creating point cloud contours by elevation (Z coordinate) thresholds. Considering that the
Z-axis represents the temperature, these contours or 2D isolines—points with the same
height or Z coordinate as in topographic maps—represent the thermogram isotherms—
image regions within the same temperature range. The "Rasterize” plugin [48] in Cloud-
Compare helps create these isotherms by setting the gap (step) between the lines in the
”Contour plot” sub-tool, according to the temperature range of the facades. In this case,
Survey B was considered to show the isotherms creation, conducted every 0.25°C from
23.25°C to 25.00°C. The contours can be exported in different file formats such as the
broadly-used DXF. The results of the isotherm creation process are presented in the fol-
lowing section.

Finally, the ‘Rasterize’ plugin enables the creation of meshes from point clouds through
the Delaunay 2.5D triangulation algorithm in the XY plane [49]. This is a suitable method to
create 3D meshes from rather flat point clouds oriented to the Z-axis as in this research.

3. Results

In line with the methodology, this section is divided into the different technologies
and processes considered in this research, particularly GIS and 3D point cloud data. The
reason for not including the IRT results is that the thermograms from Surveys A and B are
the method's data source. Besides, they are already presented in Section 2.1 as an inherent
part of the IRT surveys.

3.1. Image Management in GIS

The perspective correction was performed as per Section 2.3 to produce a rectangular
ROI for the thermogram in Survey A. Nevertheless, given the slab’s thermal bridge in
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Survey B, the ROI selected included the thermal data of that area in the 3D point cloud
(Figure 6).

(a) (b)
Figure 6. Rectified thermograms from Survey B: (a) Rectangular image; (b) Better-fitted image.
In order to avoid duplication of figures, the rectified thermogram from Survey A will
be presented in the following section as 3D thermal data.

3.2. 3D Thermal Data

Following Section 2.3, an 8-bit monochrome linear gradient height ramp was applied
to the point sets, and a factor of 0.10 was next used to scale the Z-axis (temperature) to obtain
a more representative 3D thermal data set (better point distribution) (Figures 7 and 8).

(a) (b)

Figure 7. Isometric view of the 3D thermal data from Survey A: (a) original height-map 3D ther-
mal data; (b) scaled height-map 3D thermal data.
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(a) (b)

Figure 8. Isometric view of the 3D thermal data from Survey B: (a) original height-map 3D thermal
data; (b) scaled height-map 3D thermal data.

Also, the top-view visualisation of the 3D height ramp produced shows the (rectified)
original thermogram obtained using GIS as per Section 2.2. In turn, this helps to identify
in 2D the most significant fagade components or parts with the highest temperature and,
consequently, those with the greatest energy loss (Figures 9 and 10).

Figure 9. Top view of the 3D thermal data from Survey A.
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Figure 10. Top view of the 3D thermal data from Survey B.

It should be noted that, when visualised in top view, the 3D thermogram from Survey

B is not oblong as the one from Survey A because of the perspective correction into a
rectangular shape. This is because the thermogram rectified in the GIS for Survey B in-
cludes the cropped area which was discarded after the image rectification as in Survey A.
As a result, more radiometric data can be obtained by following the approach for Survey

B.

3.2.1. Quantitative Analysis

Concerning the quantitative results that can be obtained from enquiring the 3D ther-

mal data, diverse information about the thermal behaviour of the case studies can be ob-
tained:

The proposed method produced 68,461 points from Survey A, whereas the 3D ther-
mogram from Survey B contains 73,085 points (non-rectangular ROI), and 65,572
points (rectangular ROI);

In Survey A, the temperature values (Z coordinate) enable to gather relevant infor-
mation of the fagcade’s thermal behaviour. The lowest temperature is 7.011 °C, and
the highest is 13.722 °C (6.710 °C temperature range). The average temperature of the
fagade is 9.895 °C, and the standard deviation is 1.165 °C.

In Survey B, the focus is on the non-rectangular thermogram, given the larger amount
of thermal data produced against the rectangular ROI approach. The lowest temper-
ature is 23.169 °C, and the highest is 25.164 °C (1.995 °C temperature range). The av-
erage temperature is 24.021 °C, and the standard deviation is 0.410 °C.

The distribution of temperatures is shown in the histograms for each survey in Figures

11 and 12:
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Figure 11. 3D thermal data distribution in Survey A.

Figure 12. 3D thermal data distribution in Survey B.

In view of Figures 11 and 12, the most frequent temperature values are between 10.0
and 11.0 °C in Survey A, and between 23.5 and 24.5 °C in Survey B, approximately —a
difference of 1 °C in both cases.

3.2.2. From 3D Point Cloud Thermal Data to (2+1)D Isotherms and 3D Meshes

In order to provide additional quantitative and qualitative data from the 3D thermal
point clouds, the “Rasterize” plugin in CloudCompare [48] allows for creating isotherms
and a 3D mesh from a point cloud. This was carried out for Survey B. The ‘Contour plot’
sub-tool was used to create planar isotherms, graded in the Z-axis (temperature) every
0.25°C from 23.25°C to 25.00°C, given the temperature values in the case study (Figure 13).
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Figure 13. Top view of the isotherms from the 3D thermal data in Survey B.

Besides, the point cloud was discretised in order to create the 3D mesh displayed in
the different modes in Figure 14.

Figure 14. Isometric view of the 3D thermal data from Survey B: (left) Isotherms; (centre) Wireframe mesh and isotherms;
(right) Solid mesh.

The mesh produced contains 145,996 faces, approximately twice the number of ver-
tices, as seen in Anton et al. [50]. In order to verify the accuracy of the meshing process
[51], it is worth computing the distance between the scaled height-ramp cloud and the
”Rasterize”-tool mesh. This was conducted using the Multiscale Model to Model Cloud
Comparison (M3C2) algorithm by Lague et al. [52] to measure the orthogonal distance
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between the mesh vertexes and the original 3D thermal data (the reference in the compar-
ison). The reason for choosing the M3C2 method is that, according to its authors, it per-
forms well in comparing point cloud data, even in complex 3D environments. Likewise,
it is implemented in CloudCompare as a plugin [53], which eases the process given that
there is no need to use different software to compute the point deviation. In this operation,
the point normals (normal vectors of points) [54] of the original cloud (normals oriented
to the Z-axis direction) were used to compute the distances. The mean distance was
0.00038 m, and the standard deviation was 0.000143 m; these data reveal the remarkable
similarity between the point sets, given the negligible distance between homologous
points. In fact, the comparison revealed that most of the points (70,825, which constitute
96.9% of the total of 73,085 points) are below 0.0001 m between the clouds.

4. Discussion and Conclusion

This final section is structured as follows: discussion of results from each stage in the
methodology; research limitations; implications; and future work.

4.1. Discussion

About IRT, the results depicted in Figures 2 and 3 (thermograms for further GIS pro-
cessing) constitute the method's data source. Consequently, this research does not aim at
improving the IRT technology; the objective is to propose a new method to retrieve 3D
thermal data from thermograms using GIS and 3D point cloud management software.
Notwithstanding, it is worth discussing the IRT surveys and their outcomes. As described
in Section 2.1, the surveys were chosen because of the existence of a thermal bridge caused
by the reinforced concrete structure in both facades, which showed a quasi-symmetrical
(Survey A) and a non-symmetrical (Survey B) configuration. Besides, apart from the con-
siderations given to the survey conditions (time and season, and the lack of direct solar
radiation, rain and wind), the importance of the hygrothermal conditions specified in Ta-
ble 1 for an IRT survey should be discussed. According to Tran et al. [55], the ambient
temperature determines the relative humidity; these two factors, including the interior
temperature and relative humidity, have an impact on the heat flux, given that its natural
trend is to reach equilibrium. Moreover, as seen in [35], water vapour in the atmosphere
affects the infrared radiation recording. Finally, the use of IRT equipment and software
has led to the generation of representative thermograms (IRT graphical output) of the ther-
mal behaviour of each fagade. They were exported as monochrome images (8 bits) for GIS
processing to ease each pixel’s DN-temperature relation.

Regarding the GIS implementation, on the one hand, within the engineering graphics
framework, perspective correction is an easy task using a GIS if the lens distortion is con-
sidered negligible compared to other parameters. In the case of a facade, checking the
horizontality or verticality of certain features is very useful. Thus, although four points
must be introduced into the 2D homography equations, three points can be enough data
on some occasions as the forth could be deduced.

On the other hand, associating the temperature value to the Z coordinate enables 3D
data plotting. Thereby, the X and Y coordinates would be the spatial variables of the data
set -independent, since the geometry of the fagade remains invariable. Conversely, the Z
coordinate would be the thermal variable, which depends on the environmental conditions
at the time of the survey and the construction characteristics of the fagade element.

Concerning the management of the raw GIS point cloud, it should be highlighted
that the 3D point cloud data processing software allows for treating these data to achieve
a comprehensible data set. In this sense, given the extent of the Z coordinate in Surveys A
and B’s thermal data in comparison to the XY coordinates, scaling the 3D data set in the
Z-axis became necessary (see Figures 7 and 8). Another process to enhance the data visu-
alisation was creating a 3D heat map —Z-axis height ramp. As a result, the aforementioned
spatial variables (X and Y coordinates) of the 3D thermal data can be seen in top view (or-
thogonal to Z-axis), which reveals the (rectified GIS) original thermogram as in Figures 9
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and 10. Thus, the 3D thermal data produced are representative of the thermal behaviour
of the case studies as recorded by IRT.

Also, 2D isolines (isotherms) can be generated from the 3D thermal data produced
by contour plotting in order to delimit the areas within the same established temperature
range, which provides quantitative data of the facade sectors. In addition, as per Section
2.3, the point cloud can be discretised to create a 3D mesh with a high degree of accuracy.
The combination of these isotherms and the mesh also enhance the dataset visualisation.

As to the histograms of the data from Surveys A and B, Figures 11 and 12 reveal
different point (temperature values in Z-axis) distributions. The reason for this is multiple:
the temperature range of the 3D thermal data in Survey B (1.995 °C) is lower than that of
Survey A (6.710 °C); and there is a higher number of hot areas in the latter, which are in
turn less evenly distributed. This can be seen in the lower standard deviation values of
Survey B 3D thermal data. It should be noted that the minimum and maximum tempera-
ture values in the 3D thermal data produced, and their temperature ranges, differ from
those of the original IRT data. This is because the IRT software was used to manage the
original (full) thermograms, whereas the GIS rectified thermograms were smaller since
only the data within the ROI were considered in this research. Thus, the preliminary IRT
extreme temperature values derive from the data out of the ROI; consequently, the 3D
thermal data’s temperature values are correct.

Regarding the RO], it should be noted that, because of the perspective correction in
Survey B, the non-rectangular 3D thermal data set contains 73,085 points against the
65,572 points of the corresponding rectangular thermogram. Considering that there are
76,800 pixels in the original thermogram’s 320x240 pixel resolution, over 95% of the ther-
mal information in the non-rectangular thermogram can be used for analysis, more than
that of the rectangular ROI (over 85%). The 7,513 points of difference between the two 3D
thermograms from Survey B can be seen in both Figures 6a,b, and in Figure 8b (scaled
point cloud). Those points belong to the slab thermal bridge in the fagade. As can be seen
in the isometric view and considering both their dimension in the Z-axis and the (gradi-
ent) colour code, the points present the greatest temperature values in Survey B’s 3D ther-
mal data.

The symmetry of the 3D thermal data produced via the proposed method should also
be discussed. As expected, Figures 7 and 8, respectively, show quasi-symmetrical and
non-symmetrical values in the Z coordinate (temperature) according to their original ther-
mograms (Figures 2 and 3, correspondingly).

4.2. Limitations

Concerning the limitations of the proposed method, it is first worth mentioning that
IRT cannot record the temperature of hidden parts in the body (fagade or object) except in
some instances [13], as expected, nor those parts whose plane is in line with the direction
of the camera. Thus, in the case of a fagade as in Survey A (Figure 1), projections or over-
hangs cannot be measured from that point of view because of being perpendicular to the
facade plane recorded via IRT. Hence, no 3D data will be obtained from those parts for
that 3D thermogram. This issue can be addressed separately for each face as in the case of
two perpendicular walls of a building with distinct temperature values among compo-
nents. However, once combining the 3D thermal data of each face—in order to create a
unique 3D thermogram—there may be an overlap of data between the walls if the tem-
perature range (Z coordinate) is high. Nonetheless, this is not a problem in cases such as
Survey B, where the temperature range is low; thus, the 3D point set’s dispersion is low,
which prevents the operator from the data overlapping.

In relation to the image geometry, selecting a rectangular ROI is advisable in terms
of graphical language. Given the angle of the IRT recording of the facade, the rectified
thermogram contains regions with no data. This loss of thermal data could be minimised
by increasing the distance between the IRT camera and the facade so that the thermal
bridge is fully recorded. However, this entails larger pixel size in the thermograms, which
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means that the points used to conduct the rectification become less identifiable, and the
thermal data ‘resolution” decreases. This could be considered a limitation of the IRT equip-
ment. In this research, the choice of a larger (non-rectangular) ROI in Survey B allows for
minimising the loss of thermal information from the facade because of the recording per-
spective, as discussed above.

4.3. Implications

Regarding the average temperature of a sector, which can be obtained by enquiring
the 3D thermal data produced in this research, it can be useful to calculate the thermal
transmittance ({-value) of the building component studied [56]. The {-value calculation
is useful to assess the thermal behaviour to ascertain whether or not it complies with the
countries’ building regulations. This can be conducted as per Albatici and Tonelli’s equa-
tion (3) [56,57]:

100 100

U=567E <( )( )+3sos4vT Tout) 3)

4
Tint —Tout

where Urepresents the thermal transmittance (W/m?K), & is the integral emissivity (co-
efficient), Tw is the average temperature of the building component (K), Tin is the interior
ambient temperature (K), Tout is the exterior ambient temperature (K), and vis the wind
speed in m/s.

Therefore, considering that wind speed was 0.0 m/s in Surveys A and B in this re-
search, the formula above turns into (equation (4)):

5.67Emwt <(%4)—(%4)> 4)
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This, in turn, becomes one of the applications that will next be described.

As seen in the introductory section, research into the specific topic of real-magnitude
3D thermal data visualisation of the thermal behaviour, as far as the present authors are
concerned, has not been seen before. The 3D thermal data that can be produced using pro-
prietary thermographic software differ from those of research into the creation of 3D ther-
mographic or thermal models. The former, produced by software such as Avio InfReC An-
alyzer [14] or Fluke SmartView [15], are 3D representations (in 3D graphs) of the objects’
surface temperature. The latter consist of the mapping of thermographic textures onto 3D
models or meshes of the objects’ surface. This research focuses on the former, the 3D repre-
sentation of the objects’ temperature values, not on the mapping of the surface geometry of
objects. Thereby, this work proposes a low-cost scientific research approach to produce
real-magnitude 3D thermal data of buildings’ thermal behaviour for visualisation, analy-
sis and interpretation. This research is based on the combination of different graphical
technologies such as IRT, GIS and point cloud data processing software. In this sense,
following the method proposed, radiometric data can be obtained by enquiring the 3D
thermal point cloud data using any CAD or 3D environment software in the market. The
findings of this research reveal that non-rectangular 3D thermograms from image rectifi-
cation yield more 3D thermal data than considering traditional rectangular shapes. These
data comprise temperature (single-point or average temperature of a sector), and the area
of regions at the same temperature (between isotherms). Therefore, the significance of the
proposed method resides in its capability to:

e  Produce both rectified 2D and 3D thermograms;

. Retrieve radiometric information (temperature) from a non-radiometric raster image,
even when the image is not rectangular;

e  Enable temperature and energy analyses from the spatial dataset;

¢  Identify the most determining regions or elements in the body surveyed in terms of
temperature and, therefore, energy loss;
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Despite the limitations described above, and in view of the method’s capabilities
mentioned in this subsection, this research has a broad range of applications due to IRT’s
versatility. Among others, these are the energy audit of buildings and constructions; the
thermal study of architectural, archaeological and cultural heritage for restoration; the
identification and measuring of hot areas in computer hardware components, building
services, or product quality control in the industry. Therefore, the method proposed in
this paper is initially more suitable to be applied to (approximately) flat surfaces. This is
because a GIS is used in this research to restore the objects’ real dimensions. Thereby, the
image distortion is corrected to obtain an orthogonal view that guarantees that the tem-
perature is represented by the Z-axis in an adequate coordinate system. In contrast, in
curved and other non-flat objects, the recording of the surface temperature in the IRT sur-
vey is affected by the aforementioned directional emissivity [30-34]. This entails that the
temperature (Z coordinate), initially, could not be a reliable value of the 3D thermal data
of the object. However, according to Campione et al. [58], this can be corrected in concave
and convex geometries, which increases the possible applications of the proposed method
to non-flat objects.

4.4. Future Work

Future work on this research involves working on the bodies’ out-of-plane parts and
perpendicular faces to combine their 3D thermal data with the main bodies” data without
overlapping. Moreover, an ad hoc script can be developed to automate the analysis of the
3D thermal data produced: the creation of isotherms; the calculation of their area; the cal-
culation of the minimum, maximum and average temperatures; and the corresponding
thermal transmittance value. Regarding the future GIS-related work, another possible in-
vestigation is related to the design and placement of thermal targets on the facades for
IRT recording. Along with the implementation of an algorithm in QGIS, this would auto-
mate the image rectification, the homography between the original thermogram and the
plane of the facade. In view of the results in this research, the image rectification would
be performed by considering non-rectangular thermograms to increase the amount of 3D
thermal data.
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