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Metric contrast of thermal 3D models of large industrial 
facilities obtained by means of low-cost infrared sensors in 
UAV platforms
Julio Manuel de Luis-Ruiz , Javier Sedano-Cibrián, Rubén Pérez-Álvarez , 
Raúl Pereda-García and Beatriz Malagón-Picón

Cartographic Engineering and Mining Exploitation R+D+i Group, University of Cantabria, Tanos, 
Torrelavega, Spain

ABSTRACT
Monitoring for maintenance or studies of energy efficiency in build-
ings, large infrastructure, industrial facilities, etc., are common 
nowadays. These kind of studies are developed with inspections 
which determine the state of the facilities that are analysed. The 
difficulty is increased along with the size and complexity of the 
facility itself, and even more when the attribute to be surveyed is 
not noticeable or responsive for the human eye. In recent years, a 
series of techniques that rely on different sensors mounted on UAVs 
allow detecting problems that are associated with facilities of large 
dimensions. Almost all of them work in the visible band (RGB), but 
the generation of thermal 3D models permits detecting any heat 
anomaly related to the functioning of these facilities. This research 
proposes a methodology and workflow for the generation and 
Metric Contrast of Thermal Models (MCTM). This methodology is 
metrically applied to a mining-industrial facility in which thermal 
conditions have great influence for a proper functioning. For this 
metric contrast, several distances have been measured in the field 
and compared to those obtained from the models. The average 
difference between the true magnitude and those obtained from 
the RGB and thermal models are 5 and 31 cm, and their standard 
deviations are 7 and 29 cm, respectively. The comparison between 
the RGB and the thermal model provides an average distance 
between points is 0.19 m, and for 75% of the points the distance 
is lesser than 0.35 m. Although the RGB model is more accurate, the 
precision of the thermal model is enough for the objectives set.

ARTICLE HISTORY 
Received 21 April 2021  
Accepted 3 November 2021  

1. Introduction

Nowadays, large buildings, infrastructures, industrial facilities, etc., require periodic 
inspections that allow guaranteeing their proper functioning. They are being developed 
by a technician, who recognizes the area that is subjected to monitoring, and makes 
punctual measurements where noticeable incidences occur. The analysis of the damages 
or problems that can appear in any installation of this type allows adopting corrective 
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measurements, which can be of capital importance for proper functioning, safety or 
habitability (Biscarini et al. 2020). One of the main problems that arise when developing 
this sort of inspections are the dimensions and accessibility of the facilities themselves. 
Increasing sizes and bad conditions of accessibility imply more problematic, time-con-
suming, expensive and hazardous inspections (Ali et al. 2020).

The development of ‘Unmanned Aerial Vehicles’ (UAVs) has contributed to the pro-
liferation of multispectral aerial studies (Trefilov et al. 2021). At the present time, the 
application of UAV platforms for this type of monitoring activities in buildings with hard 
access is one of the most common applications within the field of photogrammetry with 
drones (Zefri et al. 2018). However, the use of cameras that are responsive to the visible 
wavelength (RGB) or low-cost cameras is increasing in this kind of works. This permits the 
generation of 3D models with reliable metrics, and therefore, qualitative and quantitative 
inspections that provide a more cost-effective solution for the previously described 
problem.

On the other hand, drones with infrared-sensitive (thermal) sensors have been used in 
recent years. They provide unique information about the temperature of the surface and 
can benefit a wide range of environmental, industrial and agricultural applications 
(Aragon et al. 2020). More recently, examples of its breakthrough in the mining sector 
can be presented: sensors have been applied to detect discontinuities in underground 
excavations (Pérez-García et al. 2018), cavities (Turner, MacLaughlin, and Iverson 2020), or 
fires in old coal mines (Shao et al. 2021). In addition to the foregoing, they can be useful in 
mining-industrial facilities, where heat monitoring is essential for their good functioning, 
and environmental degradation can happen (smoke, fog, rain, scarce-light conditions, 
etc.). This type of sensors can be applied with all guarantees (Mizginov and Kniaz 2019). 
Thermal information is usually qualitative, as 2D images are applied for these works (Zhao 
et al. 2019). This thermal information is obtained with non-metric sensors and, although 
3D models can be generated with thermal information (thermal models), it does not 
generally have any geometric information linked (geometric 3D models).

Understanding the radiometric response of visible and near-infrared cameras is impor-
tant to obtain quantitative spectral information (Teixeira Crusiol et al. 2020). In this regard, 
some authors apply multi-sensor devices to generate 3D models with thermal texture of 
buildings from infrared images (Alba et al. 2011). Other works produce 3D thermal models 
for industrial and heritage applications by merging data from remote sensing technolo-
gies, such as laser scanner and thermographic cameras (Campione et al. 2020), or propose 
low-cost graphic methods to produce 3D heat data of buildings from infrared images 
(Antón and José-Lázaro 2021).

The main objectives of this research are to establish a technique to combine the 
different data (Vladimir 2019) that are required to obtain a heat 3D model, which are 
provided by thermal and RGB sensors mounted on a drone, and to contrast its metric 
goodness. This technique can become an alternative that, in addition to being fast, cheap 
and useful to document any kind of facility, allows the geometric/thermal inspection of 
the plant, thus solving the arisen issue. It will also set a procedure to ease the develop-
ment of the so-called ‘seventh dimension’ of the facility (Kapogiannis, Gaterell, and 
Oulasoglou 2015; Wang and Liu 2020; Zheng et al. 2020). That is to say, the one that 
allows managing the whole life cycle of the facility itself, through an early detection of 
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different types of problems, and helps to optimize inspections, repairs, maintenance, etc. 
All of the above is intended to assess the order of magnitude of a problem that may occur 
in a plant, and define the corrective measurements that should be adopted.

In the end, a workflow is designed to take the leap between the qualitative and the 
quantitative, especially in the metric aspect of the thermal model, which can be applied to 
face the inspection of large facilities, where the temperature monitoring can be funda-
mental for its proper functioning. In addition to the foregoing, it will permit the automa-
tion in the inspection of this kind of buildings and/or facilities (Rakha and Gorodetsky 
2018).

This work is structured according to the development of the research itself. Firstly, a 
proposal of materials and methods is made. This proposal includes the instrumental and 
methodologies that are required to generate the RGB and thermal models, and specifies 
the general and detailed photogrammetric flights. Secondly, a methodology to manage 
data, and the process to develop the Metric Contrast of the Thermal Model (MCTM) are 
set. After establishing the proposal, it is applied to an actual mining facility, which allows 
discussing the results, and obtaining the final conclusions.

2. Materials and methods

Nowadays, several widely developed instrumental and methodological proposals are 
available (Zefri et al. 2018). However, according to the aim of this research, the workflow 
requires the definition of three main lines of action:

● The selection of the sensors and the platform to use, according to the application of 
the geometric and thermal model.

● Method to design and plan the UAV flights to acquire the images and information 
that are required to generate the geometric and thermal 3D models.

● Workflow for the generation of the thermal model and the development of the 
MCTM (Wakeford et al. 2019).

2.1. Instrumental proposal

The proposal regarding the basic instrumentation that is required for the activities aimed 
at obtaining a thermal 3D model and its metric contrast is explained below.

2.1.1. UAV Platform
Nowadays, two main types of UAV platforms are available to obtain images that allow a 
subsequent processing of the information: fixed wing and multirotor devices 
(Greenwood, Lynch, and Zekkos 2019). The methodologic proposal will justify the neces-
sity to apply a multirotor UAV, also known as multicopter. The current variety of these 
kinds of drones is large. Essentially, very basic features must be satisfied, such as sufficient 
autonomy to fly over the facility to be modelled (more batteries can be used). They must 
be able to fly with RGB and thermal sensors enabled (they will be defined later), and they 
must include all the navigation mechanisms of this type of drones (flight controller, GPS 
device, inertial navigation system, and gimbal, to guarantee the stability of the sensors 
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during the acquisition of images). It must be noted that there are many manufacturers 
that offer different drones that satisfy these features. The most important characteristic 
that should be considered when selecting a sensor, is that it provides the required 
information at the lower cost. This implies several challenges that must be faced to obtain 
a set of stable data for the mosaic (Abolt et al. 2018).

2.1.2. Non-metric RGB photographic camera
The non-metric/low-cost RGB photographic camera is nothing but a digital camera. In this 
sense, the main characteristics that must be satisfied are the same that those required for 
any camera: configuration, resolution, image size, format, etc. However, the focal distance 
must be considered in this case. The difference between a metric camera and a low-cost 
one lies on the value of the focal distance and other parameters, such as the radial or 
tangential distortions. In a metric camera, it is tight, and in a non-metric camera it is 
approximate (Zhang, Jian-jing and Meng-qing 2016; Fryskowska et al. 2016; Gašparovic 
and Gajski 2016). In the first case, the scale of the model is very strict, and in the second 
one, it is rough (although a subsequent transformation can be applied to scale the model). 
The main inconvenience is the cost of a metric sensor, which is much higher than a non- 
metric one. The market offers a huge number of manufacturers that develop these two 
alternatives.

2.1.3. Multispectral or thermal/low-cost infrared camera
In this case, the sensor that is sought can have a double approach: the multispectral 
sensor/camera, which can obtain images with different wavelengths within the electro-
magnetic spectrum, or a sensor that is responsive to the thermal or infrared spectrum 
only. The first option offers more capabilities than the second one, since it can work with 
very diverse wavelengths, not just those of the infrared, but it has the inconvenience of a 
much higher cost (Shahmoradi et al. 2020). In order to offer an economically competitive 
instrumental proposal, a thermal camera, which specifically observes in the infrared 
spectrum and allows obtaining the desired information in a much economical way, is 
adopted.

These cameras usually count with different configurations that measure temperatures 
through points, areas, or the delimitation of thermal ranges. Any of these settings permits 
obtaining the information that is required to generate the desired model. The main 
inconvenience of these sensors is the spatial resolution, which is substantially lower 
than that of RGB cameras. Panoramic focusing algorithms can be applied to obtain similar 
resolutions (Park et al. 2018).

2.1.4. Survey station or GPS devices
In addition to the navigation systems of the drone, a set of Ground Control Points (GCPs), 
which allow geolocation of the model and scaling through a 3D transformation (Blistan et 
al. 2019), are usually acquired. According to the accessibility of the reference system that 
is applied, classical surveying, such as Survey Station or Global Positioning System (GPS) 
devices can be used. Given the current development and dissemination of the techniques 
required for photogrammetry supporting, this research is not focused on it.
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2.1.5. Selection of the instrumental platform
In order to optimize the flight time, it is proposed to integrate the RGB and thermal 
sensors on a single UAV platform. The images required to generate the thermal and 
geometric 3D model are obtained with just one flight. In this sense, there are not many 
manufacturers that integrate several sensors on a same drone, which limits the instru-
mental selection.

In addition to meet the aforementioned conditions, this research adopted an econom-
ically competitive platform. After a thorough analysis of all the available alternatives on 
the market, a DJI Mavic Enterprise Dual quadcopter multirotor drone was selected. It is a 
compact drone that allows registering thermal images.

This drone has been developed for professional purposes, and integrates thermal and 
visual cameras, which turn it into a versatile tool for inspection, safety, rescue activities, 
etc. The drone has a light weight and reduced dimensions, which provide an intermediate 
flight autonomy, robust technology in terms of sensors, and allows a stable and precise 
flight, even with relatively adverse climatic conditions, with wind speeds up to 50 km/h. Its 
main features are shown in Table 1.

The RGB camera comprised by the Mavic Enterprise Dual Drone is an M2ED visual 
camera, a real image sensor with 4 K resolution that captures visible light. The images that 
are obtained with this sensor are simultaneously and automatically recorded with the 
images acquired by the thermal sensor of the Mavic Enterprise Dual Drone, which is a 
thermal FLIR Lepton® micro-camera, with a working range between 5 and 14 microns. 
Nowadays, techniques for a combined calibration of the colour and long-wavelength 
infrared cameras that are applied to obtain multimodal data sets (Knyaz and Moshkantsev 
2019) are available. They allow guaranteeing the specifications of the sensors, which 
certifies the success of the scheduled work.

Considering the storage file formats, this sensor is characterized by recording qualita-
tive, non-quantitative, thermal values of temperature. This could be a problem when 
generating the thermal model itself. However, it allows developing this research without 
inconveniences, as the process to generate the model is the same, and the aim of this 
research is focused on the MCTM. The reason that supports its selection is that it is 
undoubtedly one of the lowest cost sensors that are currently available on the market.

Table 1. Main Features of DJI Mavic Enterprise Dual drone.
Features

Weight 899 g
Dimensions Folded: 214 × 91 × 84 mm

Unfolded: 322 x 242 x 84 mm
Autonomy 31 min
Maximum speed 72 km/h
Wind resistance 29–38 km/h
Sensor type RGB sensor: 1/2.3” CMOS 

Thermal sensor: Uncooled VOx Microbolometer
Resolution RGB sensor: 4056 × 3040 px 

Thermal sensor: 640 × 480 px
Image format RGB sensor: JPEG 

Thermal sensor: JPEG
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2.2. Flight planning proposal

The design and protocol for field data acquisition mainly refers to the capture of the set of 
photograms that is required to generate both 3D models, which is usually known as flight 
planning. This scheduling is well established when working with exclusively cartographic 
purposes and is derived from the classic photogrammetric flights that were developed 
with conventional planes. Regarding UAV flights planning, very rigorous research works 
that seek its optimization are available (de Luis-Ruiz et al. 2020). However, there is not a 
cause that justifies specific programming in this case. This is the reason why the initial 
proposal is based on the use of commercial software.

After setting the UAV platform and the RGB and thermal sensors, the main parameters 
that must be defined for a proper planning are the flight height, the resolution or Ground 
Sample Distance (GSD), the flight speed, the frontlap and sidelap, and the flight time. 
Nowadays, many software tools (Mission Planner, Drone Deploy, Desktop and Mobile 
Flight Planning, Data Pilot Planner, DJI Pilot, etc.) allow adjusting these parameters, 
according to a previously defined area, to obtain an optimal flight (Koch, Körner, and 
Fraundorfer 2019). Traditional photogrammetry projects usually apply unidirectional 
passes Figure 1(a), while the definition of a second set of passes, which are perpendicular 
to the initially defined ones, is common when working with UAV platforms Figure 1(b). 
This geometry is aimed at guaranteeing a higher grade of point overlapping, and avoiding 
the existence of hidden areas (such as the significant gap that can be observed in Figure 
2), as more images of the element of interest are taken from different angles (Chaudhry, 
Ahmad, and Gulzar 2020).

Although there are other works that apply infrared sensors (Kong et al. 2019), this 
research proposes the development of two flights to solve the problems related to the 
geometric complexity of large industrial facilities:

Figure 1. (a) Unidirectional passes; (b) Double-grid flight.
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● The first one is an approach flight to obtain an approximated model of the whole 
plant. A conventional planning (dual grid), designed with any of the software tools 
that were previously mentioned, is proposed for it. In this case, DJI Pilot was applied.

● The second one is a detailed flight on the specific area of the facility to be modelled. 
In this case, the planning must be developed on the approximated 3D model, which 
was obtained from the previous flight. It must be taken into account that current 
software applications are not programmed to work in 3D, which implies having to 
manually calculate the different parameters of the flight planning, with the tradi-
tional expressions. Hence, the distance with respect to the object was calculated to 
determine the GSD. The distance between images and the separation between 
passes were also defined to provide a suitable overlap for a proper orientation 
with the photogrammetric software.

This methodological proposal undoubtedly implies an overstrain in the process of data 
acquisition, as two non-consecutive flights, the generation of an approximate model, and 
the manual calculation of the second planning from it, are required. This implies a second 
visit to the facility, which is fundamental to guarantee a total coverage of the plant itself.

2.3. Proposal for the integration of information

While the generation of RGB 3D models by means of photogrammetric techniques is a 
widely disseminated procedure, with many software programsspecifically developed for 
this sort of works, it does not occur for thermal images. Nowadays, there is no known 
methodology for the management of infrared images that has permeated in a significant 
way. Several authors have developed studies or works within this line, and present 

Figure 2. Defect in the model due to the lack of photogrammetric information.
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different methodologies for the development of 3D models, although they do not obtain 
concluding results, and they consider structures or buildings whose modelling is easy 
(Hoegner et al. 2016). Some examples are listed next:

● Mapping of thermal images in 3D models (Previtali et al. 2014). This methodology is 
the easiest one, and it implies the generation of a classic geometric 3D model, onto 
which thermal images are projected as textures later. This type of solution allows 3D 
perception, but with low quality, as it is not a real 3D model. Therefore, it cannot be 
considered as a useful and effective solution. Despite its simplicity compared to the 
rest of alternatives, it has several inconveniences, especially when working with large 
and complex facilities, such as the ones that are modelled in this research.

● Mapping of images onto a 3D point cloud (Daffara et al. 2020). This methodology to 
process thermal 2D images by projecting them over a 3D point cloud has provided 
very interesting results. The RGB and thermal images are referred by GCPs that must 
be manually inserted to combine them with a 3D point cloud. The resulting point 
cloud shows colour variations that are due to the thermal information from the 
images. The inconvenience is the long processing time, given the manual procedure 
that is required for referencing. In addition to this, taking both images at the same 
time is difficult because of several constraints.

● Modelling of thermal 2D images (Maset et al. 2017). This methodology only proposes 
processing thermal images to generate point clouds and 3D models. From properly 
designed flights, the thermal images and their processing are developed with 
methods for a robust estimation of the plans that comprise the building from the 
point cloud, by setting a perpendicular restriction (Dino et al. 2020).

● Some investigations suggest the fusion of clouds of visible and thermal points to 
generate a high-resolution cloud of thermal points (Dahaghin, Samadzadegan, and 
Javan 2019). To this effect, the camera is calibrated to obtain the parameters for its 
internal orientation. In the next step, the two point clouds are georeferenced with 
GCPs, and subsequently, they are filtered to generate the thermal 3D model with the 
spatial accuracy of the visible point cloud.

● Fusion of RGB and thermal images (Yang, Tung-Ching, and Lin 2018). This metho-
dological proposal requires both sensors. That is to say, RGB and thermal cameras for 
the acquisition of frames of the facility with great frontlap. From the images in the 
visible spectrum and the infrared range, thermal mosaics of four bands are gener-
ated (Yang and Lee 2019), which will be superimposed by using suitable algorithms, 
and will allow its subsequent processing for the generation of a 3D model from a 
thermal point cloud.

Although this last option is not free of problems which are derived from the different 
scales of temperature in the images (in this regard, capturing the image parallel to the 
surface, or establishing a range of maximum and minimum temperatures are advisable 
measures), it is the one that offers the best results by far. In addition to this, it requires 
simple procedures that are usually included in commercial software programs. In the end, 
it is no more than the fusion or combination of the data that are provided by the thermal 
camera with a spatial model (Lewińska and Maciuk 2020).
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Given the fact that both RGB and thermal images have the same relative position and 
orientation, they are combined in a single image that comprises spatial and thermo-
graphic data. In this regard, Figure 3 provides an example of combination of RGB and 
thermal images. The image is processed by using the Structure for Motion (SfM) techni-
que. This process of image fusion or combination is similar in most commercial software 
programs (Pix4D, Metashape, PhotoModeler, etc.). The differences between them lie on 
the commands, functions or intermediate stages, and the level of interaction between the 
user and the configuration of the model. It should be also noted that there are techniques 
to improve the resolution and contrast of thermal 2D images (Raimundo et al. 2021), 
although the steps that are generally required by the software can be schematized as it 
follows: image dumping, orientation and georeferencing and, finally, generation of the 
point cloud and texture assignation.

2.4. Model validation

Once the 3D geometric and thermal models have been obtained, it seems coherent to 
submit them to a validation process. Nowadays, there are several strategies that are not 
only able to detect and reconstruct models from dense point clouds but also measure the 
quality of these models in terms of shape and positional accuracy (Truong-Hong and 
Laefer 2015).

In the first instance, the validation of both models is proposed through the comparison 
of distances observed in the field using topographic methods and instruments, and these 
same distances measured on the models generated, both RGB and Thermal. The distances 
applied for comparison must be characterized by being uniformly distributed throughout 
the models, as well as being arranged in the three spatial components: planimetric, 

Figure 3. Example of combined RGB and thermal images.
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altimetric, and three-dimensional, so as to ensure that distances are contrasted through-
out the whole model, and in all components of the three-dimensional space. Finally, it is 
recommended that the distances have clearly defined start and end points, both in reality 
and in the models, in order to avoid confusion in the determination of the distances 
themselves. Depending on the number of distances observed in the field which, as it is 
obvious, cannot be many due to the effort that this task implies, a statistical treatment of 
the results can be carried out to obtain the mean, variance and standard deviation or 
mean squared error, as significant values for the metric contrast.

In second instance, a contrast that allows comparison of both point clouds is proposed 
for the metric validation of the thermal model. Nowadays, there are many software 
programs that permit developing this type of analysis, which calculates the minimum 
distance between each point of the target point cloud (thermal), with respect to the 
reference point cloud (RGB). The thermal contrast is not considered here, as this issue has 
been well approached in other works (Zheng et al. 2020) and can be considered as solved 
nowadays. The MCTM is the main object of this research.

2.5. Workflow of this research

After formalizing the instrumental proposal, which is characterized by being based on the 
use of low-cost devices, the flight planning must be formalized. In any case, the devel-
opment of two flights is recommended. The first one will provide an approximate model 
of the facility, and a second one, with a higher level of detail, will fully define it. Once the 
images have been acquired, combined and RGB images are processed according to the 
workflow that is shown in Figure 4. It considers two itineraries, according to the set of 
images used for the generation of the model: RGB images only, or their combination with 
thermal images. This will provide two different models (RGB and thermal) of the same 
facility.

3. Results

The instrumental and methodological proposal has been tested in a large mining/indus-
trial facility. More specifically, in a cement plant that belongs to Grupo Cementos Portland 
Valderribas and is located in Mataporquera (Cantabria, Spain. Figure 5). As in all cement 
facilities, there are three main elements in which the temperature is a fundamental 
parameter, and must be monitored all the time: furnace, chimney and storage silo. This 
is the reason why it is the ideal facility to be controlled by the application of the 
techniques that are proposed in this research.

3.1. Approach flight

A first approach flight was planned to capture RGB and thermal information, as described 
in the section devoted to the methodological proposal. It must be noted that the design 
of the flight was developed in an automatic way with commercial software. Perpendicular 
passes were programmed to obtain a relatively acceptable grid. Figure 6 shows the total 
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area to be flown, the direction of the passes and the dimensions of the grid. Since the 
approach flight is not required to obtain thermal information, only RGB data were 
acquired.

Given the dimensions of the plant, 16 GCPs were applied to geolocate and scale the 
geometric 3D model. As the flown area was approximately 13 ha, it implies one GCP for 
every 0.8 ha. The distribution of the GCPs through the modelled area was designed with 
the criteria of homogeneity, with perimeter and some central points, in order to minimize 
the error in the orientation of the model. The coordinates of these points where defined 
by means of spatial positioning techniques (GPS), according to the UTM-ETRS89 system of 
reference, which is official in Spain. In addition to this, and given the height of the plant 
chimneys (97 m), the flight was developed at the maximum limit that is allowed by the 
Spanish legislation: 120 m. The parameters of the flight are listed in Table 2.

The RGB images obtained from this first flight were conventionally treated with the 
process of photograph orientation, dense point cloud and high-quality mesh or model. 
On this purpose, Metashape Professional version 1.7.2 was applied. The computer that 
was used had an Intel Core i7 processor, Nvidia570X graphic card and RAM memory of 32 

Figure 4. Workflow.
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GB. It must be highlighted that, given the low resolution of the images due to the high 
flight altitude, their treatment was extraordinarily difficult. It implied many problems to 
identify the GCPs. After solving this obstacle, the process provided the outputs that are 

Figure 5. Location of Mataporquera (Cantabria, Spain).

Figure 6. Planning of the approach flight over the industrial facility. (a) Perimeter; (b) flight.
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traditionally offered by this software, such as more or less dense point clouds (110 million 
points, Figure 7a), the solid model (Figures 7(b) and 8), the wireframe model, orthomosaic 
(Figure 9), etc.

Table 2. Representative parameters of the flight design.
Flight parameters

Height (m) 120
Speed (m/s) 3.7
Frontlap (%) 80
Sidelap (%) 40
Resolution (cm/px) 1.54
Distance between images (m) 6.42
Number of Photographs 257
Trace (mxm) 41.12 x 41
Flight time (min) 34:14
Photo interval (s) 1.6

Figure 7. (a) Dense point cloud; (b) solid model.

Figure 8. Texturized and shadowed model.
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As it was previously justified and it can be seen in these figures, the generated mesh 
shows gaps and deformations in some areas due to the difficulties found by the software 
to identify homologous points in areas that were hidden or lacked overlapping. This 
problem is increased when modelling highly detailed facilities. The worst case was found 
in the clinker silo (Figure 2), although the one that is shown in Figure 10 should not be 
ignored either.

3.2. Detailed flight

As explained in the methodological proposal, a detailed flight over the clinker silo was 
scheduled. This was due to three main causes. The first one was to demonstrate that non- 
covered areas can be solved with detailed flights. The second one was related to the large 
dimensions of the silo, and the third reason was that, within the silo, clinker is kept. This 
material can access the silo at a temperature of 160°C and, therefore, the facility must be 
thermally monitored.

Figure 9. Orthophotography/ orthomosaic of the facility (RGB) .
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The flight planning manually applied the common expressions for the proposed 
instrumental (RGB and thermal sensors), and relied on the approximate 3D model. 
Firstly, a perimeter flight around the clinker silo was done. It comprised a series of 
downward vertical passes from 108 m to 24 m. Oblique images were taken every 2 m 
while the drone descended, with a gimbal angle of 45°. As the structure is cylindrical, 
locating the device at a certain position with respect to the silo is difficult. Due to this, the 
development of several passes with different positions was sought, in order to estimate a 
proper overlapping with respect to the previous pass. Table 3 shows the general para-
meters of the flight.

273 images were obtained from this flight, both thermal and RGB. The observation 
scheme is shown in Figure 11, which has very little in common with classic photogram-
metric flights.

A point cloud with approximately 4.5 million points Figure 12(a), the detailed 3D model 
(Figures 12(b, c) and 13) and all the derived products were obtained as a result of the 
flight.

It should be also mentioned that no new GCPs were applied for the attainment of this 
model. GCPs whose coordinates were obtained from the approximate model were used. 
This process allows using as many points as required, while avoids having to develop 

Figure 10. Detail of a non-modelled area.

Table 3. Representative parameters of the oblique flight.
Flight parameters

Height (m) 108–24
Speed (m/s) 3.7
Frontlap (%) 95
Sidelap (%) 85
Resolution (cm/px) 1.42
Distance between images (m) 2.00
Number of Photographs 273
Trace (mxm) 57.76x43.2
Flight time (min) 90:14
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complex topographical observations to obtain their coordinates. In this particular case, 11 
points were used (Figure 14), which represents one point for every 375 m2 of modelled 
area.

The combined images obtained with the dual sensor were managed in an analogous 
way to that proposed for the development of the RGB model of the silo. The only 
difference lies on the higher grade of complexity associated with the identification of 
homologous rays and the orientation of the thermal images, given their lower resolution. 
In this case, the point cloud is less dense (1 million points). However, it should be noted 
that the software was able to orientate the whole set of the implemented images. This 
was not possible for some of the processed RGB models. The result of this processing is 
shown in Figure 15, which includes the dense point cloud, the solid model and the 
shadowed model and Figure 16 (texturized model of the silo).

The thermal 3D model of the silo counts with a geometry that is totally identifiable at 
first sight and permits obtaining further conclusions than these provided by the thermal 
texture. The red pigmentation is associated with the highest temperatures and, as it is 

Figure 11. (a) Drone locations when the photographs were taken. (b) Locations with respect to the 
facility.

Figure 12. (a) Dense cloud; (b) solid model; (c) shadowed model of the silo (RGB).
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common, they can be found at the top, due to the incidence of the solar radiation. On the 
other hand, blue represents the areas with lower temperatures. The cylindrical part of the 
structure is the most interesting. Its top is shown in yellow, and therefore, it is colder than 
the bottom, which is represented in deep red. This matches with the functional use for 
which the silo is designed: clinker is introduced at 160°C, and when the photographs were 
taken, it was filled to 25% of its total capacity.

3.3. Results validation

The Metric Contrast of the Thermal Model (MCTM) alludes to the metric validation of the 
model generated from combined images in point cloud format. The aim of this contrast is 
to validate this type of models as useful tools, and to assess that their accuracy is enough 
for several applications.

As stated in the methodological proposal, the validation of the models was carried out 
by comparing a total of 17 distances measured in the field with a Leica TS02 Topographic 
Station, distributed homogeneously along the structure of the modelled silo. The same 
distances were measured on the RGB and thermal models generated. Figure 17 shows the 
distribution of distances throughout the model.

The results of the observations that were developed both in situ and in the RGB and 
thermal models are shown in Table 4.

Figure 13. Texturized model of the silo (RGB).
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Figure 14. Location of some GCPs on the silo. (a) Points 1 to 6; (b) 7 and 8; (c) 9; (d) Points 10 and 11.

Figure 15. (a) Dense Point cloud; (b) solid model; (c) shadowed model of the silo (thermal).
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Figure 16. Texturized model of the silo (RGB) .

Figure 17. Distances measured for the contrast. (a) Distances 1, 4, 6 to 13 and 17. (b) Distances 2, 3 and 
14 to 16.
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Analysing the results of the observations and by means of simple statistical treatment, 
it is determined that the average difference between the true magnitude and those 
measured in the RGB and thermal models are 5 and 31 cm, and their standard deviations 
are 7 and 29 cm, respectively. This determines the precision of both models, and their 
corresponding validation in terms of the required accuracies.

Given that the RGB model is more accurate than the thermal one, it now seems 
coherent to compare the RGB model with the thermal one by means of a mechanism 
that is statistically more consistent, as formulated in the methodological proposal. The 
comparison is developed below.

Both models have been compared by means of CloudCompare: The Cloud/Cloud 
distance comparison tool determines the minimum distance between each point of the 
thermal cloud with respect to the one obtained from RGB images, which is adopted as 
reference. Therefore, it allows assessing the coincidence between models. The graphic 
results of these distances can be seen in Figure 18.

Numerical results (Table 5) show an average distance between both models of 0.19 m. 
Most of the points are located at a distance of less than 0.35 m. 75% of the points are 
below this value. As it can be seen in the histogram that is included in Figure 18, which 
includes a histogram to enhance the interpretation of the data, the number of points that 
are more than 1 m away from the RGB model is minimal (2.096%). Data indicate the 
existence of points at a distance of 2.17 m. Although this implies a large deviation 
between both models, they are very specific points, whose deviation may be caused by 
the sensor itself and, especially, can be due to the fact that those points belong to the 
surroundings of the silo itself, where the modelling of nature causes this noise. A more 
detailed point cloud cleaning could possibly have prevented this.

4. Discussion

This work presents a new methodological proposal that permits the generation and the 
metric contrast of thermal 3D models obtained with sensors mounted on UAV (MCTM). 
This kind of model allows for inspection, control and maintenance of large industrial 

Table 4. Results of distance observations.
Distance Actual distance (m) RGB Model (m) Thermal Model (m)

1 26.47 26.62 26.11
2 26.56 26.72 26.02
3 12.75 12.78 11.68
4 26.61 26.61 26.17
5 2.94 3.00 2.85
6 3.84 3.82 3.80
7 9.39 9.44 9.17
8 6.22 6.20 6.32
9 6.68 6.67 6.72
10 4.08 4.04 4.05
11 6.41 6.40 6.23
12 7.42 7.49 7.23
13 10.80 10.87 10.39
14 25.35 25.34 25.10
15 25.02 25.14 24.62
16 36.55 36.77 35.94
17 21.39 21.43 20.79
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facilities, where the classic visual inspection developed by a technician cannot be com-
pared with the performance and results of this new alternative. The MCTM permits 
validating the metric goodness of the thermal model and, therefore, its use as a suitable 
tool to dimension with sufficient guarantees any incidence that could be detected in the 
facility.

The instrumental proposal implies the selection of low-cost built-in sensors on UAV 
platforms. As the metrics of the obtained models can be improved on the basis of check- 
points (CPs), expensive metric sensors can be substituted. In addition to this, if the sensors 
are built-in, they permit optimizing the time of observation, which in the end reduces the 
costs due to these aspects.

The methodological proposal relies on two main approaches. The first one is focused 
on the description of a procedure that allows capturing suitable information for the 
generation of detailed 3D models. This requires the development of a general flight, 
and a detailed one. The latter must be planned in 3D and there is no specific software for 
that purpose nowadays. Therefore, the planning must be manually calculated. The second 
methodological aspect is based on the process of image capturing and management. In 
this regard, as a result of this research, the combination of RGB and thermal images is 
presented as the most suitable technique. This requires the application of two sensors, 
which may even be integrated in a single device, thus providing information that can be 

Figure 18. Results of the comparison between both point clouds.

Table 5. Numerical results of the comparison between point clouds.
Parameters

Minimum distance(m) 0
Maximum distance (m) 2.17234
Average distance (m) 0.190992
Standard deviation 0.341894
Maximum error 0.362057
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processed in a practically automatic way by commercial software, and obtaining RGB and 
thermal 3D models, along with all the derived outputs, such as point clouds, wireframe 
mesh, orthomosaics, etc.

In the view of the events that occurred during the development of this research, there 
are four aspects that must be evaluated to improve future works in this field. The first one 
refers to the selection of low-cost sensors. Nowadays, there are many manufacturers and 
models. In this sense, and given that the aim of this research is focused on the geometric 
control of the thermal models, the works are developed with a very economic sensor that 
only allows recording qualitative values of the temperature, so that the thermal model is 
merely descriptive and not quantitative. Quantitative thermal models are more adequate 
for the thermal modelling of this kind of facilities. Despite the deep review that has been 
developed, the evolution of the instrumental can change their capabilities.

The second one is related to the dependence on the software or informatic tools that 
are applied. This is a factor that can have large variability, although the behaviour of all 
these software programs is almost the same. They can be considered as actual ‘black 
boxes,’ which are limited to the generation of final outputs, lacking partial or intermediate 
results.

The third factor is related to the meteorological conditions during the acquisition of 
the images. As it is obvious, adverse climatic conditions (rain, strong winds, etc.) impede 
flying, but the moment of the flight must be chosen so that the solar radiation and its 
potential affection allow for the contrast of that which is to be modelled. This requires an 
analysis that permits setting the theoretical conditions for an optimal flight and wait for 
them to occur, but this stand-by is not always feasible. In that case, algorithms that allow 
estimating and correcting the solar radiation according to the place and time of the flight 
can be applied. For this work, the flight was developed early in the morning, so that the 
pollution due to solar radiation was minimal.

Finally, and fourthly, the superposition of point clouds allows obtaining results regard-
ing the average distance between both point clouds, and the percentage of points that 
are below a certain value of precision. This justifies the proposal that, like other works of 
research do (Sabato, Puliti, and Niezrecki 2020), seeks accuracy in the generation of 3D 
virtual representations of an object from thermal images obtained with a low-cost 
infrared camera, but with a more concrete procedure that is focused on achieving specific 
results.

5. Conclusions

As a general conclusion, it can be stated that an instrumental and methodological 
proposal that allows generating and contrasting the metric goodness of thermal 3D 
models obtained with infrared sensors mounted on UAV platforms is available after this 
research. These models can be applied for the inspection of large facilities. This implies a 
new technique that eases processes and reduces economic costs in the development of 
this type of monitoring. It should be noted that these models allow the attainment of 
qualitative thermal data and quantitative metric information, which permits dimension-
ing large structures, and satisfies the aim of this research, as it opens the market of energy 
auditing to this type of sensors.

Other more specific, and therefore partial conclusions, are listed next:
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● Considering the instrumental, multirotor UAVs are considered as the most suitable 
platform to capture data for the generation of thermal 3D models nowadays. 
Regarding sensors, the use of low-cost dual sensors (RGB and thermal) is recom-
mended, as they optimize the flight (a single flight provides the two types of 
information). In addition to this, a good photogrammetric support provides good 
geolocations and escalations, which positions them as an economically competitive 
alternative.

● Plant modelling requires 3D flight planning, which must be developed with an 
approximate model. Given the current lack of commercial software, or an initial 
absence of the approximate 3D information of the facility itself for a proper design, 
this research proposes the development of a previous general flight to obtain an 
approximate model to apply for an adequate flight planning.

● Days with meteorological conditions that allow flying (without rain, with moderate 
winds, etc.) should be selected. Temperature contrast must be sought, but extreme 
values that saturate thermal images should be avoided.

● The methodology proposed for the generation of models from thermal images 
implies the fusion of the later with RGB images. Both thermal and RGB images 
have the same position and relative orientation, which allows joining spatial and 
thermographic data. The image is processed by applying the Structure for Motion 
(SfM) technique, which is usually implemented in most commercial software pro-
grams. This proposal is undoubtedly the one that offers better results.

● Considering the results of this research, the average difference between the true 
distance and those measured in the RGB and thermal models are 5 and 31 cm, with 
standard deviations of 7 and 29 cm. In addition to the foregoing, it can be stated that 
low-cost sensors are able to reach average distances between RGB and thermal 
models of 0.19 m, and 75% of the points are less than 0.35 m apart.

Ultimately, the proposal that results from this research allows the generation of 
thermal 3D models with low-cost sensors and the adequate methodology. These models 
are suitable for the performance of tasks involving structural inspection of buildings 
where certain thermal affection can alter the proper functioning of the facility.
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