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ABSTRACT  

Statistics released by the U.S. Department of Energy show that the buildings sector accounts for 40% of primary energy 
use and associated greenhouse gas emissions, making it essential to reduce their energy consumption to meet national 
energy, environmental, and cost reduction initiatives. One of the major areas of energy consumption in buildings are 
heating, ventilation, and air conditioning systems; therefore, reducing heat losses in the structure can help increase the 
thermal performance of the building. Infrared (IR) imaging and the use of thermal cameras have been very effective for 
quantifying the thermal efficiency of a system and addressing damages in the structure. At the same time, improvements 
made in computer-based vision systems made Structure from Motion (SfM), a very promising technique for performing 
a visual inspection of large-sized systems or structures. SfM is photogrammetric range imaging technique that makes it 
possible to obtain three-dimensional (3D) renderings from a cloud of two-dimensional images. This research analyzes 
the feasibility of combining these two techniques to identify the locations of energy loss in buildings and residential 
homes from multiple perspectives enabling an autonomous inspection. In this study, a proof of concept laboratory 
experiment is performed. In particular, several tests are executed on a lab-scale structure representing a model home. 
Different levels of insulation distributed on the structure’s surface are used to determine the combined capability of SfM 
and IR images in creating a 3D virtual rendering of the structure that illustrates the locations of significant energy loss. 
Also, the possibility of embedding this system on an unmanned platform (e.g., drone) for expediting the inspection 
process is considered. 
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1. INTRODUCTION  
The building sector is one of the largest energy end-use sectors, accounting for a more significant proportion of the total 
energy consumption than both industry and transportation sectors in many developed countries 1. In the United States, 
buildings account for about 40% of the global energy consumption and contribute between 40% and 48% of the CO2 
emissions 2. A large proportion of this energy is used for thermal comfort in buildings 3. This concern has led to a number 
of studies conducted worldwide to improve building energy efficiency with operations targeting better designs and 
construction of building envelopes and analysis of energy-efficient measures for the renovation of existing buildings. 

The power and energy use of buildings is influenced by different factors, such as weather, the physical characteristics of 
the building, HVAC systems and their settings, building automation, and the behavior of users 4. However, heat loss is to 
be attributed to wastewater, air leakage, inefficiency from the heating/cooling systems, and especially building 
envelope5. In particular, the four sources of heat loss in a home are walls (poor wall insulation accounts for 35-45% of 
heat loss), roof (20%), windows (15%), ventilation (15%), floor (10%) and doors (5%) 6. It is interesting to note that, 
contrary to popular belief, windows and doors account for only 20% of heat loss in a home. It is true that draughts are 
more noticeable when they are coming through windows and doors. However, these points of entry account for very 
little of the overall surface area of a home’s exterior. As most of this surface area is taken up by the walls and the roof, it 
is here that most of the heat is lost. Therefore, determining new methods for measuring the heat energy loss through the 
envelope can help to identify the primary waste and reduce the energy consumption of a building significantly. Discrete 
point measurements of the heat flow rate are possible, using a technique called heat flux measurement. It relies on two 
sensors installed on the two faces of the building envelope for measuring their temperature and indirectly assessing the 
thermal transmittance (U) and the thermal resistance (R). Critical to the use of a heat flux measurement technique is 
accurate calibration. Use of unmatched materials disturbs the local heat flux and also the local convective boundary 



 
 

 
 

layer, producing a potential error that must be compensated for 7. For this reason, field measurements are rarely 
performed, and instead one relies mainly on computer simulations. 

In recent years, infrared thermography (IRT) has been employed to detect anomalies embedded in a building envelope. 
This technique relies on the detection of the temperature field emitted by a body having a temperature T. Despite its 
widespread use in medical 8, agricultural 9, environmental monitoring 10, and civil structures non-destructive evaluation 
fields 11, 12; it is mainly for employed for building diagnostics 13, 14. This technique relies on the thermal energy emitted by 
a body, which is a function of its external temperature and emissivity (i.e., its effectiveness in emitting power as thermal 
radiation). It allows plotting a thermal map of the object being tested based on the temperature measured by the camera’s 
sensing elements associated with each pixel. Although the specific benefits of thermography vary by technique (e.g., 
active, passive, flash thermography, pulsed thermography, modulated thermography, pulse-phase-thermography, 
ultrasonic lock-in thermography) in general, IRT brings several advantages including higher inspection speed, higher 
resolution and sensitivity, improved detection of subsurface defects, and the methods, in general, do not require a 
couplant. 

At the same time, advancements achieved in cameras technology, optical sensors, image-processing algorithms, and 
machine vision techniques has made Structure from Motion (SfM) an effective method for extracting structural 
deformations, geometry profiles, and a very promising technique for performing a visual inspection of large-sized 
systems to detect potentially dangerous situations at an early stage, while not interfering with the structure operations 15, 

16. In 2018, Huang et al. proposed a method terrestrial laser scanner (TLS) to collect the point clouds of a building for 
reconstructing the 3D model of the building and projecting the 2D images recorded using a thermal camera on the 3D 
model for providing the defect information and offering their corresponding spatial locations 17. Similarly, Napolitano et 
al. overlapped the thermal images of a wall in a heritage building in Italy over the model recorded using a laser scanner 
to identify the location of subsurface structural variations (i.e., cracks) 18. The main difference with those studies is that 
here thermal images are used for reconstructing the 3D model and are not just superimposed to the virtual rendering 
generated by another system. 

This research analyzes the feasibility of combining IRT and SfM to identify the locations of energy loss in buildings and 
residential homes from multiple perspectives enabling an autonomous inspection. In this study, a proof of concept 
laboratory experiment is performed. In particular, several tests are executed on a lab-scale structure representing a model 
home. Different levels of insulation distributed on the structure’s surface are used to determine the combined capability 
of SfM and IRT in creating a 3D virtual rendering of the structure that illustrates the locations of significant energy 
losses. If fully developed, the proposed systems would enable building inspection to address more frequent and cost-
effective measurements of heat loss without contacting the structure. Also, the possibility of embedding this system on 
an unmanned platform (e.g., unmanned aerial vehicles, UAVs) for expediting the inspection process can be implemented 
in the future. 

 

2. PRINCIPLE OF OPERATION OF STRUCTURE FROM MOTION 
Structure-from-Motion (SfM) is a photogrammetry technique that allows building a three-dimensional description of a 
static scene from a dense sequence of images 15. SfM is based on finding “keypoints” between images. The keypoints are 
defined as common points between two or more images by using algorithms for detecting features (e.g., corner points, 
edges with gradients in multiple directions). In practice, as several images of the same object are taken from different 
points of view, a cloud of retinal data is generated 19. By processing the images, SfM algorithms look for common 
features from one image to the next. When two keypoints on two or more different images are found to be the same, they 
are matched and will generate one 3D point. As a general rule, it can be stated that the more keypoints there are, the 
more accurately 3D points can be computed. Therefore, the recommended overlap for most cases is equal to 75% in the 
frontal direction (i.e., frontal overlap) and at least 60% in the transversal direction (i.e., side overlap) 20. For a detailed 
description of the mathematical models and algorithms behind this technique, interested readers can refer to papers 19, 21. 
SfM has been widely used for performing large-area aerial inspections in the field of agriculture 22, geosciences 23, 
environmental disaster management, heritage documentation 24, 25, and large-scale civil infrastructure monitoring (e.g., 
bridges 26, dams 27, railroad tracks 28). The quality of the generated 3D renderings can be very high and allows for 
detecting features of the targeted object. The 3D model can then be used for performing visual inspection remotely, 
reducing downtime and costs associated with inspection. In particular, once the virtual model of the object being tested 



 
 

 
 

has been reconstructed from the 2D images, an operator could “virtually” navigate it and detect any anomaly in the 
structure. 

While SfM approaches using digital images recorded using traditional cameras is becoming increasingly common, 
investigations about the possibility to use other regions of the electromagnetic spectrum are still missing and offer the 
motivation for this study. In this paper, for the first time, a 3D rendering of a laboratory scale building obtained from a 
cloud of 2D images entirely captured using a digital thermal camera is demonstrated. 

 

3. HEAT LOSS EVALUATION USING STRUCTURE FROM MOTION 
Within this work, the possibility to develop a combined SfM-IRT system to monitor the heat losses through the envelope 
of a building over the whole surface of the structure is investigated. For this purpose, a laboratory scale model of a three-
story building has been insulated and heated from the inside for simulating the energy dissipation process characteristic 
for a building. In the example presented in this research, a thermal imaging camera was used for recording thermal 
images of the facades of the structure and the pictures recorded were processed using the Pix4Dmapper image 
processing software released by the Swiss company Pix4D SA for obtaining a 3D virtual model and highlighting the 
presence of heat losses in the envelope. This paragraph describes the experimental setup used for simulating the energy 
losses of the building and the analysis of the data that can be obtained as the 3D rendering is generated. 

3.1 Experimental setup  

In the example presented in this research, the investigation has been performed on a laboratory-scale three-story building 
shown in Figure 1 having walls made from particle board. The inside and the roof of the mock building have been 
modified by adding insulation material (i.e., 5·10-2 m thick polystyrene foam board, with a thermal conductivity k equal 
to 0.025 Wm-1K-1) to increase the thermal resistance of the surfaces.  

       
Figure 1. Laboratory-scale three story building using for simulating the thermal behavior of a structure heated from the 
inside. a) Northern face; b) Western face; c) Southern face 

Insulation material also includes defects to allow a different transmission of the heat with the outdoors that simulates 
typical heat loss that may happen in buildings. Specifically, defects simulating (1) water infiltration, (2) lack of 
insulation material, and (3) reduced insulation material thickness were included in the envelope of the structure. Water 
infiltrations were simulated by including a sealed bag of water between the outer cardboard wall and the internal 
polystyrene foam board, while lack of insulation or reduced insulation areas were simulated by removing entirely or part 
of the foam board and leaving square gaps in the envelope as shown in Figure 2a and Figure 2b. Moreover, as 
highlighted in Figure 3, other portions have features that contribute to locally change the thermal behavior of the 
structure such as uninsulated windows and doors, gaps, and thermal bridges (i.e., component of an object which has 
higher thermal conductivity than the surrounding materials, creating a path of low resistance for heat transfer). 

a) b) c) 



 
 

 
 

              
Figure 2. Simulated defects and areas of increased heat transmissibility. a) Location of the defects on the Western outer face 
of the mock building; b) location of the defects on the Western inner face of the mock building. 

 

                                                    
Figure 3. Areas of increased thermal conductivity. a) Windows and gaps in the structure of the mock-building; b) thermal 
bridges at the interface between the insulation material and the wooden frame of the mock-building. 

 

 
Figure 4. Example of thermal images acquired using the PCE-TC3 IR camera from different FOV and plotted in false colors 
for highlighting areas of heat loss. 

The experiments consisted of warming up a façade of the building and then measuring the emitted energy. For doing 
this, the mock-building contained an electrical heater used for increasing the air temperature, uniformly warming up the 
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inner surface of the structure, and creating a temperature difference between the inner and outer surfaces of the specimen 
and to produce a thermal flux. In the example presented in this research, a thermal camera was used for recording images 
of the mock-building from different points of view moving the camera around the test object. In particular, a PCE-TC3 
multi-purposes IR thermal imager manufactured by PCE Instruments was used. This portable camera has a 20°x15° 
Field of View (FOV), a 160x120 pixel resolution, and it is sensitive to temperatures between -20° and 350° C and to 
long-infrared radiation having wavelength λ in the range of 8-14·10-6 m. It should be noted that to include the whole 
structure in the camera’s field of view (FOV), the PCE-TC3 and the test object were placed approximately 2.5 meters 
away from each other. Figures 4 present the thermal profiles measured in false colors of the investigated mock-building 
for different FOVs of the cameras. In particular, the thermal images shown in these examples refer to a time in which the 
thermal flux radiated through the panels has reached the steady state (e.g., nearly two hours from the beginning of the 
test). Because of the low-resolution of the IR camera used, a significant difference of temperature between the outer and 
inner part of the structure has to be generated to allow an easier imagining and detection of the defects. As expected, it is 
it is possible to observe how all the areas characterized by higher thermal conductivity (i.e., defects or absence of 
insulating material) are visually easy to identify because of the change of colors in the thermal images shown in the 
figure. Sections characterized by undamaged insulation materials are visualized in purple colors (i.e., a lower 
temperature measured on the surface equal to nearly 30 °C) in the thermal images. Colors visualize thermal bridges in 
correspondence of the wooden junctions between two stories moved towards the blue section of the color palette (i.e., 
~40 °C), while other areas having little to no thermal resistance compared to the adjacent areas can be visualized with 
colors in the green region of the used temperature scale (i.e., 50 °C or above). In particular, the gap underneath the roof, 
the heat transmitted through the reduced insulation material sections and the windows can be easily evaluated and used 
for highlighting defects or sub-surface critical parts of the structure tested. 

3.2 Analysis of the results  

One of the goals of the research is to evaluate the feasibility for performing accurate and quantitative measurements for 
assessing the heat loss of a system. Once the thermal images are acquired, they can be imported in the Pix4Dmapper 
image processing software to generate the 3D rendering. Before doing that, images have to be saved in a compatible 
format (e.g., .jpeg, .tiff). Unfortunately, the model of thermal camera used is quite old and allows for exporting images in 
the .IRI format only. IRI is an encrypted proprietary file format used for storing all the radiometric information (i.e., both 
a spatial representation of the scene and data that are used to measure the radiant energy seen by the camera).  This 
feature leads to many problems because the data that are stored in these image files become inaccessible. Therefore, 
before processing the images, each picture has been converted into a Bitmap file first by taking a screenshot of the image 
and then in a .jpeg file. During the .IRI-to-Bitmap conversion, all the meta-information contained in the original images 
and useful for performing the bundle adjustment and reconstructing the scene via 3D point cloud generation using 
Pix4Dmapper are lost. Information about camera intrinsic parameters matrix K, rotation R, the position of the pinhole 
center C, focal length, and pose are fundamental pieces of information for minimizing the reprojection errors on which 
the construction of the 3D virtual model relies.  

 
Figure 5. Location of the infrared camera computed by the SfM software showing the erroneous positioning of the camera 
with respect to the object being tested as the images were taken. 
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The location of the camera with respect to the object being tested cannot be determined, and each picture is arbitrarily 
placed in the virtual space. An example of this problem is shown in Figure 5, where the location of the camera computed 
by Pix4Dmapper is highlighted for three of the 41 pictures used for reconstructing the 3D model. Analyzing the 
camera’s position for the three thumbnail pictures shown in Figure 5, it is observed that for Images 1 and 3, the software 
can determine the location of camera in space correctly (i.e., in front of the Western and Southern sides of the mock-
building), while Image 2 is misplaced. Image 2 refers to a view of the Northern face of the test object (i.e., the side with 
two windows and a door), and it should be located in front of that side of the model, not in between Image 1 and Image 
3. Similar behavior can be observed for other views of the Northern face of the mock-building not shown here for the 
sake of brevity.  

An example of the obtained reconstructed 3D model of the thermal map of the mock-building is shown in Figure 6. 
Here, the densified point clouds and the triangular mesh point clouds for the three faces of the mock-building 
reconstructed using the thermal images recorded by the PCE-TC3 are shown. 

    
Figure 6. SfM generated model highlighting the energy loss on the envelope of the mock-building. a) Northern face 
densified point cloud; b) Northern face triangular mesh point cloud; c) Western and Southern faces densified point cloud; d) 
Western and Southern faces triangular mesh point cloud. 

Analyzing the results shown in Figure 6, it is possible to observe that SfM technique can generate accurate 3D 
renderings of the object being tested showing the location of significant heat loss. In particular, heat losses through the 
windows or the gap underneath the roof are visible. Moreover, the model shows the locations of subsurface defects such 
as the lack of insulation material and thermal bridges. 

From further analysis of what is shown in Figure 6, it is confirmed what was said before about the wrong positioning of 
cameras as the model is built. The effect of those errors are visible in the reconstructed model and result in deformation 
of the shape of the generated 3D model. For instance, by observing the dissipated through the thermal bridge between 
the first and the second story, it can be observed that the two blue lines indicating the presence of the wooden frame in 
the structure of the building are not parallel. Rather than they follow an inverse line of perspective (i.e., the object 
appears bigger as its distance from the observer increases). This deformation can be attributed to a mistake in the used 
intrinsic parameter of the camera by the SfM software. 

 

4. CONCLUSIONS 
In this study, a system for optically assessing the heat loss of a building is proposed. The final goal of this research is to 
develop a non-contact, automated, and fast system for identifying sub-surface defects or damage in the envelope of a 
building and provide a quick method for assessing their location. The study relies on the use of two techniques that are 
often used as stand-alone methods for performing nondestructive evaluation and large-structure inspection: infrared 
thermography (IRT) and Structure from Motion (SfM). In this paper, for the first time, these two technologies are 
combined. 

The feasibility of the proposed combined IRT-SfM system has been validated through experiments performed on a 
laboratory-scale model of a three-story building. In the tests described in this paper, the mock-building is modified to 
include defects in its envelope that can result in areas having different thermal transmissibility and heated from the 
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inside for generating a thermal flux that can simulate the behavior of a real building. A thermal camera is then used for 
recording thermal images of the system and recorded data are feed into a SfM software for generating a virtual model of 
the targeted object. Results revealed that the generated model provides a qualitative description of the defects within the 
building envelope and their location. Defects simulating the absence of insulation material and the location of gaps and 
thermal bridges can be easily visualized by looking at the generated model. Nonetheless, distortion in the reconstruction 
of the 3D rendering can also be observed and are mainly due to the procedures used for transforming thermal images 
into digital images. Further investigations are needed to improve the accuracy of the proposed technique.  

If further developed, this approach can revolutionize the way thermal losses in buildings are assessed and quantified. For 
instance, by combing the IRT-SfM approach with unmanned aerial vehicles (UAVs) approaches, it should be possible 
for a drone to fly over a target structure while simultaneously capturing thermal image scans and finally combining those 
images to create a 3D virtual rendering of the object. Such a system could be used for performing autonomous non-
destructive inspections and creating computer-generated maps of the system being tested. Generated rendering can 
illustrate the locations of significant energy loss as in the example provided in this paper, but also helping to detect sub-
surface defects (e.g., re-bar corrosion, cracks, spalling). Further development of this technique might include the 
advancement of machine learning algorithms to automatically evaluate the state of the target objects by just processing 
information from pictures. 
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