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Abstract – Energy efficient retrofitting of historic buildings is crucial to pass on 
these buildings to the next generations. In the process, the implementation of 
destructive techniques should be avoided and substituted with non-destructive 
approaches to prevent the destruction of their heritage significance, especially 
when energy efficiency is of interest. Although, infrared thermography, a non-
destructive technique, is relatively time-efficient, it is rather labour-intensive for 
practical energy diagnostics. This is true since 2D thermal images have low 
spatial resolution and require an effort to understand what is being shown in 
the thermal image. Hence, many 2D thermal images and raw image processing 
are required to assess the situation, which is also time-consuming to prepare. 
In this study, a new 3D-aware smartphone methodology was deployed with an 
integrated infrared camera to obtain the 3D spatial reconstruction and thermal 
mapping of building interiors. This approach is for facilitating retrofit decision 
making in historic buildings, and therefore, distinguishing and eliminating energy 
efficiency measures that are distorting the heritage value of buildings. Results 
show that the system is capable of accurately generating a 3D spatial model of a 
room space in approximately five minutes and the resolution is sufficient to carry 
on detailed energy diagnostics.
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1. INTRODUCTION

Historic buildings are a significant part of human heritage. In order to carry 
their cultural heritage value to future generations, historic buildings should be 
well adapted to meet the societal and national targets, such as energy saving 
measures [1].

Energy saving measures in historic buildings require a special approach during 
decision making, since taking building conservation into consideration is 
necessary. For instance, adding insulation to external walls that have ornaments 
and plasterworks destroys the appearance and aesthetic value of these buildings. 
The practice should be avoided whenever possible. Therefore, determination of 
energy saving measures in historic buildings is indicated as a multidisciplinary 
elimination process that gives heritage value a priority in decision making [2].

The building envelope is responsible for considerable heat loss throughout the 
historic buildings. Yet at the same time, identification of the heat losses requires 
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an in-depth energy diagnostic, together with qualified labour workforce and time. 
The use of destructive techniques through energy diagnostics in historic buildings 
can be considered as a contradiction to conservation of heritage value, since 
it requires direct contact with the building. Instead, non-destructive techniques 
(NDTs) should be deployed.

Infrared thermography (IRT) has a prominent popularity among the NDTs, which 
enables non-contact, quick and accurate qualitative and quantitative investi-
gation for building energy diagnostics. IRT has many applications in buildings 
such as thermal characterization of walls, thermal bridging and excessive heat-
loss-area detection, thermal insulation examination, thermal characterisation of 
glazing and windows, U-value measurement, air leakage inspection, moisture 
and water detection, HVAC system characterization, electrical system charac-
terization, indoor temperature measurements, and human comfort assessment 
[3]. However, thermal cameras have lower spatial resolution (160 × 120 or 320 
× 240) when compared to their digital counterparts. Therefore, representation of 
the inspected building area with a thermal camera necessitates a considerable 
number of thermal images to be analysed, which is time-consuming [4]. Besides, 
paper-based energy audit reports involving thermal images complicate the under-
standing of what is being shown in the thermal images, even though they are 
given with their digital pairs. Therefore, 3D thermal mapping and scene recon-
struction models have been developed to tackle the corresponding issue [5].

Several studies have recently focused on 3D scene reconstruction and thermal 
mapping techniques for this purpose. The general approach among those 
studies is to, first, obtain a 3D point cloud with a depth sensing camera or image-
based approach [4, 6–7]. Afterwards, 3D thermal images or point clouds are 
super imposed into the 3D spatial point cloud providing that thermal camera is 
geo metrically aligned with depth sensing camera.

A recent study focused on an image-based 3D reconstruction method, which 
includes Graphic Processing Unit-based Structure-form Motion and Multi-View 
Stereo algorithm, for creation of a 3D geometrical point cloud. Geometrical 
alignment is provided with the estimation of relative pose of the thermal camera 
with respect to that of digital camera. Next, the 3D thermal point cloud model is 
generated using the intrinsic and extrinsic thermal camera parameters and dense 
reconstruction algorithm. Later, 3D thermal and spatial point cloud models are 
superimposed. However, this approach is timewasting and requires extensive 
computer processing and thus qualified labour workforce to generate the model 
[4]. Similarly, a couple of studies focused on generating 3D thermal mapping of 
building interiors with the help of laser scanning sensor and thermal camera. 
Apart from image-based 3D reconstructions of point clouds, the motivation of 
the studies was based on merging the images obtained from the laser scanning 
depth sensor and consumer-level thermal camera [6–7].

Another research study was conducted to obtain 3D indoor scene reconstruction 
with smart devices and used two different approaches. The first one basically 
relies on leveraging data from smartphone sensors, such as accelerometer, 
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gyroscope, magnetometer and camera to generate the model. The approach 
generates a 2D floor plan and corresponding 3D indoor scene model with a 
smartphone by capturing a panoramic image of a room with the help of user 
interaction to detect the position of room corners and doors while maintaining the 
Manhattan World Assumption. However, this approach lacks a 3D-aware sensing, 
and it limits the user to rotational motions only. Additionally, it is unable to 
generate accurate models without manual adjustments [8]. The second approach 
uses a 3D-aware smart device that can track 3D position and orientation in the 
space and estimate the depth points in a scene. Depth points are later turned into 
a point cloud and used in generating the computer aided design (CAD) model 
within the same device [8]. Although, the second algorithm appears to be more 
practical and accurate in terms of 3D CAD modelling, both approaches focus on 
3D spatial reconstruction of building interiors without taking thermal sense into 
consideration.

In the present study, coupled smart devices, i.e., a smartphone and an integrated 
thermal camera, are deployed to generate 3D spatial reconstruction of a room 
and display the thermal images on where they were taken from. The smartphone, 
which is capable of sensing 3D position and orientation in the surroundings and 
estimate the feature points, is used to generate the 3D spatial reconstruction 
model. Following the capturing of the digital and thermal images, they are super-
imposed into the 3D model. This study is the first of its kind that uses smartphone 
and thermal camera in this manner.

2. METHODOLOGY

2.1 PROCESSES

The methodology followed throughout the study is demonstrated in Figure 1. 
Basically, it consists of four main processes, namely, calibration, programming a 
smartphone application, 3D spatial reconstruction, and thermal mapping.

Figure 1. Flowchart of the current methodology.
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First, extrinsic calibration between two smart devices are performed. Secondly, a 
smartphone application is programmed so as to collaboratively employ the smart-
phone and thermal camera capabilities. Afterwards, the 3D spatial model of the 
room is reconstructed by detecting floor, corners of the wall and the room height. 
Once crop frame of the audit area that is based on the image resolution of the 
thermal camera is located, thermal and digital images are captured and cropped 
according to the frame. Later, perspective correction is applied to the images to 
better illustrate the geometrical alignment. Finally, having done the perspective 
correction, images are superimposed to end the progress.

2.2 EXTRINSIC CALIBRATION

In order to integrate images taken from coupled smart devices having different 
sensing modalities, representing them in a common geometric reference frame 
is required. Therefore, extrinsic calibration, which is the determination of relative 
translation and rotation between different sensors, needs to be performed. Figure 2 
shows the coupled measurement device system, of which the thermal camera, FLIR 
One Pro, is on the right side and integrated to the smartphone, iPhone 7 [9, 10].

Figure 2. The smartphone (left) and integrated thermal camera (right).

In this study, extrinsic calibration of thermal and digital cameras was executed 
according to the RGB cameras since FLIR One Pro has its own geometrical 
alignment algorithm between thermal and digital cameras, which is called Multi 
Spectral Dynamic Imaging (MSX) [9]. MSX basically incorporates thermal images 
enhanced with visible spectrum definition and produces a rich thermal image in 
detail. Therefore, it is not needed to perform extra extrinsic calibration between 
the digital camera of smartphone and thermal camera. A planar checkerboard is 
utilized to obtain intrinsic and extrinsic matrices in Matlab [11]. Then, geometric 
alignment between two devices is performed in a smartphone application.

2.3 SMARTPHONE APPLICATION

For this work, Swift programming language was used to write a smartphone 
application which helps users to conduct each step in the same device. An 
application interface was designed for users to easily understand the thermal and 
spatial data. In order to use the world tracking capabilities of the smartphone and 
sensor data from thermal camera, ARKit and software development kit (SDK) of 
the FLIR One Pro were used, respectively.
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ARKit is a new SDK for making smart devices depth sensing and 3D-aware. 
Basically, it combines captured images and motion data from the device in order 
to do tracking. Therefore, the smartphone can provide world tracking which 
includes orientation and relative position of the device. With the help of captured 
scene images and world tracking information, feature points can be produced 
and users can understand their position in space, hence experience Augmented 
Reality (AR) via advanced scene processing and display conveniences [12].

FLIR One Pro has its own SDK that was initially designed to be programmed in 
Objective-C. At the same time, the code written in Objective-C language can also 
be operated within Swift provided by their interoperability [9]. Therefore, thermal 
data obtained from FLIR One Pro can be manipulated as desired.

2.4 3D SPATIAL RECONSTRUCTION

Traditional methods require users to measure the room geometry and later 
manually construct the room spatially in CAD environment, which is laborious. 
Besides, 3D spatial information obtained with the help of light detection and 
ranging (LIDAR) systems, entails a high number of measurements including 
furniture and other occlusions, which also need to be removed to obtain room 
geometry. However, the methodology used in this study employs the 3D sensing 
capabilities of a smartphone to capture 3D indoor spatial information. It takes 
approximately three minutes to reconstruct the room spatially in the same device. 
Since the aim of this study deals with the building envelope, reconstruction of 
furniture and other objects are out of scope.

In the current approach, first, the floor is detected by the embedded algorithm 
inside the ARKit, which is based on combining the 3D feature points at the same 

Figure 3. 3D spatial reconstruction 
process and of measured parameters.

level that are perpendicular 
to the gravity. Secondly, the 
corners are detected with 
the hit-testing which involves 
sending a ray from the device 
and intersecting it with the floor 
that already has been detected. 
In this way, the positions of the 
corners can be detected in 3D 
environment and the distance 
between each corner can be 
calculated. After capturing 
the corners of the room and 
turning into the starting point, 



Energy Efficiency in Historic Buildings 2018

150

the room height is obtained with the help of a vertical plane detection algorithm 
of the ARKit, which similarly detects and combines the 3D feature points that 
are parallel to the gravity. Once the room height is captured with hit-testing and 
calculated, 3D spatial reconstruction of the room is conducted within the same 
device. The 3D spatial reconstruction process, which includes feature points, 
floor detection, corners and an arbitrary height and wall length, is shown in  
Figure 3.

The intersection of red, green and blue lines represents the origin of the location 
where the camera recordings are initiated. The red, yellow and green points  
illustrate corners, feature points and an arbitrary height while the yellow and 
green texts show the length between consecutive red points and room height, 
respectively. The cross sign in the middle of the screen is an indicator of the 
location where hit-testing will take place while detecting the corners and  
height.

2.5 3D SPATIO THERMAL MODEL

In this section, the mapping process of the thermal image on the corresponding 
location of the 3D spatial model, will be given. Having reconstructed the 3D 
spatial model of the room, the crop frame of inspection area is drawn based 
on the image resolution of the thermal camera and the images are captured. 
Since the thermal camera is fixed to the smartphone, and they are geometri-
cally aligned, first, perspective correction is applied to the images. Later, the 
images are translated and superimposed into the corresponding crop area of 
the 3D spatial model that has been detected in the earlier process. Translation 
is performed with embedded code during programming provided by the world 
tracking information obtained from the smartphone. The reason of applying 
perspective correction to the images is that the thermal images are taken with 
an angle of tilt, between 5° and 50°, to the wall in order to avoid any reflection of 
the thermographer on the object. Finally, the geometrical difference that can be 
occurred due to perspective distortion is minimised and the thermal image  
is ready to be superimposed onto the 3D spatial model within the same  
device.

3. RESULTS AND DISCUSSIONS

The results of this study are given in Figure 4, which consists of overlapped 
thermal and digital images on the left and 3D spatio-thermal model on the right. 
The case study was conducted in the corridor of an apartment flat, of which 
indoor temperature is at least 10 °C higher than outdoor. Total time to generate 
the results of the 3D spatio-thermal model of the corridor and overlapped images 
in the same device, lasted approximately five minutes. The proposed method also 
points out that the quality of interpretation of infrared images can be improved by 
localising the diagnostics on building envelopes and visualising the results in 3D 
spatial model as well as corresponding geometric information.
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The figure on the left illustrates the cropped infrared and digital images that were 
overlapped. According to the results, geometric calibration gives reasonable 
alignment between thermal and digital images, up to some extent. Yet at the 
same time, there appears to be some geometric distortion due to the perspective 
correction. However, the heat loss from the door can easily be distinguished. It 
can be said that the door is rather leaky and needs to be air-tightened, while the 
temperature gradient shows that the overall heat transfer coefficient of the door 
does not need any improvement.

The figure on the right shows the 3D spatio-thermal model of the corridor. The 
results indicate that the calculated errors for the wall lengths and room height are 
2–3 %. The errors occur due to distance between corner point and smartphone 
camera. The closer to the corner point the less the errors. Besides, mobility and 
the measurement process from a certain distance causes relative errors due 
to effect of shaky hands, which can also be reduced from closer distance. The 
thermal image superimposed onto the 3D spatial model, illustrates the location of 
the energy diagnostics clearly, even though the rest of the image shows spatial 
data only.

4. CONCLUSIONS AND FUTURE WORKS

In this study, a coupled 3D spatial reconstruction and energy diagnostics of 
building interiors were investigated. The results demonstrate that the 3D spatial 
reconstruction of a room can be generated with a 3D-aware smartphone in 
approximately five minutes, which is far less than earlier documented case 
studies. Besides, missing and incomplete spatial CAD information in many 
historic buildings can be updated and digitalised this way. Thermal mapping 
and energy diagnostics of the same space can be simultaneously obtained, 

Figure 4. Overlapped images (left), 3D spatio-thermal model and calculated measurements 
(right).
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provided by the infrared camera integrated into the same smartphone. One of 
the significant outcomes of this study is that a smartphone application can be 
programmed, so that the data gathered from the smart devices can be manipu-
lated according to the needs. This approach also diminishes the need for 
destructive, time consuming or labour-intensive work needed to accomplish the 
same coupled diagnostics.

The results indicate that this approach can be used in the decision making 
process of energy saving measures in historic buildings due to localising and 
illustrating the diagnosed area in 3D space enhancing the understanding.

This study shows that the proof-of-the concept proposed is working effectively. 
Yet, the approach can be further improved considering the following points:

• The extrinsic calibration can be conducted between the thermal and the digital 
camera of a smartphone in order to improve the geometric alignment;

• Overall heat transfer coefficient (U-value) of the walls can be determined with 
the use of additional coding of heat transfer equations, or with the help of  
additional sensors controlled by the smartphone itself;

• Modelling of windows and doors can be added into the 3D spatial reconstruc-
tion model for more detailed investigation;

• The 3D spatial model and its embedded information can be used to generate 
Building Information Modelling (BIM)-based energy simulation model and can 
be exported;

• Mapping condensation and mould growth issues in historic buildings on the 
3D spatial model can be investigated, provided by the surface and indoor 
temperature obtained from thermal camera.
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