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Abstract. The combination of thermographic and geometric recording has always been an issue for architectural heritage diagnostic investigations. Multidisciplinary projects often require integrating multi-sensor information
including metric and temperature data to extract valid conclusions regarding
the state-of-preservation of historical buildings. Towards this direction, recent
technological advancements in thermographic cameras and three-dimensional
(3D) documentation instrumentation and software have contributed significantly, assisting the rapid creation of detailed 3D thermal-textured results, which
can be exploited for non-destructive diagnostical surveys. This paper aims to
briefly review and evaluate the current workflows for thermographic architectural 3D modeling, which implement state-of-the-art sensing procedures and
processing techniques, while also presenting some applications on case studies
of significant heritage value to help discuss current problems and identify topics
for relevant future research.
Keywords: 3D Thermography, Thermal Imaging, Data Integration, NonDestructive Testing, Architectural Heritage, Heritage Conservation.
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Introduction

Infrared thermography (IRT) is a consolidated remote sensing technique for the nondestructive assessment of architectural heritage surfaces. Over the last years, the sensors used for the documentation and assessment of thermal phenomena have evolved
and diversified. Therefore, IRT has been extensively applied regarding cultural heritage for the evaluation of the state-of-preservation of traditional and historical materials and structures [1], the behavior of replacement materials [2], the effectiveness of
The final authenticated publication is available online at
https://doi.org/10.1007/978-3-030-73043-7_3
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the cleaning of architectural surfaces, the efficacy of consolidation interventions, the
compatibility of masonry restoration interventions by repair mortars [3,4], the extent
of plaster detachment and integration [5], the moisture content [6], as well as for the
uncovering of hidden features and subsurface construction [7,8].
Thermographic investigations of architectural heritage are often conducted independently from the acquisition of the structure s geometry and examine thermal phenomena on a local scale by acquiring two-dimensional (2D) thermograms. This is
mainly a result of thermals, such as
their low resolution. However, the significance of geometry in the field of heritage
diagnostics is high, which has led to various approaches towards the combination of
3D metric surveying and temperature mapping. These integrated geomatics approaches aim to produce either 3D models or 2D derivative orthoimages combined with TIR
information, enabling accurate measurements of discontinuity locations and further
diagnostical data fusion. The presented work tracks the developments in 3D temperature mapping for architectural heritage investigations by briefly reviewing techniques
for 3D shape and TIR data acquisition, and integration, in the relevant literature.
Some practical examples from the author s recent work are also presented in the following to evaluate the current state-of-the-art in applicable non-destructive testing
(NDT) techniques.
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Methods and Applications

Measuring
3D geometry is the
first integral part of accurate thermographic modeling and accurate documentation
in general which can be performed with different sensors and concerning different
purposes [9,10]. Contemporary methods for 3D metric surveying widely used for
architectural heritage applications include, but are not limited to, terrestrial and UASbased light detection and ranging (LiDAR; active sensing) and digital photogrammetry (passive sensing). The produced metric results can be integrated into various forms
and data-types with the TIR images. Nevertheless, the latest methodological developments enable the direct extraction of 3D metric information from thermal imagery
itself, employing photogrammetric-based thermographic data acquisition and multiimage processing workflows.
2.1

LiDAR and Infrared Thermography

LiDAR approaches use active range sensors to record the 3D position of every point
inside the sensor s field-of-view (FOV) along with the intensity of backscattered radiation. They can produce dense or sampled point clouds of an object in considerably
less time than passive methods, making them extremely valuable for high-resolution
surveys of existing buildings and architectural elements. In thermographic surveys,
LiDAR has often been considered as an optimal complement, given its capacity to
swiftly provide point clouds that can be textured with the TIR images directly or after
3D model production. In order to perform the thermal texturing, the geometric rela-
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tion between the thermographic images and the 3D geometry of the object has to be
known. The position and orientation of the TIR images can be estimated with different methodologies.
When the TIR camera and the LiDAR sensor are not affixed, and their relative position and orientation are not measured during the acquisition phase, the 3D relation
between each thermal image and the produced point cloud has to be estimated individually. The foundation for th
tion is based on correspondence
features recognition between the point cloud or the derivative documentation products which contain metric spatial information and the TIR images. The relative
position and orientation-matrix of each TIR image can be estimated using the manual
identification of corresponding (homologous) points [11 15]. Figure 1 showcases the
result of TIR image-texturing for a partial model of the East façade of Castello del
Valentino in Turin (Italy), aiming to identify deterioration patterns, such as detachments, dampness, and biological colonization.

Fig. 1. The thermographic 3D model is generated with the registration of products: the thermal
images and the 3D mesh produced with terrestrial LiDAR.

More advanced thermal texturing approaches of the geometric products address the
automated matching of 2D features on the TIR images with the corresponding 3D
features on the object s model. Hoegner and Stilla [16] described two workflows for
matching infrared photos with 3D building models and 3D point clouds. The first
included registering a building model with a sequence of terrestrial thermal images,
using geometrical constraints generated from the model s geometry to refine thermal
. The second workflow used an Iterative Closest Point (ICP) strategy to register an RGB imagery-produced 3D point cloud and a TIR image-based 3D
point cloud, to assign thermal values to the dense RGB point cloud. Lagüela et al.
[17] and González-Aguilera et al. [18] extracted features from point clouds and LiDAR-produced range images respectively, to facilitate their registration.
Approaches for the simultaneous acquisition of thermal and 3D geometrical data
from terrestrial LiDAR in the form of point clouds have also been developed for
rapid 3D thermographic mapping. The utilization of commercial multi-sensor solu-
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tions or custom-made instrumentation requires the orientation of the different integrated sensors used for the acquisition. Borrmann et al. [19] built and calibrated an
automatic moving setup for the simultaneous acquisition of 3D laser scan data, thermal, and RGB images combining an Optris PI 160 TIR camera, a Riegl VZ-400 laser
scanner, and a Logitech QuickCam Pro 9000 webcam, mounted on a modified
VolksBot RT 3 platform. They tested the robotic system to perform thermal recording
at the Bremen City Hall (Germany) a historical building of Brick Gothic and Weser
Renaissance architecture. Merchán et al. [20] developed a hybrid thermal scanning
system employing a Riegl VZ-400 laser scanner, a Nikon D90 color camera, and a
FLIR AX5 TIR camera. The hybrid instrument was calibrated with targets incorporating both visible and thermal reflectance discriminants, distributed over a wide area of
the scene. It was also used for the
in
Almadenejos and the Nuestra Señora de la Candelaria church in Fuente del Maestre
(Spain).
2.2

Single-Thermographic Image Rectification

In principle, thermographic sensors, such as those used for building inspections, can
be handled as standard photogrammetric cameras [21]. As in optical photography, the
thermal images are subject to distortion effects. Quite often in architectural photogrammetry, the optical axis of the camera is not vertical to the architectural surface,
resulting in distortions of the object on the image. Thus, a photogrammetric singleimage digital processing procedure is required [22] to allow the correct data interpretation by generating rectified thermal images, which can be used directly or for texturing point clouds and reconstructed 3D models. Image rectification is one of the simplest and most economic photogrammetric methods and can take two forms.
1. with known camera parameters and availability of a 3D model of the object
When the internal orientation of the TIR camera is known, the geometry of the acquisition is restored, and the position and external orientation parameters of the camera are needed so that the point positions can be estimated as the intersection of rays
from the camera to the surface with the surface known for its geometry. To estimate
at least three points with known coordinates on the object are needed. If the digital surface model of the object is available,
then the thermal values can be projected on it to create an orthographic view of the
object s plane, a so-called orthophoto or orthoimage. An alternative rectification
method can be the use of scale bars instead of points with known coordinates
appropriate for the thermographic approach.
2. without knowledge of camera parameters and almost planar objects
For the application of the rectification process, in this case, a projective transformation is needed between the plane of the thermal image and the object s surface
(projective plane). Estimating the transform parameters requires at least four points
with known coordinates on the object plane [23].
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2.3

Multi-Image 3D Reconstruction and Infrared Thermography

Multi-image 3D reconstruction approaches constitute a cost-effective alternative to
traditional close-range photogrammetry, which can effectively involve both nadiral
and oblique imagery to generate accurate and high-resolution metric products. Nowadays, thanks to the improvements in the fields of photogrammetric computer vision
technologies and image-matching algorithms, these solutions are characterized by a
high level of automatization. As a result, these techniques have become widely applied in architectural heritage recording. However, despite the fact that user-friendly
and almost automatic solutions exist, it should be underlined that the role of the operator is still fundamental to ensure that the metric and thematic accuracy of the final
products meet the user requirements [24]. Using robust automated Structure-fromMotion (SfM) and Multiple-View-Stereo (MVS) algorithmic implementations, dense
3D point clouds and models can be generated from properly overlapping images.
Terrestrial Applications
Recently, few approaches have been reported using multiple-view image-based reconstruction techniques to digitize both 3D shape and thermal texture using only TIR
images for building related-applications (Figure 2) [25,26].

Fig. 2. The thermographic 3D point cloud is generated after the application of photogrammetric
principles to thermographic images.

Lagüela et al. [27] highlighted that certain specifications have to be met for the
successful generation of 3D point clouds directly from thermographic imagery, such
as the acquisition of orthogonal and oblique images, which will be used for the accurate implementation of the photogrammetric principles, maintaining a robust geometry for the reconstruction, and exploitation of only the orthogonal images for texturing
3D the results to avoid the inclination and convergence effect.
Due to the inherently different characteristics between TIR and RGB images, research on thermographic modeling for architectural heritage has mainly concentrated
on workflows reconstructing 3D shape from RGB images and applying the texture
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from registered TIR images, and hybrid workflows which apply the photogrammetric
principles on both RGB and TIR images and use only the latter for texturing. Previtalli et al. [28] developed an approach to compute photogrammetrically the orientation
of both thermal and RGB images together in a combined bundle adjustment (using the
collinearity equation) in order to improve co-registration accuracies and map the infrared images on models of building façades. Lin et al. [29] proposed a thermal mapping workflow based on registration between the thermal point cloud and RGB point
cloud performed using fast global registration and image resection of TIR images.
Aiming to tackle the problems caused by
, we
developed a cost-effective thermal mapping method employing optical and IRT terrestrial datasets from a TIR camera and a high-resolution digital RGB camera. The
RGB and TIR sensors of the thermographic camera were calibrated to model the image distortions. Then, undistorted TIR images were registered with a projective transformation to match the system of the undistorted RGB images captured with the
optical sensor of the thermographic camera using the same transformation parameters for each strip of images. The imagery dataset from the high-resolution RGB camera was used to improve and densify the photogrammetric reconstruction produced
with RGB images derived from the thermographic camera. After 3D point cloud and
final model generation, the oriented RGB images were replaced by the corresponding
transformed TIR images to apply the thermal texture (Figure 3). Since the thermographic images were not used for generating the geometric model, a higher number of
points was reconstructed, resulting in an accurate higher resolution model. Simultaneously, the spatial resolution of the thermal information was higher due to the large
number of used TIR images that were acquired from a close range [30].

Fig. 3. Model textured with thermal images, generated with the workflow described in 2.3.

UAS-Based Applications.
As is well-known, nowadays, UAS (Unmanned Aircraft Systems)-based photogrammetry presents an effective and relatively low-cost solution for cultural heritage metric documentation, allowing a rigorous and accurate geometric reconstruction of the
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built and landscape environment [31]. The developments of new COTS (Commercial
Off-the-Shelf) UAS platforms and the improvements in photogrammetric SfM-based
algorithms lead to increased and effective use of UAS for mapping purposes in different application domains. Nowadays, specialists in many fields of expertise (including
researchers operating in the framework of heritage valorization) are successfully using UAS photogrammetry to carry out their research.
The introduction of COTS drones equipped with high-performing thermal sensors
allows researchers in the field of cultural heritage to acquire and analyze thermal data
from an aerial perspective integrating and complementing traditional close-range
approaches (with a higher level of detail with respect to manned aerial or satellite
platforms). As evidence of the growing interest in this research topic, several commercial and open-source SfM-based software are implementing new algorithms to
process thermal data in order to successfully perform 3D reconstruction, including
specific templates for UAS acquired thermograms [32,33].
The possibility to process UAS TIR images using SfM-based algorithms allows thermal information and 3D geometry data of the object to be integrated for monitoring,
inspection, or diagnostic purposes.
Considering the intrinsic vulnerability of the assets belonging to built heritage, the
opportunity represented by using a remote diagnostic tool such as IRT data for photogrammetric applications is particularly interesting for the disciplines connected to
documentation and restoration. The low spatial resolution of the thermal images can
impose a severe obstacle to the proper reconstruction of the
ometry. Moreover, the radiometric characteristics of TIR images make the direct use
of SfM challenging [32]: for this reason, some critical issues are generally encountered during the tie-points extraction phase [34], especially if the acquisition has been
performed without following rigorous photogrammetric overlapping criteria.
In the case of UAS based acquisitions, as underlined in the previous section, a multi-sensor strategy can represent a valid solution to avoid topological errors during the
3D reconstruction phase which could cause some projection miscalculations during
orthoimagery production and to achieve better results in terms of the geometric and
spatial resolution of the final model [35,36]. Following this strategy, and by integrating thermal and optical images, it is possible to exploit the higher geometric and spatial resolution of the traditional true-color images to generate a more detailed, accurate, and topologically correct 3D mesh, which can be used as a geometric reference
surface both for the texturization process of the achieved 3D model with IRT data and
the generation of thermal orthoimagery. This approach requires the registration of
both thermal and optical images in the same reference system, which is based on the
identification of the Ground Control Points (GCPs) also in thermal images, a challenging task due to the intrinsic characteristics of this kind of data. This problem can
be solved using the image geo-tag [34], which is often embedded in the acquired images (if the system used is equipped with a GNSS receiver). However, th
positional accuracy is generally low (few meters) unless RTK-enabled platforms are
adopted [37].

8

Fig. 4. (a) Level of detail differences between the mesh obtained from thermal dataset only (on
the left) and optical dataset (on the right). (b) 3D mesh obtained from optical dataset texturized
with co-registered thermal images.

A practical solution consists of using specific artificial targets made of materials
characterized by a low emissivity, in contrast to the traditional photogrammetric targets (usually made of paper or plastic, which are characterized by an emissivity value
up to 0.99). This solution has been used in Hill et al. 2020 [38], where aluminum
targets have been used to detect them easily and unambiguously in TIR images.
Lastly, a third workflow which has been used in Patrucco el al. 2020 [35] in the
context of an experience on an abandoned alpine hamlet subject (in the framework of
research on the regeneration of small alpine settlements) assesses the possibility to
use natural points as control points, when clearly detectable on both optical and thermal images.
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As is possible to observe in Figure 5, following a traditional SfM-based workflow
and using the aforementioned approaches, it is feasible to generate high resolution and
high detailed 3D models with a thermal texture or generate thermal orthoimagery.
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Discussion and Conclusions

The fusion of geomatics and thermographic techniques has a great added value for the
implementation of thermographic surveys for historical architecture. This review
presented several methods focused on this application domain, including techniques
for simultaneous or independent acquisition of geometric and thermal information, as
well as state-of-the-art workflows employing SfM/MVS-based approaches. The results showcase the potential for combined non-destructive evaluation of the state-ofpreservation of built heritage.
The registration of single thermograms to LiDAR or photogrammetry-produced
point clouds and 3D models is a simple-to-implement method to investigate local
phenomena. The generation of extensive thermal orthophoto-maps with this method
may prove time-consuming if corresponding features have to be separately computed
for each image. Additionally, feature correspondences may not be visible between
IRT data and optical imagery, making the registration unfeasible without placing any
artificial targets detectable in both the visible and infrared spectra. However, the implementation of automated feature matching techniques can make the methodology
more efficient. A significant drawback for product registration is that the relative
planarity of the architectural façade or element is required so that occlusions and other
geometrical irregularities will not affect the thermal texturing.
Single TIR-image rectification has proven to be a cost-effective method to create
spatially correct 2D thermal products. It maximizes the potential for radiometric and
spatial measurements, which can be obtained by a single thermal photo after appropriate corrections have been performed. However, it requires calibration of the thermal sensor and, as with product registration, can be used to study only localized phenomena with sufficient spatial resolution.
The application of multi-image 3D reconstruction principles to exploit the geometrical data directly captured with TIR images is a cost-effective approach for rapid 3D
diagnostics, but the
-resolution significantly restricts the resolution
of spatial results. However, hybrid methods involving both RGB and TIR images can
produce extensive and even full-building 3D models in high resolution. This either
involves
in the same photogrammetric dataset to acquire accurate orientation information or image registration for accurate thermal texturing of high-resolution reconstructed 3D products from RGB images
for terrestrial and aerial applications both. The ability of contemporary 3D temperature mapping approaches to produce high-resolution results reveals an excellent potential for holistic multidisciplinary and multi-sensor approaches towards protecting
cultural heritage.
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