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Abstract

:

Many software packages are designed to process 3D geometric data, although very few are designed to deal with 3D thermal models of buildings over time. The software 3D Temporal Thermal Analysis (3D-TTA) has been created in order to visualize, explore and analyze these 3D thermal models. 3D-TTA is composed of three modules. In the first module, the temperature of any part of the building can be explored in a 3D visual framework. The user can also conduct separate analyses of structural elements, such as walls, ceilings and floors. The second module evaluates the thermal evolution of the building over time. A multi-temporal 3D thermal model, composed of a set of thermal models taken at different times, is handled here. The third module incorporates several assessment tools, such as the identification of representative thermal regions on structural elements and the comparison between real and simulated (i.e., obtained from energy simulation tools) thermal models. The potential scope of this software and its applications within the field of energy efficiency are presented in various case studies at the end of the paper.
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1. Introduction


Nowadays, the 3D digitization of indoors/outdoors building is extensively used in the fields of Architecture, Engineering and Construction (AEC). This has led to the development of multiple robotic platforms for the digitization of buildings in recent years [1]. Nevertheless, the point cloud models that are generated are almost exclusively used to evaluate the geometric features of a building [2,3,4,5]. Although the geometric data is of great importance to the assessment of the state of the building and its conservation, other sorts of data and evaluations regarding buildings are also required. Among other applications, this information can be used to detect the thermal features of the building, with which its energy efficiency and zones with special thermal features (e.g., thermal bridges and energy losses) can be assessed [6].



Currently, thermal imaging cameras can be used to perform a thermal assessment of a building, by recording the temperatures of a limited area within their field of view. Thermal imaging camera manufacturers market their own tools for the analysis of these images [7,8,9]. Likewise, 3D laser scanner manufacturers—such as [10,11,12]—also offer their own software tools for point-cloud visualization and evaluation. There are also applications that are not strictly focused on the assessment of buildings (e.g., [13,14]), which are also supplied with a wide range of tools. However, these applications may be of little use to AEC professionals because their functionalities are neither adapted to architectural nor to civil engineering applications. Recently, new tools for the analysis of point clouds in an AEC context have been placed on the market ([15,16,17]), and some of the common software tools used by architects and civil engineers now include new functionalities that handle thermal information [18,19,20].



Due to the interest in obtaining and analyzing the thermal information of buildings in a 3D context, different methods ([21,22,23]), systems ([24,25,26]) and even autonomous thermal scanning robots ([27,28]), which obtain 3D thermal models of buildings, have been developed in the last years.



As discussed above, several tools that are marketed in the field of AEC explore 2D thermal images and process point clouds, but there are no specific tools that deal with 3D thermal models of buildings. The user can import point-cloud coordinates with certain tools, such as [14,15], together with associated values. These values are not the real temperature, but relative measures of the temperature, which are visualized according to a specific color palette.



Recently, new developments have come online that address the evaluation of thermal information inserted in 3D data. Nüchter et al. developed a tool called The 3D Toolkit [29] that provides various 3D thermal point-cloud functionalities. The visualizer can show the reflectance, color or temperature of the point cloud. Thus, the user can choose among different point cloud representations and localize energy leaks. Moghadam et al. presented Spectra [30], which contains a set of tools for multispectral fusion and visualization. Both the thermal and visual spectrum can be simultaneously modeled on a 3D mesh with this software. However, rather than buildings, Spectra is designed for smaller-scale scenarios, such as air-conditioning and compressor units. The visualization options of the tool can highlight regions with extreme temperatures, among other options. In [31], the authors presented a software for the ex situ inspection of building interiors using 3D data, previously acquired with the IMAS (Indoor Multi-sensor Acquisition System) digitalization platform. The scene can be inspected by carrying out an immersive virtual navigation, in which the user can see: the point cloud and the RGB (Red, Green, Blue) images, the thermal images, the luminance, the temperature and the humidity while navigating within IMAS. Natephra et al. [32] proposed a system for the eventual evaluation of the thermal comfort conditions at different locations within the building. The authors used commercial tools (i.e., Rhinoceros [33], together with the plug-in Grasshopper [34]) to visualize the evolution of thermal information over time, in the context of Building Information Modeling (BIM). In [35], a method was presented for the automatic analysis and visualization of the deviations between the energy status of a building and the expected 3D spatial-thermal simulated model. The energetic model of the building was obtained by using a set of thermal images, and the simulated model was calculated by means of a Computation Fluid Dynamics (CFD) analysis. Finally, a 3D virtual environment was used to superimpose both models, highlighting the areas identified as potentially problematic. Table 1 shows a comparison of the aforementioned software tools. The columns of this table refer to: the data sources, dealing with temporal thermal data, 3D thermal data processing algorithms, functionalities in a thermal context, the kind of software (commercial/research) and applications in the AEC thermal context.



In this article, we present 3D-TTA, a tool for the visualization and exploration of 3D thermal models of buildings, which offers a set of functionalities designed to facilitate the assessment of these models. Compared with the above-mentioned tools, we can highlight several major contributions:




	
3D-TTA deals with temporal thermal models in 3D environments, which is totally novel in the state of the art. To date, variable time has neither been introduced into 3D thermal models, nor has it been considered in the analysis phase.



	
3D-TTA includes original 3D thermal data processing algorithms—some based on temporal thermal data—that can efficiently identify and delimit zones with different thermal behaviors over time.



	
3D-TTA can compare real and simulated thermal models of buildings, providing a useful calibration tool for architects and engineers.








This paper will be organized into four sections. In Section 2, the current version of 3D-TTA will be presented; in Section 3, the utility of 3D-TTA will be demonstrated in a case study; and, in Section 4, the conclusions will be set out, together with future improvements.




2. 3D-TTA Software


The main objective of the 3D-TTA tool is to monitor 3D thermal models of building interiors. It provides Architecture, Engineering and Construction professionals with the possibility of visualizing and exploring thermal behavior at different times. It could therefore be a valuable tool with which to detect regions that have special thermal features with a high degree of precision, such as moisture and thermal bridges, and to position them in a 3D model of the building.



The 3D-TTA inputs are 3D thermal point clouds, which are collected by a 3D thermal acquisition system. Figure 1a shows the 3D thermal acquisition system used for this study, comprising a 3D laser scanner Riegl Vz-400, a Nikon D90 RGB camera and a FLIR Ax5 thermal camera [24]. A view of the 3D thermal model of a building obtained from this system is shown in Figure 1b.



3D-TTA is divided into three different modules. The first module deals with the visualization and exploration of the 3D building thermal model, which can later be segmented into the structural elements (SEs) that constitute the building. The outputs of this module are the inputs for the remaining modules. With the second module, the user can analyze the thermal evolution of the building over time, and the third module is used to implement new thermal-data processing algorithms.



Modules 1 and 2 were developed in C++, based on the Qt framework [36], using the PCL [37] and OpenCV [38] libraries, and Module 3 was implemented using Matlab and subsequently integrated into the whole tool. The diagram in Figure 2 illustrates the connection between the three modules. The following sections will provide a more in-depth explanation of each module.



2.1. Module 1: 3D Thermal Exploration


Module 1 comprises several tools with which to explore 3D thermal models of buildings at any one particular time. The exploration ranges from the generation of the building blueprint to the extraction of thermal orthoimages of structural elements. Figure 3 shows a diagram with the different tools and functionalities of Module 1. A brief step-by-step description of the module is presented below.



2.1.1. 3D Exploration: Building Level


3D-TTA imports coarse unorganized 3D thermal data, i.e., point clouds containing 3D coordinates and temperatures. This is a raw text file organized into four columns that is selected at the beginning of the session.



After opening the data file, the total thermal point cloud of the building can be seen as a large unorganized point cloud. Nevertheless, this software has been created to explore different parts of the building in greater detail, which have been organized into rooms and, afterwards, into Structural Elements.



The original 3D point cloud is therefore first processed with the objective of generating a 2D building blueprint. The process consists of extracting, from the initial point cloud, the points contained within a horizontal 40-cm wide slice, positioned midway between the maximum and the minimum Z values. These points are then projected onto the XY plane, thus creating the 2D blueprint of the building. This representation quickly displays a sharply defined overview of the building structure, with no need for the use of building layouts. The user can then move around the blueprint and select the room that is to be explored.




2.1.2. 3D Exploration: Room Level


Virtual navigation is implemented in this part of the module. The observer can move and orientate the camera in order to view the thermal point cloud from all possible perspectives and positions. The user can also orbit the whole scene around a fixed point and zoom into specific regions. The temperature scale and the color palette can be customized in the visualizer. Apart from the visual exploration and qualitative analysis via the use of a color code, the tool also shows the temperature of the regions that are selected by the user, providing mean, maximum and minimum temperatures.




2.1.3. 3D Exploration: Structural Element Level


The point cloud of any one room that is selected can subsequently be segmented into its structural elements (i.e., walls, ceiling and floor). This is an iterative process, in which plane regions are detected by applying the RANSAC algorithm [39]. An array of parameters, such as the distance threshold, the stopping threshold and the number of iterations, can be pre-set. The user can first check the results and then modify the parameters in order to obtain a precise segmentation, as each visualization depends to a great extent on the parameter values. Figure 4 shows a flowchart of the whole process.



Once the room has been segmented, the visualizer can show (or hide), in different colors, the resulting segments of the room. In this way, potential errors can be detected, and, if needed, the user can modify the input parameters and, once again, repeat the segmentation process. The temperature of the structural elements can likewise be separately explored, by using the same local functionalities that are found in Module 1.




2.1.4. 2D Exploration: Structural Element Level


Thermal inspections of buildings are usually carried out with a thermal camera. Since the field of view of these cameras is limited, the operator must take a large number of photos in order to cover the complete scene. The off-site evaluation, registration and segmentation of these large data volumes is a tedious process. Apart from that, it is difficult to know precisely the position of the image within the 3D model of the building. As a solution to this problem, 3D-TTA offers the possibility of extracting a single thermal image (i.e., thermal orthoimage) per each structural element of the building, by taking advantage of the aforementioned segmentation tool.



The generation of the thermal orthoimage of a structural element is illustrated in Figure 5. The first step consists in obtaining a coarse image from the point cloud corresponding to the structural element. Let SE(i) be the i-th structural element of a certain room. The segment of points P3D(i) is first projected onto the plane calculated by RANSAC, in order to generate the corresponding thermal orthoimage, I(i), thus obtaining the set P2D(i). P2D(i) is then discretized in a grid with a resolution of 1cm/pixel, thereby generating the thermal orthoimage, I0(i).



Owing to the limited resolution of the scanner and the potential occlusion on the plane of the structural element (SE), I0(i) might contain gaps and regions without data. It is therefore necessary to implement a hole-filling algorithm that restores I0(i). This is the second step of the process.



As mentioned above, the gaps within the orthoimage can be produced by different factors, such as occlusions, an absence of data, openings on the wall and irregularities in the structural element geometry [40]. In view of the wide diversity of sizes and shapes of these holes, the user selects some filling-process parameters from a menu and then checks the results. The procedure is as follows.



We first generate an initial binary mask, M0(i), of the same size as I0(i), in which a pixel is set to 1 when it contains data and is otherwise 0. M0(i) is modified by applying morphological operations with a kernel whose size is set by the user. This process is repeated until the white pixels of the new versions of M0(i) roughly cover the area of the SE, excluding openings. The user can then manually refine the new version of the mask M0(i) in order to obtain the final mask, M(i).



The initial thermal orthoimage, I0(i), and the mask, M(i), are used in order to generate the filled thermal orthoimage, I(i), by applying the Navier–Stokes algorithm [41].





2.2. Module 2. Temporal Evolution of 3D Thermal Models


The second module focuses on analyzing the thermal evolution of the building over time. The input of this module is the set of thermal orthoimages corresponding to each structural element at different times. Note that the interval of time between orthoimages could either be minutes, hours or days. Figure 6 shows a diagram with different tools and functionalities of Module 2 divided into three blocks: SE Temporal Exploration, Thermal Characterization by regions and Graphic Analysis.



2.2.1. Temporal Exploration of a Structural Element (SE)


Once the segmented models have been uploaded in the tool, the user can conduct an exploration and visual comparison of the thermal evolution over time. This evaluation is carried out by using both the point cloud segments and the SE thermal orthoimages at different times. For each structural element, a list of the different times at which the models were acquired is displayed. The user can then select several points in time from the list, and the corresponding orthoimages will be shown in a multi-window environment. Moreover, a different visualization option is offered to the users, which shows a temporal animation of any specific SE and its thermal variations. An operation that is performed by clicking a slider bar allows the user to visualize a sequence of thermal images at different times.




2.2.2. Thermal Characterization by Regions


In this block, the user can select different regions of a structural element that may be of interest by clicking and dragging on the corresponding orthoimage. The thermal evolution over time is then calculated for each labeled region, evaluating a set of basic statistical indicators, such as the mean, minimum and maximum temperatures. The results of this analysis can be exported to a .csv file. In this way, the evaluation results can be easily compared with local data collected with other sensors or with data that are estimated with energy simulation software.




2.2.3. Graphic Analysis


The previously calculated statistical indicators can be graphically visualized in the third block of this module. It provides thermal comparisons between regions composed of different materials or between different areas belonging to the same SE.





2.3. Module 3. Useful Tools for Thermal Assessment


The third 3D-TTA module comprises two sub-modules that implement innovative research methods for the automatic extraction of useful information from 3D thermal models: Real vs. Simulated Thermal Data, and Automatic Region Segmentation. A diagram illustrating both sub-modules is presented in Figure 7, together with the different inputs and outputs.



2.3.1. Comparing Real and Simulated Thermal Models


The first sub-module addresses the issue of comparing real thermal data (obtained from the first module) and simulated thermal data (usually obtained from Computational Fluid Dynamics tools (CFD)). The comparison is implemented by means of a difference thermal image, which yields a quantitative evaluation of the differences between both datasets.



This sub-module has two inputs. The first input is a thermal orthoimage at any one time, t, of an SE of the building. The second input is obtained from the energy analysis software DesignBuilder. Among its other functionalities, this software conducts energy simulations of buildings by using Energy Plus as a calculation engine. A CFD simulation of the geometric model of the building at the same time, t, generates the second input of the sub-module, eventually obtaining a simulated thermal map of the SE that is selected. The thermal map is a non-uniform grid composed of a set of different sized zones, which is then exported to a .csv file. In the last stage, after a scaling algorithm procedure, the sub-module carries out a comparison between both thermal images.




2.3.2. Segmenting SEs into Smaller Regions through a Temporal Analysis of Thermal Maps


The second sub-module is focused on the automatic segmentation of structural elements into representative regions from a thermal-evolution point of view. The input to this sub-module is the set of thermal orthoimages of a structural element at different times.



The process is divided into two stages. In the first stage, the set of temporal thermal orthoimages is segmented into regions after using three different clustering methods: k-means, Gaussian Mixture Distribution and Hierarchical Clustering algorithms. The structural element is defined as a three-dimensional thermal data structure D (w × h × t) in order to perform the temporal segmentation, where w × h are references to the size of the orthoimage and t is the time. Each algorithm yields a set of segments, each characterized by a temporal temperature-prototype-vector. A consensus algorithm is then conducted. To do so, two distance metrics have been defined between the earlier methods, which evaluate, on one hand, d1, which is the overlap between the segments in the image and, on the other hand, d2, which is the Euclidean distance between the respective prototype thermal vectors. For a specific region, its associated prototype thermal vector stores the average temperature of the region over time. After the consensus, several regions of the structural element are characterized by a consensus temperature-prototype-vector.



A flowchart illustrating the whole process is presented in Figure 8. More information on this algorithm can also be found in [42].






3. Case Studies


In this section, representative case studies of the application of the 3D-TTA software are presented. Two 3D thermal models of two different scenarios are presented in this section. The first 3D thermal model is composed of 16 rooms and 122 million points. The model was obtained after digitizing a part of the Building Science Institute at the University of Castilla-La Mancha (UCLM) in Spain. Figure 9a shows the blueprint of the part of the building that is digitized and some pictures of different rooms. The second 3D thermal model corresponds to the 3D Visual Computing & Robotics Lab (UCLM), composed of one room and 2.5 million of points (see Figure 9b).



In order to analyze the thermal evolution over time of a particular wall, a scanning session was conducted in both scenarios. To do this, the scanner was placed in a fixed position, and the wall was digitalized over a period of 24 h, with a time-lapse of 30 min. Thus, a total of 48 3D thermal models of the wall was obtained.



3.1. Module 1. Results


After importing the 3D thermal model of the building in Module 1 of 3D-TTA, a coarse 2D blueprint of the building is generated, as illustrated in Figure 10a.



Figure 10b illustrates the “Room Exploration” mode. The viewer displays a 3D view of room #13 from scenario 1, previously selected from the blueprint. As can be seen, the warm and the cold areas are clearly distinguished in the thermal point cloud. Moreover, the options to customize the scale and the color palette make it easier to visualize thermal variations in the model.



Figure 11a shows the different colored segments that correspond to the structural elements of the room, whereas Figure 11b presents a view of the multi-window mode. In this visualization mode, each window contains the thermal point cloud of a selected structural element.



Figure 12 presents two orthoimages corresponding to the point clouds shown in Figure 11b. Note that the orthoimage on the left has yet to be filled, whereas the orthoimage on the right was filled using the hole-filling algorithm, described in Section 2.1. It is clear that the visualization of the last image is greatly enhanced after applying the hole-filling algorithm. The user can then select different regions of the orthoimage and obtain the corresponding mean, maximum and minimum temperatures. As was mentioned in Section 2.2, these images can be exported to several formats (TXT, PNG, XML).




3.2. Module 2. Results


The thermal evolution of a wall from Scenario 2 (see Figure 13a) is shown in this module. To do so, a set of 48 3D thermal models from Scenario 2 was obtained over a 24-hour time-period, with a time lapse of 30-minutes. With this dataset, the user can perform an analysis of the thermal evolution of the room over time. The data input for Module 2 is obtained by segmenting each of the 48 room models into their respective structural segments by using Module 1. Figure 13b shows a visual comparison in a multi-window environment of the temperature of the chosen wall at different times.



The thermal characterization per region is carried out by selecting several regions of interest (Figure 14a). For each Region of Interest (RoI), some basic statistical indicators (mean, maximum and minimum temperature) are then computed, which may also be graphically analyzed, as shown in Figure 14b.




3.3. Module 3.1. Results


A set of orthoimages of a wall from Scenario 1 was generated, to compare the real thermal model with the simulated thermal model. Both walls were digitized with our 3D thermal scanning system during 24 h, at 30-min intervals.



As explained in Section 2.3, the first sub-module (i.e., 3D-TTA Module 3_1) is employed to perform a comparison between the real data, obtained in our 3D thermal scanning system, and the simulated data, obtained from the energy simulation software DesignBuilder. Figure 15 shows a flowchart of this process.



In this case study, we chose the thermal orthoimage at 2 pm of a wall from Scenario 1. Figure 16b shows the user interface of this sub-module. The outputs of this comparison were two difference thermal-images of different resolutions (pixel/cm2). One of them was adapted to the original resolution of the thermal orthoimage (Figure 16b, left), and the other was adapted to the resolution of DesignBuilder (Figure 16b, right).



After observing the results, it can be stated that the differences are below 1 degree Celsius in the wall area (in blue). It can also be seen that the temperature difference is slightly greater around the lower part and sides of the wall than elsewhere. With regard to the window frame area (aluminum carpentry), the temperature differences were between 1.5 and 3 degrees Celsius, differences that increase whenever the point was closer to the center.




3.4. Module 3.2. Results


With regard to the second sub-module, we present the segmentation results for two structural elements of Scenario 2. We first obtained 48 thermal orthoimages of the walls at different times and intervals, and the algorithm then yielded the regions together with their temporal evolution over time. Figure 17 and Figure 18 show the results of this sub-module. In both scenes, the wall has been segmented into four regions. The test walls and the visualization of the segmented regions in different colors are presented in Figure 17a and Figure 18a. The black color signifies no data. Figure 17b and Figure 18b show the prototype vectors of the segmented regions.



In the first case, the cyan segment is the warmest part of the wall, where the temperature decrease is slower than in the other regions. Curiously enough, the red region covers a vertical zone between the windows, which might suggest that part of the wall was constructed from a different material. The upper horizontal part in red corresponds to the roll-up blinds, which are raised. The blue and green regions are clearly located within the window frames. As expected, the temperature of the (aluminum) window follows, with a degree of thermal inertia, the outdoor temperature and decreases faster than the other segments. The difference between the blue and the red zones is probably explained by a higher or lower thermal loss, depending on whether the locking mechanisms are within the segment and on the enclosure of the window.



In the second case, a large (green) region covers most of the wall, which signifies a uniform temperature explained by the thermal inertia of the wall. The left, right and lower borderlines of the wall are clearly the coolest zones with the highest thermal inertia. Finally, the blue spot corresponds to an alarm light, the warmest segment point in the image.





4. Conclusions and Future Developments


Many of the 3D-data acquisition devices in use today are used to generate geometric models of buildings and facilities, which is very useful in the field of AEC. Additionally, a large number of related software tools, with a broad range of geometric functionalities, have been developed. Nevertheless, until now, there have been no specific applications focusing on the exploration of 3D thermal models of buildings and their analysis.



The effective export of new technologies and formats for the analysis of the thermal efficiency of buildings can be the next goal for this kind of software. The analysis can go from a study with local and static data in walls to a methodology based on the exploration and identification of problems in three-dimensional thermal models. Additionally, the data processing of 3D thermal models of entire buildings can have an appreciable impact on the world of engineering/architecture.



In this paper, the first steps have been taken in the exploitation of these technologies for the study of energy efficiency. 3D-TTA has been presented as a tool that visualizes, explores and processes 3D thermal models of buildings. Among its functionalities, 3D-TTA can be used for: the visual detection of regions with special thermal features (e.g., thermal bridges and moistures) in a 3D framework; the generation of thermal images of structural elements; the visualization of the evolution of the temperature on different structural elements and surfaces over time; and the automatic segmentation of structural elements by their thermal behavior. Moreover, the tool includes an additional module for comparisons between simulated and real thermal data.



3D-TTA is a first version that will be improved and extended to other functionalities in future versions. A great challenge consists in translating the 3D thermal model, as well as the results obtained from the different steps in the thermal analysis process, to the BIM world. This entails adapting the 3D-TTA outputs so as to introduce them into gbxml and IDF file formats. More effective algorithms that process 3D thermal point clouds must be introduced. For example, the automatic detection of thermal failures at higher levels than those used in the current 3D-TTA version (e.g., SE level) would be a very useful attribute in thermal imaging software, offering a global characterization of the building with the option of thermal evaluations of a single room, a set of rooms or a complete floor.
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Figure 1. (a) 3D thermal acquisition system composed of a 3D scanner, an RGB camera and a thermal camera. (b) Example of thermal point cloud of a building. 
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Figure 2. Main modules of 3D-TTA. 
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Figure 3. Diagram of the tools and functionalities of Module 1. 
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Figure 4. Steps of the 3D segmentation process. A point cloud of the room is split into different point clouds, each representing a structural element. 
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Figure 5. Flowchart showing the generation of the thermal orthoimages of the structural elements. (Up) Generating the coarse orthoimage I0(i); (Down) Image filling algorithm. 
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Figure 6. Diagram of tools and functionalities of Module 2. Note: (RoI=Region of Interest). 






Figure 6. Diagram of tools and functionalities of Module 2. Note: (RoI=Region of Interest).



[image: Remotesensing 12 02250 g006]







[image: Remotesensing 12 02250 g007 550] 





Figure 7. Diagram of the tools and functionalities of Module 3. 
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Figure 8. Flowchart of the automatic region segmentation through a temporal analysis of the thermal maps. 
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Figure 9. (a) First scenario. Blueprint and pictures of some rooms. (b) Second scenario. 
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Figure 10. 3D-TTA Module 1. (a) 2D building blueprint of scenario 1. (b) Room exploration mode. 
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Figure 11. 3D-TTA Module 1: (a) Room segmented into structural elements in different colors. (b) Multi-window mode showing the 4-th SE of room #3 and 4-th SE of room #0 (Scenario 1). 
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Figure 12. 3D-TTA Module 1: Visualization of two SE orthoimages of the 4-th SE of room #3 and 4-th SE of room #0 (Scenario 1). Note that the filling-hole process has not been applied to the first image. 
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Figure 13. (a) Wall used to illustrate the thermal evolution of the Module 2 results. (b) Thermal orthoimages for different times. 
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Figure 14. 3D-TTA Module 2: (a) Example of the selection and labeling of three regions. (b) Graphics of the temperature evolution over time and basic statistical indicators for each region. 






Figure 14. 3D-TTA Module 2: (a) Example of the selection and labeling of three regions. (b) Graphics of the temperature evolution over time and basic statistical indicators for each region.



[image: Remotesensing 12 02250 g014a][image: Remotesensing 12 02250 g014b]







[image: Remotesensing 12 02250 g015 550] 





Figure 15. Flowchart of the thermography-simulation comparison process. 
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Figure 16. 3D-TTA Module 3_1: (a) Wall used to illustrate the results of Module 3.1. (b) User interface showing the difference thermal-images with different resolutions: original resolution of the thermal orthoimage (left) and resolution of DesignBuilder (right). 
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Figure 17. 3D-TTA Module 3.2: Segmentation into regions through a temporal analysis of thermal maps. (a) The test wall and the visualization of the segmented regions in different colors. (b) Corresponding prototype vectors are in the same colors. 
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Figure 18. 3D-TTA Module 3.2: Segmentation into regions through a temporal analysis of thermal maps. (a) The test wall and visualization of the segmented regions in different colors. (b) Corresponding prototype vectors are in the same colors. 
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Table 1. Software technologies for 3D point clouds and 3D thermal data. (Abbreviations. 3D-T = 3D thermal data, 2D-T = 2D thermal data, C = Commercial, R = Research).
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	Software
	Data

Sources
	Dealing with Temporal Thermal Models
	3D Thermal Data Processing Algorithms
	Functionalities in a Thermal Context
	Type

C/R
	AEC-T Context





	[10,11,12]
	3D data
	-
	-
	-
	C
	-



	[13]
	3D data
	-
	-
	-
	C
	-



	[14]
	3D data
	-
	-
	-
	C
	-



	[15,16,17]
	3D data
	-
	-
	-
	C
	X



	[18,19,20]
	3D-T
	-
	-
	Visualization, Inspection
	C
	X



	[29]
	3D-T
	-
	-
	Visualization
	R
	X



	[30]
	3D-T
	-
	-
	Multispectral fusion and visualization
	R
	-



	[31]
	3D-T
	-
	-
	Ex situ inspection
	R
	X



	[32]
	2D-T
	X
	-
	Visualization, Inspection,

Thermal comfort
	R
	X



	[35]
	2D-T
	-
	-
	Comparison of real and simulated thermal models
	R
	X



	3D-TTA
	3D-T
	X
	Data segmentation

Detection of thermal zones

Evolution of the temperature
	Comparison of real and simulated thermal models of structural elements
	R
	X
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