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Abstract

:

Heritage façades are relevant to the historical preservation and identity of a city. Their deterioration can cause the devaluation of the urban environment, together with accidents caused by possible detachment of their different elements; therefore, maintaining them is crucial. It is important to have early warning systems in place, systems which would indicate potential damage and deterioration of such façades, which can be caused by factors such as humidity, earthquakes, the passage of time, or even people. This is often done through visual inspection; however, visual inspection is often affected by external factors, such as the financing of the on-site inspection and the availability of experts. Unmanned aircraft vehicles (UAVs) are a practical and economical tool that has facilitated and improved imaging by regulating parameters such as camera angle, capture distance and image overlap, thus allowing improvements in photogrammetry techniques for virtual reconstruction processes. Although the implementation of this technology has been studied in recent years, research has focused primarily on horizontal structures, such as roads. In the case of vertical structures, flight parameters are traditionally defined by trial and error, without any methodological procedure. Therefore, this paper proposes a methodology to calibrate UAV flight parameters to build a photogrammetric 3D model of a vertical structure. This proposal is based on the development of a series of experiments configured through Taguchi orthogonal arrays, which is a method that significantly reduces the number of experiments required. This methodology is applied to a case study of a façade with architectural heritage features. The results obtained offer a flight plan and the optimal parameters to achieve efficiency in the capture of images in an inspection of heritage façades, thus achieving the optimisation of resources and time.
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1. Introduction


Heritage façades form the visible image of a city, representing its culture and history through shapes, materials and architectural designs [1]. The façades deteriorate in different ways due to natural effects or human intervention [2]. Although maintenance is generally focused on structural and aesthetic improvement, it also seeks to protect the safety of the people who regularly pass through the site and avoid potential accidents due to the detachment of elements or damage through prolonged use [3].



Traditionally, the inspection of heritage façades is carried out through an on-site survey of the structure, during which trained personnel identify and analyse the level of deterioration of the façade and develop an action plan [2]. Consequently, new technologies have been implemented to facilitate more efficient inspection of structural damage. The use of unmanned aircraft vehicles (UAV) equipped with high-resolution cameras has become relevant due to their ability to capture images in places that may be difficult to access, in addition to their efficiency and the low associated cost [4]. The data acquired through these systems can then be used to build virtual models through photogrammetry techniques [5]. These techniques allow 3D models to be reconstructed from a series of photographs of the site of interest [6]. This process involves the use of certain parameters, the values of which are traditionally determined by trial and error or based on the pilots’ experience [7]. Without knowledge of the optimal parameters to be used for data collection and without a defined methodology to perform the virtual reconstruction correctly, identifying a combination of parameters that provides the desired accuracy may prove to be significantly time consuming [8].



Different authors have studied various combinations of optimal parameters for recording horizontal structures, such as roads or large extensions of land, and proposed methodologies for the optimal execution of flights [4]. However, no studies have been found in the present review that consider vertical structures, due to which there is great scope for improvement in activities such as façade inspections. Therefore, this research seeks to calibrate the flight parameters of a UAV for image-capture to build a high-precision virtual model of a heritage façade using photogrammetry techniques. The use of specific parameters is formalized through a methodology and includes the following: (a) camera angle, (b) flight distance, (c) horizontal and vertical overlap of the sequence of captured images, and (d) ground control points (GCPs). Based on Taguchi’s orthogonal arrays, a methodology is proposed to identify a reduced number of experiments and obtain the optimal values of the flight parameters of a UAV for the accurate recording of a heritage façade. This proposed methodology is evaluated through the study of a façade with architectural characteristics, which is then reconstructed using 3D virtual models that are generated from the photographic sets acquired in the field by the UAV tool.




2. Materials and Methods


The design science research methodology (DSRM) was used, which allows the organisation of the designing process by clearly indicating its justification and the development and testing phases. As shown in Figure 1, five stages were considered: (1) problem identification and approach; (2) objective definition of a potential solution; (3) design and development; (4) implementation and demonstration; and (5) evaluation.



In the first stage, a literature review was conducted by collecting relevant articles from the Web of Science and Scopus databases. To do this, the following keywords were used: UAV, vertical flight parameter, 3D modelling, façade inspection and heritage maintenance. The final analysis included those articles that used different methodologies for façade inspection and maintenance, particularly those that applied the UAV tool. In addition, articles that discussed flight parameters and specifications were highlighted. Consequently, a total of 30 articles were obtained after prioritizing both articles from the most prestigious journals and research carried out during the last 20 years.



In the second stage, the objective of a potential solution was defined. This objective was based on a proposed methodology that optimises the UAV flight parameters for the capture of images of vertical structures, with the goal of obtaining a realistic virtual model that can aid in the visual inspection and subsequent maintenance of a heritage façade.



In the third stage, the conceptual design of the proposed methodology was established in the form of a workflow. Based on the background information collected in the literature review (focusing on cases involving the application and analysis of inspection of monuments and heritage façades), the flight parameters influencing the acquisition of photographic records of façades and the trends of the values used in the existing research were obtained. Subsequently, the parameters and values used in each case were analysed, using the values from the literature as reference values for the optimal parameter combinations. Since there are a large number of possible combinations, the sample group was delimited through Taguchi’s orthogonal arrangement. This method seeks to minimise the variability transmitted by the factors through the appropriate selection of control factor levels, ensuring that the mean of the response reaches an objective value. With the defined parameters, recommendations for image capture and processing were proposed.



In the fourth stage, the proposed methodology was applied to a case study. Photographic records were acquired using a UAV with the parameters of each combination obtained through Taguchi arrays and processed with photogrammetry software. The result of each combination of parameters was reflected in the generated 3D models. With this information, the geometric characteristics of the façade, its condition, and the different types of deterioration were obtained. The conclusions obtained at this stage were translated into practical recommendations for the solution. Finally, in the fifth stage, the results obtained for each combination of parameters were analysed through the study of geometric measurements, in which the accuracy of such measurements was evaluated in comparison with the real structure. Finally, the optimal UAV flight parameters for the recording of façades were identified depending on the specific architectural details.




3. Background


3.1. Heritage Façades


The term façade means “face of a building”, which reveals the purpose and value of the structure [9]. The façades of buildings that have cultural significance, together with their physical characteristics, represent the architectural impact of their historical and spatial context [1]. The façades of heritage buildings are characterised by their shape, architectural style, dimensions, columns, size, age, material, colour and ornamentation [2,9]. Askari and Dola [10] discuss the main elements of heritage façades, which include arches, pillars, columns, details, and ornaments. The cleaning and maintenance of these elements are relevant to the improvement and preservation of the historic image of the structure. Further, the elements that are considered during the inspection of a heritage façade primarily include beams, walls, sculptures, cornices, and balconies, which may suffer detachments due to possible deterioration due to the passage of time and cause an accident. These elements are important due to their aesthetic value and their contribution to the identity of the city in which they are located, which is why their maintenance is becoming increasingly relevant [10].




3.2. Façade Maintenance


For the correct conservation of a façade, periodic maintenance must be performed to delay or avoid damage; it involves maintaining such a structure in its current state and delaying deterioration without producing a functional change. For the correction of façade deterioration, it is necessary to analyse the causes of the damage and consider potential treatments to avoid collapse and detachment of the material [11]. Although frequent inspections are performed in well-known tourist cities to ensure adequate maintenance of structures, this is not a reality in other cities due to the high cost of labour and the amount of time invested [12].



Currently, the idea of “sustainability” is becoming increasingly relevant due to the global climatic and environmental situation. Therefore, it is important to conserve building façades with the objective of prolonging their lives and preserving their value through constant maintenance. A proper diagnosis of the structure and the façade through a visual inspection can result in efficient planning in the maintenance process which, in turn, contributes to the culture and heritage of the city while ensuring the safety of its people [13].



Generally, the traditional inspection process starts with a visual inspection in situ, from which information is obtained on the deterioration of the building. This is complemented by subsequent analysis, after which the necessary structural and aesthetic reforms are made to the infrastructure [2,9]. During the inspection of heritage façades, the different types of damage or deterioration that affect the structure are recorded. The condition of each face of the building is verified, first focusing on the deterioration that directly affects the structural stability and then reviewing those that affect the aesthetics; a great amount of information is recorded in the process [14].



The traditional procedure provides the necessary information to develop a maintenance plan for structures; however, it presents opportunities for improvement in its execution due to the low frequency of field visits by the work team. This is because of the high cost of labour, access difficulties to the facilities, and the amount of time spent on each on-site inspection. In addition, although the data collection process is carried out by trained inspectors, a subjectivity factor exists in the data that may influence future maintenance procedures [15]. Moreover, certain structures are difficult to access to carry out a complete visual inspection due to their physical characteristics or location, which is a limitation of the process [16].




3.3. Emerging Technologies for Façade Inspection


Due to the existing challenges of the façade inspection procedure, new technologies and methods are being proposed to streamline the processes involved. These technologies focus on obtaining the relevant information to build a visual record through 3D modelling [5]. Currently, two technological tools are used for the modelling and inspection of heritage façades, namely, laser scanners and UAVs.



At present, the laser scanner is among the main technological tools used. This is a topographic instrument with a wide geospatial range that allows the user to collect a dense cloud of points to perform a 3D survey of the real infrastructure and make measurements or physical observations directly [17]. This method is based on two principles: time-of-flight and phase shift. Time-of-flight sensors estimate the distance between the target and the centre of the instrument by measuring the elapsed time between the emitted and reflected signal, while phase-shift sensors are based on measuring the angular displacement between the emitted and reflected signal [7]. The results provided by this tool are highly accurate due to the large number of points that it can collect. In addition, the data collection process is simple and efficient since this is a fast and competent tool [16]. Through the application and continuous study of the laser scanner, higher efficiency is achieved in terms of speed of point acquisition, portability, the feasibility of use and subsequent modelling [18].



This tool has been widely used for the reconstruction of heritage infrastructures. Quagliarini et al. [19] proposed a low-cost and safe methodology for model reconstruction using 3D laser scanning focused on monitoring old buildings in case of emergencies and natural disasters. Andriasyan et al. [20] observed that the accuracy of the 3D model built by using a laser scanner is directly proportional to the number of points in the cloud obtained, i.e., the greater the number of points in the cloud, the better the different pathologies of the structure are recognised. In addition, Al Khalil [21] compared a virtual model built with a simple digital camera and one built with a laser scanner and concluded that low-cost photogrammetry is an accurate methodology for the 3D virtual modelling of historic monuments.



The use of laser scanners a decade ago was accompanied by several limitations. These included the visualisation and management of a large number of points and an inefficient post-processing technique for developing a manageable and useful 3D model, which was very time consuming. However, this limitation has been addressed over time due to the improvements in the performance of hardware and software, which can easily perform the analysis in a short time [18]. Second, in terms of terrain, the laser scanner is restricted to the position of a ground viewpoint; this can be partially addressed by using a telescopic rod, but this is not sufficient for large structures [16]. Finally, although the associated cost has been decreasing over time, it is still relatively high [21].



In contrast, UAVs incorporate a high-quality image capture system that generates high-resolution photographs, allowing the user to obtain the necessary images to perform an accurate survey of a structure [22]. Such photographic records have acquired great importance in maintenance activities and are used in civil applications due to their low cost and practicality [4]. Phung [23] proposed a UAV flight path that ensures complete data collection based on the field of view of the integrated camera. Jung [24] proposed a new methodology that allows the planning of an efficient and practical UAV flight path focused on obtaining the maximum possible 3D coverage of high-altitude structures. Freimuth [25] developed an application that allows the user to plan safe UAV flight paths for inspection in a 3D environment based on the results of building information modelling (BIM).



UAVs have been widely used for the modelling and reconstruction of monuments and heritage infrastructures. Manajitprasert et al. [26] proposed an efficient and semi-automatic methodology to perform virtual modelling using UAVs. A comparison of the model built with UAV data with the model obtained through a laser scanner revealed that the former has high accuracy and is an active and economical tool for heritage inspection. Moreover, Russo et al. [16] performed a short-range UAV-based photogrammetric survey of a historic medieval house and demonstrated that this method can be used to obtain an orthoimage with a quality suitable for detailed degradation mapping of the façade. However, the point cloud constructed with this method was of lower quality than the one constructed with a laser scanner.



In the field of civil engineering, UAVs are becoming increasingly involved in the industry, facilitating activities such as inspection, registration and coordination of projects related to construction, and generating 3D models that facilitate the visualisation of the element under study [27]. The generated model provides a real overview of the infrastructure, which helps in the inspection, primarily of the façade, and successfully detecting both structural and aesthetic deterioration. Further, this tool is frequently used due to its low cost in the market. Currently, image processing software that are capable of automating the digitization of the information obtained contribute to making the process much more efficient.



Therefore, although the laser scanner is a useful and practical instrument for the recording and subsequent modelling of heritage façades, the high economic value involved in its acquisition and implementation means that it is generally disfavoured for this purpose. In contrast, obtaining photographs through UAVs is more cost-efficient and, therefore, more widely used. Although it has disadvantages, such as the inaccuracy of small geometric details at large distances, these can be addressed by using the appropriate parameters, depending on the specific application.





4. Calibration of UAV Flight Parameters for the Modelling of Heritage Façades


4.1. UAV Flight Parameters


Short-range photogrammetry allows the reconstruction of surfaces, which results in greater precision in its application in industrial inspections due to advances in camera calibration [28]. To find an adequate ratio between image quality and efficiency, the UAV operator has a set of flight parameters to adjust, which include distance, capture angle, flight speed, and overlap between captured photographs, among other technical parameters of the sensor, such as International Organisation of Standardisation (ISO) values, shutter speed and shutter aperture [7]. It is important to note that the combination of well-calibrated parameters and the route planning method, which calculates the shortest routes, maximises the likelihood of a safe flight [25]. In the case of façade inspection, specifically for heritage sites, images are obtained considering four flight parameters, namely, overlap, distance to the object, camera angle, and control points (Table 1).



One aspect to note is that the parameters of the experiment (in this case, the considered parameters of Overlap, Distance to object, Camera angle, and Control points (GCPs)) are intrinsically dependent on the specific methods used for the individual components of the overall system, e.g., flight path planning (by the drone used) or image processing (by the photogrammetry software). In other words, the determination of the optimal parameters obtained from the results of the reconstructed models will be subject to the “correct calibration” of these different aspects. Several authors have studied the reconstruction of 3D models from point clouds obtained with drones, and in doing so, they have analysed the flight parameters to achieve optimal reconstructions [7,28]. Although the associated parameters can have an influence, they are also associated with the uncertainties inherent to the flight (practical handling by the user) and the characteristics of the algorithms of the photogrammetric reconstruction software. Although they seem very relevant, the studies (including this one) have discarded these other aspects since their influence is minor, especially considering the practical purposes of the research and the possibilities of users to influence more optimal flights and reconstructions [7,25,34].




4.2. Related Research


In the existing literature, the inspection and digital modelling of façades with UAVs have been extensively investigated, often with favourable results based on technological progress. Tan et al. [35] proposed a building inspection methodology (flat surfaces) based on the automation and definition of flight parameters of a UAV and the use of BIM methodology. This methodology was validated through modelling with a UAV DJI Phantom 4 (P4) RTK in the laboratory of the Faculty of Physics and Optoelectronic Engineering at the University of Shen Zhen [35]. Here, the collection of inspection data of structures was automated to avoid the need to manually adjust the camera during flight, which allows the inspections to be performed more efficiently.



Complementing the photogrammetry study based on images captured from a drone, several authors have proposed a zigzag path for the drone to allow for a better inspection of the façade due to the greater surface coverage it offers. Rakha and Gorodetsky [29] applied flight planning techniques and procedures for a UAV inspection of the Syracuse University campus in the United States, based on which they concluded that the increased accessibility to tight locations, safety and efficiency provide the possibility to improve and accelerate inspections. A complete record of the condition of the structure was obtained through photogrammetry and thermography. Michele Russo et al. [16] proposed a methodology focused on the modelling of buildings in difficult urban contexts. For validation, points were measured using a laser scanner for comparison. A building located in the historic centre of Bologna, Italy was modelled using a DJI Spark UAV with an integrated camera. The result was an orthophoto of the façade that was of adequate quality for the required inspections; however, although the point cloud obtained by the UAV tool was not of high quality when compared to that obtained by the laser scanner, this does not detract from its usefulness in a façade inspection.



Technological progress has provided more efficient tools and procedures for obtaining the digital model of façades, due to which the use of UAVs has become more specialised through different studies and proposals for flight parameters. Table 2 shows the parameters used in various reviewed articles.




4.3. Taguchi Orthogonal Arrays


Taguchi’s orthogonal arrays are part of a method that, through statistical studies, aims to identify and evaluate the most influential variables within a study so that the process is more efficient and stable [38,39]. Taguchi developed a series of special orthogonal matrices and, to analyse the results, introduced the use of the signal-to-noise ratio to ensure a design immune to the influence of independent factors. Consequently, he demonstrated that if the experimental runs are properly chosen, there is no need to run full factorial experiments [40]. This method reduces the number of possible study scenarios by allowing the results to be obtained through fewer experimental runs than other techniques. The orthogonal matrices show the factor levels that should be selected to minimise the number of runs required. Depending on the experiment and the associated factors and levels, one of these arrays can be used in order to minimise the combinations and make the analysis more efficient [8].



Table 3 presents an example of a Taguchi L9 orthogonal array table that considers four factors (applicable to the four flight parameters) and three levels, showing nine statistically essential combinations instead of the 81 possible combinations that could be formed.





5. Proposed Methodology for UAV Flight Parameter Calibration


Based on the recommendations provided by Plaza et al. [34], who proposed a methodology for obtaining the parameters of a UAV to measure potholes in road structures, we propose an adapted methodology that focuses on vertical structures (See Figure 2). Although the proposed methodology maintains the basis of the original scheme, specific aspects have been modified. An adapted method is required due to the particular characteristics of vertical structures compared to horizontal ones. For the latter, drones have developed more tools in flight automation, routes, and the devices’ capabilities, as this is their natural form of use. However, to adapt and replicate the flight functions for the photogrammetric reconstruction of 3D models of vertical structures, other aspects become relevant. Thus, and aligned with the objective of photogrammetric reconstruction of heritage structures, as compared to horizontal structures, this new proposal considers:




	
The possible sources of interference in the structure’s surroundings could interfere with the flight path of the UAV. Unlike horizontal flights (where the flight heights are defined above the highest infrastructures, globally or by zoning), in vertical flights, there could be problems with trees, urban infrastructure elements such as lighting, signage, or cranes, for instance, or the dynamics of the city (e.g., passage of people and vehicles).



	
Importance of horizontal and vertical overlap because we add the vertical planes to the reconstruction, for which equal or greater precision is required. Thus, the vertical overlap could be even more important.



	
For the acquisition of vertical images, it is impossible to program automatic flights, as, to date, this modality can only be used for recording horizontal structures. Therefore, for these cases, the flight has to be performed manually.








5.1. Definition of Flight Plan


The flight path is defined considering the optimal use of the UAV batteries to cover a greater area in a short time. Since the battery life is a constraint, it is important to highlight that it does not affect the process of determining the optimal parameters. However, the spatial context of the building can be an impediment to obtaining the necessary images. To avoid this, the environment of the structure must first be observed and objects that may interfere with the flight path must be identified. The horizontal and vertical overlap of the experiments affects the defined path. Therefore, a general flight path was defined, one which covers the entire structure and ensures the acquisition of images along the entire flight path. Figure 3 is a graphic representation of the route and general parameters for capturing images of a façade (rhombuses). The horizontal capture distance is defined by the parameter “d” and the vertical capture distance by the parameter “h”. These two parameters depend on the overlap defined in each experiment; therefore, they are assigned a different value in each case. The value of “ho” is 1 m, which is the minimum height defined in the experiments due to the requirements of the UAV sensor. The images were captured at distances of 5 m, 10 m and 15 m from the façade surface to the UAV sensor.




5.2. Image Acquisition


For the successful acquisition of images, the environmental characteristics of the area over which the flight will take place must be considered. Humidity, wind, and rain are factors that may hinder the movement of the UAV or even cause the suspension of flights in order to avoid the potential failure of the tool. If the weather conditions are favourable, it is possible to proceed with the take-off and pilot the UAV while maintaining complete control over it, which translates into high efficiency in capturing the desired images. The location of the images is an important factor in the next stage of the procedure, due to which the localization system to be used must be defined in the acquisition stage. The location system can be defined either by means of the Global Positioning System (GPS) incorporated in the UAV tool and a stable connection to the network, or through GCPs. In the latter case, it must be ensured that the coordinates of the chosen objects are in a known reference system. The UAV can be controlled either manually or automatically; however, as this study focuses on a vertical target, it can only be controlled manually because no automatic control system has yet been created for this purpose. Therefore, to control the UAV in such a scenario and achieve the required overlap in each study plan, the vertical and horizontal displacement distances must be calculated in advance. The height is displayed on the UAV control screen and the horizontal distance must be measured using external tools.




5.3. Image Processing


Once the required set of images has been obtained, they must be processed. Different photogrammetric techniques are used for image processing, with the traditional procedure consisting of three stages. In the first stage, the scale invariant feature transform (SIFT) algorithm is used, which identifies characteristic points of the structure in the images, independent of factors such as orientation and illumination. In the second stage, the structure from motion (SfM) algorithm is used, which is based on artificial intelligence algorithms that link the images together based on the positioning coordinates. If control points are to be used, they must be entered at this stage. Because control points help to improve georeferencing, their coordinates must be known and entered manually. Finally, the third stage involves the multi-view stereo (MVS) algorithm, which densifies the point cloud and increases the resolution of the model.




5.4. Flight Parameter Calibration


The accuracy and quality of each aero-photogrammetric model are verified by comparing the real geometric measurements of the structure with those obtained virtually, through the calculation of relative error. By obtaining the error percentage for each combination of parameters, the error obtained per level of each variable is analysed, thus enabling the user to identify the levels that offer minimum error in the virtual model.



Further, the Taguchi analysis of the mean is applied, where the combinations of parameters are analysed with the corresponding error using the Minitab software. If the objective function maximises the results, the highest coefficient among the levels presented in the table for each of the parameters must be chosen; if the objective function minimises the results, the lowest coefficient among the levels for each parameter is chosen [41]. Finally, to calibrate the accuracy of the constructed virtual models, control point accuracy analysis is performed where the root mean square error (RMSE) is calculated for each coordinate of each model that was constructed using control points.





6. Case Study


For the application of the methodology proposed in the previous section, images of the selected façade were obtained using a DJI Air 2S UAV. The technical characteristics of the UAV are shown in Table 4. The images were captured using combinations of four parameters, namely, horizontal/vertical overlap, flight distance, camera angle and GCPs. The Taguchi L9 matrix shown in Table 3 was used to design the experiments performed in the study, which provided combinations of different levels for the flight parameters. To determine the accuracy of each model, the real measurements were compared with those obtained in each experiment.



6.1. Location and Description of the Façade


The experiments were carried out in the city of Valparaíso, Chile. The sector stands out for being a university neighbourhood, due to which the vehicular and pedestrian traffic is relatively high, as shown in Figure 4. The images were captured between 11 a.m. and 2 p.m. on sunny days and between 9 a.m. and 4 p.m. on cloudy days. This time range was chosen to avoid shadows in the images due to the position of the sun and the decrease in pedestrian traffic that occurs at that time. The structure used for the case study is the building of the School of Electrical Engineering of the Pontificia Universidad Católica de Valparaíso (PUCV), located at Avenida Brasil N°2147 (33°02′40.0″ S 71°36′48.2″ W). The building was selected for analysis due to its architectural characteristics and the high level of detail in its façade, which allowed a representative study of a heritage structure.



Twenty-eight reference points were identified as GCPs using a Spectra Precision total station, Focus 2 series, which were subsequently used in the developed models. These points were distributed along the façade and covered a large part of it, as shown in Figure 5. Red points in Figure 5 correspond to the GCPs used for a 28 GCP experiment and green points for 15 GCPs experiment, as will be detailed in Tables 6 and 7 further on.




6.2. Sectors of Model Quality Evaluation


The study was based on nine sets of measurements, the majority of which included the height, width and depth of relevant elements of the building façade to be compared with the measurements obtained by each of the nine models that were constructed virtually. Figure 6 shows the measurement sets together with the elements that compose them. Because the windows belonging to sets 1, 2, 3, 7, 8 and 9 had no depth, only their height and width were measured. Set 8 covered the entrance to the building; its depth was measured on both the left and right sides due to the large size of the structural frame. Table 5 below shows the actual measurements taken in the field.




6.3. Flight Parameters Selected for the Study and Their Values


To obtain the most accurate virtual model of the real façade, the following factors were considered: camera angle, horizontal/vertical overlap, GCPs and distance from the façade to the UAV. Three levels were agreed upon for each of the parameters, which are shown in Table 6. The flight distance was defined according to the literature and the availability of space. The combination of angles has not been deeply developed in the literature; therefore, two combinations of angles for two levels and a 0° angle for one level were chosen to test recommendations. These combinations of angles consist of the recording of images taken at an angle of 0° and those taken at a different angle that was previously defined. These shots were taken by moving the camera angle vertically and horizontally so that the models with angle combinations were constructed with four complete shots of the structure (angled in the left, right, downward and 0° directions).



The number of GCPs at each level was established to determine the influence of the control points in the study. Therefore, while one level had no control points, another level has a significant number of control points. Table 6 shows the parameters and levels with their corresponding assigned values. Table 7 shows the orthogonal arrangement of Taguchi L9 with the replaced values corresponding to the levels that were previously defined for the study.





7. Discussion


7.1. Model Validation Study


Control point analysis was used to verify the accuracy and quality of each virtual model that was constructed. The control points were coordinates obtained through a total station measurement in the study area. These points, when registered by means of a total station, allow the construction of a system of local coordinates for the georeferencing of the models. The analysis involved comparing the coordinates of each real control point and the value of the corresponding coordinates provided by the virtual model. The measurement was evaluated by calculating the mean discrepancy values (μ) and RMSE. The results of the experiments were analysed, as shown in Table 7, where the cases with control points and those without control points are indicated. For this analysis, only the experiments containing control points were used because those without control points used the georeferencing provided by the UAV as metadata of the captured photos, i.e., they were not governed by coordinates provided by the total station, due to which it was not possible to make a comparison with the other cases. The results obtained are shown in Table 8.



It can be observed that the average discrepancy between the coordinates recorded in the field and those acquired from the virtual models are of the order of centimetres in all cases. This variation could be due to how the control points were marked on the structure for recording the total station. Experiments 3, 4 and 8 yielded the lowest values among all the experiments, which coincides with the fact that they were constructed with 28 control points. In contrast, experiments 2, 6 and 7 were carried out using 15 control points, the values for which are higher, although the calculated values do not differ greatly from those of the other experiments. This point is consistent with the findings of Sanz et al. [42], who suggested that accuracy can be increased by integrating a larger number of control points in the virtual construction of a model. Compared with the base method for horizontal reconstructions by Plaza et al. [34], the trend agrees, i.e., the discrepancies between the field coordinates and those recorded from the reconstructed models are in the order of centimetres.



Table 8 shows that Experiment 3 yielded the lowest mean values of discrepancy and RMSE. This could be because this experiment, besides using 28 GCPs, was conducted with images taken at the minimum distance between the UAV and the façade (5 m) and with the highest level of overlap (70/90); therefore, it was built with a larger number of images, leading to higher accuracy of the virtual model [43].




7.2. Average Error Analysis by Experiments and Levels


The relative error was calculated as a percentage for each measurement corresponding to the nine sets analysed, after which the average error for each experiment was obtained. The resulting values are shown in Table 9, in which the experiments are ordered from the highest to the lowest error.



Table 9 shows that Experiment 4 has the highest relative error of 5.56% and Experiment 3 has the lowest relative error of 1.87%, which coincides with the experiment with the lowest values of μ and RMSE according to the model validation analysis. In addition, Table 9 shows that among the four experiments with the highest error, three were constructed without angle combinations. Images taken with a combination of the 0° angle and an oblique angle favour the photogrammetric process; therefore, not using angle combinations is likely to have influenced the increase in error in these experiments [44]. Among the four experiments with the lowest error, three were constructed with the combination of the angles 0° and 10°, which may indicate that this combination allows better capture of the entire surface of the façade while avoiding the appearance of potential grey areas.



It can be observed that there is no clear trend in relation to the GCPs; however, it is important to note that among the four experiments with the lowest error, three use GCPs and two use 28 control points. This suggests that their presence does influence virtual modelling [42]. Further, each parameter was analysed based on the average relative error per level. The values obtained are shown graphically in Figure 7 and their values in Table 10.



It can be observed that the parameter “distance” in level one achieves a comparatively lower error when modelling, as shown in Table 10. This may be due to the shorter distance proposed because the smaller the distance, the higher the accuracy of the virtual model [43]. For the “angle” parameter, level two has the least error of 2.6%, which coincides with the previous analysis, as shown in Table 9. which indicates that three of the four experiments with the least error used images with this combination of angle. For the “overlap”, levels one and three show a similar low error value; however, according to the literature, a higher overlap is preferable because it reduces blind spots and guarantees good 3D models [31,45]. Finally, for the “GCP” parameter, it can be observed that the error is very similar for all three levels. However, level two, which uses 15 control points, shows the lowest average error.




7.3. Analysis of the Experiments through the Mean


The Taguchi design analysis results in a table of responses for the mean values for each parameter with respect to the analysed levels. Since the objective is to find the optimum level for recording the façade, the error between the measurements obtained from the real and virtual models is minimised. This analysis was performed using Minitab software. The results are shown in Figure 8 and Table 11.



Table 11 shows the ranking of the parameters according to the mean error they presented in the experiments. Consequently, the optimal levels of each parameter can be determined from Figure 8. As discussed in Section 7.2, the lowest average error overall is obtained for the “angle” parameter. The optimal level is 2, which corresponds to the combination of vertical and horizontal inclinations of 0° and 10°. In the case of the “distance” parameter, level one is optimal and has the minimum value in the graph. This corresponds to a distance of 5 m. In the case of the “overlap” parameter, the optimal values are obtained for levels one (50/70) and three (70/90). Since both these levels have the lowest errors and their values are similar, level three is chosen as optimal since it has the highest overlap. Finally, for the “GCP” parameter, it is observed that the level that uses 15 control points is optimal.




7.4. Summary of Optimal Parameters


Table 12 shows the optimum level for each parameter in the study according to the results obtained from the previous analyses. The optimum value for the distance between the façade and a UAV for the photographic recording of a heritage façade is 5 m, which highlights the accuracy and detail of the models built using images taken from this distance. The optimum combination of angles is 0° and 10°, which results in an adequate inclination for recording measurements of depths without loss of information. In contrast, experiments that use an angle of 0°, i.e., no inclination, are unable to obtain accurate measurements, often resulting in deformities in the model. However, the combination of angles 0° and 20° results in an abrupt inclination and a loss of information is observed, which leads to an increase in the error in the geometric measurements. For the overlap parameter, it was found that the optimum values are 50/70 and 70/90, which present similarly low errors. However, the 70/90 combination is recommended as optimal in order to avoid potential loss of information and favour the registration of architectural details in the façade.



The GCP results reveal that this is not a relevant parameter for the virtual reconstruction of the façade because the error percentages obtained for each level are similar. However, they allow easy georeferencing of the model and the results suggest that control points is the optimal level for modelling. The same conclusion has emerged from the analysis of horizontal reconstructions [34]; therefore, this parameter is less relevant for both vertical and horizontal structures, according to the test definitions. Although the optimal values obtained for each parameter can be used to construct a model with minimal error, it is not always the most convenient combination of parameters. The 3D virtual models of heritage façades can be used for different purposes and a combination of parameters can be used that best suits the requirement while saving time and resources. For example, when a virtual model is used for archiving and recording the documentation for a heritage structure [44,46], no measurements or further detail is required in terms of its characteristics. Therefore, it would be convenient to use a greater distance than the one used for inspection of the heritage façade, such as a distance of 15 m, so that the survey can be completed in less time. Further, since it is only for historical documentation purposes, measurements of depth are not required. Therefore, it is possible to use a 0° camera tilt angle for image capture. As discussed previously, control points are not relevant for modelling, except in cases where measurements must be made. Therefore, it is not necessary to use control points in such cases that involve documentation. The parameters for case 7, as shown in Table 9, allow the construction of a virtual model that fulfils the purpose of documenting the structure in less time and with fewer resources.



As discussed previously, the results suggest that the use of GCPs is relevant for the georeferencing of the model. However, from a practical perspective, there is no significant difference in the results when 0, 15 or 28 points are used. Therefore, it is advisable not to use control points for the case of surface inspection that is focused only on physical and chemical deterioration. In contrast, if measurements of the structure are required, a model with georeferencing should be used. Further, it is recommended that 15 control points be used due to the difficulty involved in obtaining them. In addition, it is recommended that these points be distributed uniformly over the surface.



For models focused on archiving and recording the structure for historical purposes, an angle of 0° is recommended because, in such a scenario, the image acquisition process is faster, more economical and provides the construction of a complete model without too much detail. If the model is required for rigorous inspection, it is recommended that the optimal parameter obtained from the applied case be used, i.e., the combination of the 0° and 10° angles.



In order to obtain an accurate model, it is advisable to use the largest overlap, both horizontally and vertically. Depending on the objectives of the virtual model, this typically translates to a value of 70/90, particularly when the separation distance between the UAV and the façade is considered to be 10 or 15 m. Although the optimum value of the distance parameter is 5 m, it is also possible to use a value of 10 m to obtain a model that offers a high level of detail and allows the image acquisition process to be carried out in less time. Although the conclusion seems logical because more information is captured in this way, the same recommendation has also been obtained empirically in the research of Plaza et al. [34].





8. Conclusions


This research proposes the use of Taguchi orthogonal arrays to optimise the flight parameters of a UAV for the construction of a 3D virtual model of a vertical structure, specifically a building façade. To achieve this objective, a simple flight methodology was proposed to obtain a highly accurate model of a complex vertical structure, with a focus on heritage structures. According to the literature, it is possible to obtain information about the registration of images obtained from a UAV and virtually reconstruct elements of primarily horizontal infrastructure, such as potholes in roads. However, a lack of existing information about vertical structures was identified, such as sculptures. murals and heritage façades.



The proposed methodology allows the user to obtain the most appropriate levels for optimal and efficient image capture, which would in turn allow the virtual construction of the model. To validate the methodology, a case study was implemented, which focused on a façade with heritage features to detect geometric properties by obtaining sets of measurements distributed across the surface of the structure. These included measurements of the length, width and depth of significant sections of the façade. Prior to the development of the methodology, it is important to consider the external factors that interfere with the flight of a UAV and make it difficult to obtain images. These factors included elements such as electrical wiring, palm trees, vehicular traffic and signage.



The results of the study are based on the error measurement taken on the study surface and those obtained from 3D aero-photogrammetric modelling. The optimal parameters for achieving the objective of the study were directly related to the lowest errors obtained.



As a practical contribution, the aerial photogrammetric survey and creation of a 3D model of this type of structure allow for heritage inspections without the need for recurring field visits. This helps save resources and provide objectivity when assessing the condition of the structure. This favours and accelerates the process of inspection and evaluation of deterioration to identify the need for subsequent repair or reconstruction.



The selected factors and their levels were proposed based on literature revision and practical possibilities considering the local conditions of the experiment, with the closest possible flight range from the structure. The above may be considered a limitation of our work, considering that the obtained calibrated parameters are limited to a fixed range of levels.



This research contributes with a methodology for the determination of optimal flight parameters of a UAV. This methodology was used to obtain photographs and subsequently generate a photogrammetric model with an adequate pre-accuracy for the representation of a heritage façade.



Future research might focus on the recording and inspection of façades with elements such as arches, balconies or glass structures. Such complex elements are challenging to reproduce in an aerial photogrammetric model. These problems can be addressed using another type of Taguchi orthogonal array, with which a parameter sensitivity analysis can be developed through statistical studies. This would allow users to focus on the parameters that influence the 3D virtual model most significantly and obtain greater benefits from the proposed methodology.
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Figure 1. Research methods. 
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Figure 2. Flowchart for calibrating the flight parameters. 
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Figure 3. The proposed UAV flight path for imaging a façade. 
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Figure 4. Location of the experiment, the Civil Electrical Engineering building, Faculty of Engineering, PUCV. 
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Figure 5. Distribution of obtained control points. 
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Figure 6. Measurement sets for the façade study. 
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Figure 7. Mean relative error trend by levels of the following parameters: (a) distance, (b) angle, (c) GCPs, and (d) overlap. 
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Figure 8. Graph of results analysis of the effects of the mean. 
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Table 1. UAV flight parameters.
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	Parameter
	Description





	Overlap
	This is the percentage of one image that covers the next, with the two images overlapping each other. Horizontal overlap is used mainly for roads and vertical overlap is used when inspecting upright structures, such as buildings and façades [29].



	Distance to object
	This is the distance at which the aerial vehicle needs to fly to obtain the digital images. In the case of the façade survey, it is measured from the instrument sensor to the façade surface. This distance is always variable but a representative value must be defined [6]. It is necessary to take the environment into consideration and to ensure that landscaping elements do not interfere when determining the distance [30].



	Camera angle
	This is the angle formed between the optical axis and the horizontal axis of the camera. The pilot of the aerial vehicle must choose an established angle that allows the capture of depth information of the elements in the images. The use of oblique photographs improves the results obtained through photogrammetric methods by allowing the visualisation of details that may otherwise be hidden from view [31].



	Control points (GCPs)
	These refer to artificial targets or natural objects within the survey area with known coordinates that are identified to guide the final digitized model [32]. The integration of GCPs is of great importance, since they are the tie points that improve relative accuracy levels while increasing the absolute position of the model, i.e., they form the calibration field of the model [7,33].










[image: Table] 





Table 2. Related research. The ✓ symbol means that the parameter is considered in the paper. – symbol means that the parameter is not considered.
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	Source
	Title
	Overlap
	Distance to Object
	GCPs
	Camera Angle





	[6]
	Unmanned aerial vehicles (UAVs) for physical progress monitoring of construction
	✓
	✓
	–
	✓



	[29]
	A Review of Unmanned Aerial System (UAS) applications in the built environment: Towards automated building inspection procedures using drones
	✓
	✓
	–
	



	[30]
	Low-cost aerial unit for outdoor inspection of building façades
	✓
	✓
	–
	✓



	[16]
	Modeling and deterioration mapping of façades in historical urban context by close-range ultra-lightweight UAVs photogrammetry
	✓
	✓
	✓
	✓



	[35]
	Automatic inspection data collection of building surface based on BIM and UAV
	✓
	✓
	–
	✓



	[31]
	Optimization of photogrammetric flights with UAVs for the metric virtualization of archaeological sites. Application to Juliobriga (Cantabria, Spain)
	✓
	–
	✓
	✓



	[32]
	Assessing the accuracy of georeferenced point clouds produced via multi-view stereopsis from unmanned aerial vehicle (UAV) imagery
	✓
	✓
	–
	✓



	[7]
	Analysis of optimal flight parameters of unmanned aerial vehicles (UAVs) for detecting potholes in pavements
	✓
	✓
	–
	✓



	[33]
	The influence of redundant images in UAV photogrammetry applications
	✓
	✓
	✓
	–



	[36]
	Crack identification for rigid pavements using unmanned aerial vehicles
	–
	✓
	–
	✓



	[37]
	Unmanned aerial vehicle surveying for monitoring road construction earthworks
	–
	✓
	✓
	–
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Table 3. Taguchi orthogonal array L9.
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	Combination.
	Factor 1
	Factor 2
	Factor 3
	Factor 4





	1
	1
	1
	1
	1



	2
	1
	2
	2
	2



	3
	1
	3
	3
	3



	4
	2
	1
	2
	3



	5
	2
	2
	3
	1



	6
	2
	3
	1
	2



	7
	3
	1
	3
	2



	8
	3
	2
	1
	3



	9
	3
	3
	2
	1
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Table 4. Technical characteristics UAV DJI Air 2S used for research purposes.
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	Resolution [MP]
	Focal Distance [mm]
	Sensor Size [mm]
	Maximum Flying Time [min]
	Weight [g]
	Maximum Wind Speed [m/s]





	20 MP (5472 × 3648)
	8.8
	13.13 × 8.76
	30
	595
	10.7
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Table 5. Field measurements of the structure.
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SET

	
Section

	
Height

[cm]

	
Width

[cm]

	
Depth

[cm]

	
Depth Left Side [cm]

	
Depth Right Side [cm]






	
SET 1

	
A

	
89

	
237.1

	
-

	
-

	
-




	
B

	
15

	
251

	
43.5

	
-

	
-




	
SET 2

	
A

	
89

	
247

	
-

	
-

	
-




	
B

	
15

	
251

	
46

	
-

	
-




	
SET 3

	
A

	
89

	
247

	
-

	
-

	
-




	
B

	
15

	
251

	
43.5

	
-

	
-




	
SET 4

	
A

	
184

	
364

	
21

	
-

	
-




	
B

	
15

	
364

	
21

	
-

	
-




	
SET 5

	
A

	
184

	
365

	
24

	
-

	
-




	
B

	
15

	
365

	
24

	
-

	
-




	
SET 6

	
A

	
184

	
364

	
24

	
-

	
-




	
B

	
15

	
364

	
24

	
-

	
-




	
SET 7

	
A

	
32

	
138

	
13

	
-

	
-




	
B

	
318

	
364

	
-

	
-

	
-




	
SET 8

	
A

	
31.5

	
130

	
12.5

	
-

	
-




	
B

	
373

	
365

	
-

	
15.8

	
11.7




	
C

	
10

	
365

	
59.5

	
-

	
-




	
SET 9

	
A

	
31.5

	
130

	
13

	
-

	
-




	
B

	
317

	
365.5

	
-

	
-

	
-
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Table 6. Parameters and levels.






Table 6. Parameters and levels.





	
Parameters

	
Levels






	
Distance [m]

	
5

	
10

	
15




	
Angle [°]

	
0°

	
0/10

	
0/20




	
H/V overlap [%/%]

	
50/70

	
60/80

	
70/90




	
GCP’s

	
0

	
15

	
28
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Table 7. Taguchi orthogonal array.






Table 7. Taguchi orthogonal array.





	Experiment
	Distance [m]
	Angle [°/°]
	Overlap [%/%]
	GCP’s





	1
	5
	0
	50/70
	0



	2
	5
	0/10
	60/80
	15



	3
	5
	0/20
	70/90
	28



	4
	10
	0
	60/80
	28



	5
	10
	0/10
	70/90
	0



	6
	10
	0/20
	50/70
	15



	7
	15
	0
	70/90
	15



	8
	15
	0/10
	50/70
	28



	9
	15
	0/20
	60/80
	0
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Table 8. Mean discrepancy value (μ) and root mean square error (RMSE).






Table 8. Mean discrepancy value (μ) and root mean square error (RMSE).





	Experiment
	Dx

μ/RMSE
	Dy

μ/RMSE
	Dz

μ/RMSE





	2
	0.042/0.048
	0.046/0.051
	0.030/0.032



	3
	0.023/0.033
	0.027/0.031
	0.017/0.022



	4
	0.031/0.037
	0.029/0.047
	0.024/0.026



	6
	0.041/0.048
	0.042/0.046
	0.034/0.037



	7
	0.039/0.042
	0.049/0.054
	0.033/0.037



	8
	0.040/0.045
	0.032/0.050
	0.027/0.033
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Table 9. Relative error by experiment.






Table 9. Relative error by experiment.





	Experiment
	Distance [m]
	Angle [°/°]
	Overlap [%/%]
	GCP
	Error [%]





	4
	10
	0
	60/80
	28
	5.56%



	9
	15
	0/20
	60/80
	0
	4.54%



	7
	15
	0
	70/90
	15
	4.11%



	1
	5
	0
	50/70
	0
	3.13%



	6
	10
	0/20
	50/70
	15
	3.10%



	8
	15
	0/10
	50/70
	28
	2.82%



	5
	10
	0/10
	70/90
	0
	2.77%



	2
	5
	0/10
	60/80
	15
	2.28%



	3
	5
	0/20
	70/90
	28
	1.87%
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Table 10. Mean relative error of parameters by level.






Table 10. Mean relative error of parameters by level.





	Level
	Distance [m] (Mean Error)
	Angle [°/°]

(Mean Error)
	Overlap [%/%]

(Mean Error)
	GCPs

(Mean Error)





	1
	5 (2.42%)
	0/0 (4.27%)
	50/70 (3.01%)
	0 (3.48%)



	2
	10 (3.81%)
	0/10 (2.62%)
	60/80 (4.13%)
	15 (3.16%)



	3
	15 (3.82%)
	0/20 (3.17%)
	70/90 (2.92%)
	28 (3.42%)
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Table 11. Average analysis results.






Table 11. Average analysis results.





	Level
	Distance
	Angle
	Overlap
	GCP





	1
	0.02425
	0.04265
	0.03014
	0.03478



	2
	0.03808
	0.02623
	0.04126
	0.03161



	3
	0.03823
	0.03168
	0.02916
	0.03416



	Delta
	0.01398
	0.01642
	0.0121
	0.00317



	Rank
	2
	1
	3
	4
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Table 12. Summary of optimal parameters obtained.






Table 12. Summary of optimal parameters obtained.





	
Parameters

	
Level






	
Flying distance [m]

	
5

	
10

	
15




	
Camera angle [°]

	
0

	
0/10

	
0/20




	
H/V overlap [%/%]

	
50/70

	
60/80

	
70/90




	
GCP

	
0

	
15

	
28
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