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Abstract

:

The structural analysis of degraded historical buildings requires an adequate 3D model of the object. Structure from motion (SfM) photogrammetry and laser scanning geomatics techniques can satisfy this request by providing geometrically affordable data. The accuracy and resolution depend on the instruments and procedures used to extract the 3D models. This work focused on a 3D survey of Illasi Castle, a strongly degraded historical building located in northern Italy, aimed at structural analysis in the prevision of a static recovery. A low-cost drone, a single-lens reflex (SLR) camera, and a smartphone were used in the survey. From each acquired dataset, using the integration between the images acquired by the drone and the SLR camera, a 3D model of the building was extracted by means of the SfM technique. The data were compared with high-precision and high-resolution terrestrial laser scanning (TLS) acquisitions to evaluate the accuracy and performance of the fast and low-cost SfM approach. The results showed a standard deviation value for the point cloud comparisons in the order of 2–3 cm for the best solution (integrating drone and SLR images) and 4–7 cm using smartphone images. Finally, the integration of the best SfM model of the external walls and the TLS model of the internal portion of the building was used in finite element (FE) analysis to provide a safety assessment of the structure.
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1. Introduction


Three-dimensional survey techniques, such as structure from motion (SfM) photogrammetry and laser scanning, with both terrestrial- and drone-based approaches are widely used in different fields (architectural, archaeological, cultural heritage, and structural) to reconstruct the geometric characteristics of objects, with the aims of documentation, analysis, preservation, maintenance, structural analysis, and restoration [1,2,3,4,5,6,7,8,9]. These techniques provide sparse and/or dense point clouds that can be used to enhance details [10]. Their use together allows for the improvement of coverage completeness, enabling the modeling of objects and complex cultural heritage buildings [11]; moreover, their integration with classical topography and the GNSS (Global Navigation Satellite System) system allows for the measurement of control networks and reference targets and the georeferencing of data in local, national, and/or international systems [12,13,14,15].



The structural analysis of historical buildings requires a detailed knowledge of their construction, where in situ investigations are carried out together with numerical analysis [16,17]. In particular, in the conservation and restoration of historical buildings, their unique characteristics must be examined, including structure type, the materials employed and their source, construction methods and enlargement, reconstruction and restoration interventions over time, types of use, etc. [18]. In order to prevent the possible damage/collapse of cultural heritage, the availability of complete and updated 3D models simplifies the planning and intervention phases. For these reasons, low-cost, expeditious, and non-destructive methods can be of great help in performing 3D surveys [19]. In many cases, a simplified model of the building is acceptable for use in seismic analysis by means of the pushover approach [20]. In this context, the use of low-cost sensors, including consumer-level smartphones, which are increasingly used in 3D model reconstruction, proved to be very useful [21,22]. Data obtained from 3D surveys (usually dense point clouds) are not directly suitable for the generation of a numerical model; generally, several operations are necessary [15]. In fact, the process of converting the acquired 3D geometric data, which provides a realistic model of the building, into a convenient format for finite element (FE) analysis software is crucial [23]. For this reason, several studies on different cases and situations are available in the literature. At present, FE analysis is used in most studies and simulation applications [24]. This procedure requires the generation of a solid model of the structure, built using basic 3D shapes, such as parallelepipeds, cones, cylinders, spheres, wedges, and toroids. The combination of these forms allows the generation of complex solids (Boolean operations) where the surfaces, volumes, and other geometric properties are known.



Many authors used terrestrial laser scanning (TLS) and SfM photogrammetric techniques, separately or integrated, to extract 3D models for the structural analysis of buildings and infrastructure. Hinks et al. [25] proposed an automatic and fast method to transform the point cloud acquired using the laser scanning technique in a solid model for FE analysis. The method requires better shape detection and the separation of the real openings and the occlusions in the laser scanning data; in many cases, integration with the SfM technique can better improve this separation. Barazzetti et al. [26] used a semiautomatic procedure to obtain a building information model (BIM) that preserved the TLS point cloud complexity of the building through the parametrization of NURBS (non-uniform rational B-splines) surfaces for a structural simulation based on FE analysis; this approach allowed the authors to take advantage of TLS surveys, which are characterized by a higher level of detail and precision than the SfM technique. Castellazzi et al. [27] created an FE model from a laser scanner survey using a semiautomatic method based on slide extraction for the creation of the discretized geometry of the studied building. The proposed method was applied to a structure with irregular geometry that could be easily acquired with dense TLS data, while using the SfM approach may not have been effective. Sánchez-Aparicio et al. [28] investigated the combined use of photogrammetric techniques (DIC and SfM) and geometrical (NURBS and Hausdorff distance) and FE strategies to assess the origin of the damage and give an evaluation of the current stability of the San Lorenzo Church (Zamora, Spain), a historical building. However, the results obtained even for a simple structure (the dome) suggested the need to restrict this strategy to constructions with large deformations, due to the SfM model’s accuracy of several millimeters. Tucci et al. [23] combined TLS surveys, deviation analysis (DA), and FE numerical modeling for a brick minaret located in Aksaray (Turkey). They extracted the different geometric parameters of the structure based on a detailed point cloud 3D mesh model and introduced a method for the direct transfer of the high accuracy of TLS based on a 3D model to FE structural analysis. From the FE analysis of this structure, variation in the maximum base shear ranging between 0.07 and 0.18 of the total weight of the minaret was observed, denoting the importance of the precise characterization of minaret geometry that can be obtained only from dense TLS data. Bassier et al. [29] presented a semi-automated approach to create accurate models of complex heritage buildings for the purpose of structural analysis. A complex mesh of the structure was created using TLS and photogrammetry; the authors used photogrammetry only for the extraction of crack information from images, which is troublesome in TLS point clouds due to the sparsity of laser scan data. For this reason, they integrated TLS and photogrammetry only partially. Rissolo et al. [30] conducted a comprehensive digital documentation of the exterior and interior surfaces and spaces of Satunsat (Mexico) by means of TLS and SfM photogrammetry in order to perform a structural health assessment and an evaluation of the varying masonry techniques employed in its construction. The authors fused the point clouds derived from the two techniques to provide the highest possible radiometric fidelity of the structures (from the SfM); however, they did not carry out a critical analysis of the quality of the extracted datasets. Bruno et al. [31] integrated TLS and drone- and terrestrial-based photogrammetry for the geometric analysis of a 19th-century bridge in Italy to better understand the historical evolution of its structural disorders and its present conservation status, and as a reliable base to define future interventions. The point clouds obtained from the two approaches were compared using only GCPs (ground control points) and merged; the authors did not provide indications on the degree of accuracy for each dataset. Selvaggi et al. [7] explored the potential contribution of TLS and classical topography to structural engineering by investigating the vertical structure of the San Luzi Church bell tower (Switzerland). Due to the position of the TLS stations, some parts of the building (in particular the roof of the tower, characterized by very sparse data) were not modeled because of missing data. Moreover, many holes were identified in the building, especially inside, due to narrow spaces; in these cases, the more flexible SfM acquisitions could help to reduce the occlusions. Fang et al. [32] integrated TLS and FE to assess the structural deformation of a historic brick masonry building, the Beamless Hall at Linggu Temple in Nanjing, China. They deduced that its asymmetrical layout under self-weight was likely the main reason for its structural deformation. This analysis was possible due to the high-resolution and high-precision data provided by TLS, which is particularly useful in the investigation of complex structures. Yang and Xu [33] used TLS and photogrammetric data to monitor composite tunnel structures and discussed segmentation deformation, cracks, and water seepage. The authors reported that deformation analysis based on TLS can effectively verify the location of water seepage and cracks, and photogrammetry technology can clearly identify and quantify the dimension of the damage. In this context, they highlighted the advantages derived from the integration of the two techniques. Many other studies integrating TLS and SfM photogrammetry for structural analysis are available in the literature.



In general, the above-mentioned works are characterized by (i) 3D data acquired by means of high-resolution and high-precision sensors; (ii) the use of expensive instruments; and (iii) little information on the time required for the survey. For these reasons, this work aimed to analyze 3D photogrammetric models extracted using expeditious survey procedures and low-cost sensors in the field of archaeology/cultural heritage, focusing on structural analysis for restoration activities. In surveys, SfM photogrammetry allows for the collection of a large amount of data in a short time, providing better coverage of the object by integrating ground- and drone-based acquisitions when compared to the expensive TLS technique. Despite the high-accuracy and high-resolution data provided by the latter approach, it requires more time for the complete survey and 3D coverage of an object.



By comparing the fast SfM models with the high-precision, high-resolution, high-cost, and time-consuming TLS data, an estimation of accuracies can be performed. In the case of poor geometric quality from the 3D photogrammetric reconstruction (low accuracy), integration with TLS data is necessary to ensure the reliability of the structural analysis; however, this integration should be limited only to critical areas where the SfM approach provides inaccurate surfaces.



In this context, low-cost drones and consumer-level cameras (including a smartphone sensor) were applied in the survey of Illasi Castle, a medieval building located in northern Italy (Figure 1) for which future restoration activities are planned. To highlight the advantages and limitations of the 3D SfM models extracted using fast procedures, the data were (i) georeferenced using control points (CPs); (ii) validated using checkpoints (ChPs); and (iii) compared with a 3D reference model extracted from a TLS survey using the Leica ScanStation P20, a high-resolution and high-precision instrument, to evaluate the final accuracies.



Figure 2 shows a flowchart of the methodology applied in this work. By means of different techniques and sensors, 3D models were extracted, georeferenced (using CPs), validated (using ChPs), and compared with TLS models as a reference.



Based on the results of the comparisons, the final 3D models used in the structural analysis were by obtained integrating the SfM data with TLS data only where strictly necessary, due to the high cost and time-consuming nature of the latter approach.




2. Illasi Castle


The structure under investigation is composed of two main buildings, the palace and the tower, which were built simultaneously at the beginning of the 13th century.



The castle is enclosed by an almost circular wall with a radius of about 50 m; the elevated walls constitute what remains of the structures, while the floors and the roof are no longer present.



The palace walls are approximately 27 m high. The four perimeter walls form a rectangular area of about 19.6 × 24 m, where the walls are between 2.7 and 2.8 m thick. The internal space of the building is divided into two unequal rooms by a 1.2 m thick wall, running parallel to the perimeter walls in the north–south direction, with an arch in the center.



From historical documents [34] and the most recent studies based on archaeological excavations performed in 2003–2008 [35,36], there appears to be a basement in the building, which is now covered by the ground. The floor, made up of detrital material, exhibits an irregular level, on average just under the level of the entrance door.



The tower walls are about 32 m high in the highest area. The plan of the tower has a square shape of about 10.3 × 10.3 m with a wall thickness of approximately 3.2 m. On the walls of both the palace and the tower, there are various openings at different heights (i.e., doors and windows), likely added in different periods.



Beginning in the mid-17th century, the castle was gradually abandoned, starting the process of deterioration. At present, due to the general state of decay and frequent localized collapses of material, access to the interior of the two main buildings is limited. Furthermore, the castle is protected by the Archaeological Superintendence of the Veneto Region, part of the Italian Ministry of Culture.



Currently, the structures are overgrown with vegetation, which was not removed before the survey both to lower costs and avoid possible collapses of the walls (Figure 3).




3. Materials and Methods


3.1. Surveys


3.1.1. RTK GNSS and Topographic Measurements of the Reference Network


A reference network is required to co-register data acquired with different techniques to the same reference system.



Here, seven intervisible wooden pickets in the ground, located inside and outside the castle, were measured with a Leica Viva GS 15 GNSS receiver using the RTK approach. In particular, 2 points inside the palace were used to acquire the visible portions of the 2 rooms separated by an arch structure; they were connected with the external points of the network by the entrance door.



Subsequently, 20 photogrammetric targets (both CPs and ChPs, Figure 1e) were positioned, 7 on the ground and 13 on the palace and tower walls (uniformly distributed and located only on accessible surfaces).



The locations of the reference points were designed for visibility and acquisition from the ground, using the SLR and smartphone cameras, and from the air, using the drone (Figure 1). All the targets and points in the network were measured in a local reference system using a Leica TCR1201 total station.



In the second phase, the coordinates of the network points and targets were transformed in the UTM 32 zone cartographic reference system using GNSS data.




3.1.2. 3D Photogrammetric Survey by Drone


The study area and the castle walls were surveyed using a low-cost drone (Parrot Anafi) equipped with a camera, which had a 1/2,4″ CMOS image sensor, a diagonal of 7.83 mm, a resolution of 21 MP, and a focal length of 4 mm (an equivalent focal length of 23 mm). The survey was performed by combining images from different flights. The flights were conducted in manual mode to better cover all the surfaces of the buildings, which are characterized by different depth plans and geometries. A total of 5 flights were executed, each taking 10–12 min, with an estimated overlap of at least 60% between subsequent images and a mean GSD (ground sample distance) of 16 mm/pixel.



The inclination of the camera was almost nadiral for the general flight from above. For the flights dedicated to the walls, two directions were used: perpendicular to the surfaces and slightly inclined.



A general flight of the study area was executed at a relative altitude between 45 and 60 m, acquiring 152 images for the survey of the top of the hill and the walls together with the internal vertical walls of the palace, which had a very complex acquisition geometry. This was due to the limited spaces inside the building that, even in the absence of the roof, did not allow for the easy movement of the drone inside the structure. Subsequently, a flight for each vertical external wall of the palace and tower was carried out at a distance of about 10 m, acquiring 258 images in total. In all cases, to achieve the best accuracy, the relations between the geometry of acquisition, coverage, overlap, and the number and distribution of targets were set according to works published previously by other authors [37,38].




3.1.3. Ground-Based Photogrammetric Acquisitions


A total of 254 images of the structures with high overlap were also acquired from the ground using a single-lens reflex (SLR) Canon EOS 5Ds camera (50.6 MP) with a full-frame 36 × 24 mm CMOS sensor, a diagonal of 43.27 mm, and a focal length of 35 mm. The survey was performed using a camera–object distance of about 5–10 m, which provided a wall pixel size of about 1.5 mm. The images were acquired from different positions around the buildings, with different inclinations of the camera, and from different perspectives.



Using the same approach and acquisition points as for the SLR camera, a survey of the tower was performed using a low-cost and commonly available device: a Redmi Note 7 smartphone equipped with a 48 MP camera and with a 1/2″ sensor that provides 8000 × 6000-pixel images. A total of 83 images were obtained (only for the tower).




3.1.4. TLS Acquisitions


A TLS survey was performed to acquire the high-resolution and high-precision data necessary to evaluate the accuracies of the 3D models generated with the SfM technique using images acquired by low-cost sensors.



A time-of-flight (TOF) Leica ScanStation P20 laser scanner was used. This instrument can acquire the coordinates of the visible surfaces in a local reference system, covering 360° in the horizontal plane and 305° in the vertical plane; it is characterized by an accuracy of 2 mm for distance and 8″ for angular measurements. The instrument was stationed at points in the reference network to acquire 6 point clouds using a resolution of 3 mm at 10 m for the 4 external scans, which were taken further away from the structure, and 6 mm at 10 m for the internal scans of the palace. It should be noted that a point cloud was not acquired from station 5 because it did not add significant information with respect to the time required for execution (Figure 1). Each scan was performed by adequately overlapping it with the previous, and at least 2 TLS targets were acquired (Figure 1d).



This relatively quick procedure was possible because of the use of “known backsight” measurements. The profile of acquisition employed here allowed us to optimize the time taken for scans, target measurements, and alignments by using the topographic network, whose points correspond to the station points and target positions. This allowed us to accurately locate, measure, and verify the positions of the scanning stations and improve and control the accuracy of the alignment and co-registration processes in the UTM 32 zone system.



Overall, using the different techniques described above, the complete survey of the study area and the castle required one working day.





3.2. 3D Data Processing


Photogrammetric 3D point clouds of the palace and the tower were generated via the SfM technique using the Agisoft Metashape software version 1.8.4 and the available reference targets. In detail, the total available points—7 ground targets and 13 wall targets (Figure 1)—were subdivided into 14 CPs (5 ground and 9 wall targets), used in model computation, and 6 ChPs (2 ground and 4 wall targets), which were not included in the processing (Figure 4).



For the photo alignment procedure, an automatic camera calibration tool was used. Subsequently, 4 different 3D models were generated using (i) the aerial-based images acquired with the drone, (ii) the ground-based images acquired with the SLR camera, (iii) the ground-based images of the tower acquired with the consumer-level smartphone camera, and (iv) the integration between the images obtained from the SLR and drone cameras. The last approach was representative of the best photogrammetric solution, integrating ground-based SLR acquisitions with images from a low-cost drone for surveying the higher portions of the buildings.



The processing parameters in the Agisoft Metashape software were set by selecting “high accuracy” for the extraction of the tie points (sparse cloud), “high quality” and “mild filtering” for the extraction of the dense cloud, and “dense cloud” and “high face count” for the extraction of the 3D mesh. The processing times on a workstation with good performance are listed in Table 1 for the different operations and datasets. It should be noted that the areas under investigation around the buildings covered by aerial and terrestrial acquisitions were very different in terms of extension, and the smartphone survey was limited to the tower. For these reasons, the models have different dimensions and the processing times had to be evaluated separately.



The processing of the dense point clouds was performed by computing the confidence values for each dataset. The results highlighted the lower reliability of point clouds corresponding to vegetated areas, some edges (especially those acquired from a complex perspective), partially shaded portions, and areas with low visibility. On the other hand, the main parts of the buildings and the ground had high confidence values, as expected.



In order to understand the potentialities and limits of a commonly available low-cost sensor in the geometric reconstruction of a historic building, the 3D model of the tower obtained from the smartphone images was extracted for a direct comparison with the point cloud provided by the SLR camera.



Moreover, the images acquired by the drone were used to extract the point cloud of the whole study area (i.e., the top of the hill that hosts the castle and surroundings).



The processing of the TLS point clouds was performed using the Cyclone software version 9.3.1, and the final 3D model was generated starting from the coordinates of the reference topographic network (the stationing of the TLS measurements) and the TLS targets.



After the generation of the different 3D global models, validation was performed for each extracted product by comparing the coordinates of the measured ChPs with those obtained by the processing.



In this context, the availability of CPs allows for the georeferencing of the data, which provides advantages for future restoration projects (here, the FE analysis was devoted to restoration), such as for the castle under investigation, while also helping to preserve the architectural and historical value of the site by providing the only complete and up-to-date survey of the buildings. Similarly, the availability of ChPs allows for an estimation of the absolute accuracy that otherwise would not be possible. Moreover, the comparison between point clouds, used to evaluate the mean distance of the two models, is possible only if the data are co-registered. In the absence of CPs, co-registration can be performed by aligning the SfM point cloud with the TLS model; however, this operation inevitably influences the results of the comparisons.



Finally, the 3D point cloud models of the castle were compared using the CloudCompare software version 2.12 alpha [39] by applying the “M3C2 distance” plugin (multiscale model to model cloud comparison (M3C2)), which is useful for determining robust signed distances directly between two aligned point clouds.



In detail, this tool allows for the calculation of the distance between two point clouds, setting one as the reference with a set of core points (using the full or resampled resolution data). In most cases, the core points are a sub-sampled version, although the computations are performed on the original full dataset. This option speeds up processing and takes into account the fact that computation results are generally required at a lower and more uniform spatial resolution [40].



To evaluate the performances of the low-cost sensors in the photogrammetric surveys, the point cloud obtained from the TLS measurements was used as a reference due to the relatively high resolution, reliability, and precision of the scanning data. Five comparisons were performed between the different datasets: (i) TLS and drone, (ii) TLS and SLR, (iii) TLS and integrated drone/SLR, (iv) TLS and smartphone, and (v) smartphone and SLR. Some specific areas of interest on the tower and castle walls were considered for more detailed distance calculations to better understand the performances of the surveys in relation to the type of surface and limitations in the geometry of the acquisitions.





4. Results and Discussion


4.1. Processing of the Point Clouds


Applying the SfM technique by means of the Agisoft Metashape software, the centers of the images acquired by the drone (Figure 5a,b) and SLR (Figure 5c,d) cameras were calculated (blue flags represent the image plane).



Four 3D models (both point cloud and triangular mesh models) of the castle were generated (i) using four hundred and ten images acquired with the drone and fourteen CPs (Figure 6a); (ii) using two hundred and ninety-four images acquired with the SLR camera and nine CPs (Figure 6c); (iii) using eighty-three images acquired with the smartphone camera and five CPs only for the tower (Figure 6e); and (iv) using seven hundred and four images from the drone and SLR camera together with fourteen CPs (Figure 6g). The same detail of the tower extracted using these four models is shown in Figure 6b,d,f,h, respectively.



These results highlight the differences in the four final 3D models, both in terms of the capability of detail representation (data resolution) and photographic quality. In this context, the best result with respect to completeness and cleanliness was provided by the combination of images from the SLR and drone cameras, while both the drone and smartphone models were of lower quality.



The geometric accuracy of the models was validated automatically using the Agisoft Metashape software by means of the CPs and ChPs. Table 2 provides the root-mean-square error (RMSE) of the 3D comparison for each model. Taking into account the ChPs, the best result was obtained by the model extracted using images from the SLR camera: however, data derived from the low-cost drone provided a similar RMSE value. Similar accuracies were reported by Capolupo [41], who compared the results of SfM photogrammetry with GCPs and ChPs for the All Saints’ Monastery of Cuti (Italy), and Sanseverino et al. [9], who analyzed a structure similar to that under investigation here (Calabrian fortress “Castle of Charles V”). However, in these cases, the surveys were not performed using low-cost sensors and expeditious approaches, highlighting the good results obtained in this work.



The TLS point clouds were aligned with the Cyclone software using the known coordinates of the six stations and thirteen targets. The co-registration of the scans had an average error of 3 mm, according to the results obtained in similar studies [19,26,42].



Figure 7 shows the obtained final 3D point cloud for the external walls of the tower and the palace, the internal rooms and architectural elements of the palace, and the surrounding area, representing the top of the hill where the structure is located up to the boundary walls.




4.2. Comparisons between Point Clouds


To evaluate the accuracies of the extracted low-cost photogrammetric point clouds, each of the four SfM 3D models was compared with the TLS reference model. The final TLS model was used as a reference due to the high accuracy and high resolution of the data acquired with the TLS instrument.



No filter was applied to the SfM point clouds in order to directly use all the data obtained from the processing; this choice was made because the noise produced in the data and in the low confidence points, which were different between the four datasets, influenced the comparisons and highlighted specific problems for each type of sensor. The comparisons were performed using the M3C2 distance computation plugin in CloudCompare software.



Figure 8 shows the results of the comparisons between the 3D models—TLS and drone (a), TLS and SLR (b), and TLS and drone + SLR (c)—in terms of distances between the compared point clouds. The colors, which indicate 3D distances, show maximum differences in the order of 20 cm.



The values that could be considered as outliers were mainly located in the lower part of the palace walls and the internal portions, where the vegetation (see Figure 1, Figure 3 and Figure 6) limited the reconstruction of the model, created shadow areas and, above all, represented a surface that was subject to changes during the survey.



The comparisons involving the smartphone model (Figure 9, TLS and smartphone (a) and SLR and smartphone (b)), while presenting the same maximum differences included in the 20 cm range, showed more surfaces that were characterized by high distance values. This was likely due to the lower quality of the smartphone camera. In fact, (i) in the areas of the tower with more differences between the point clouds, the vegetation coverage was irrelevant (see Figure 1, Figure 3 and Figure 6), and (ii) in the same areas, the comparisons between the TLS, SLR, and drone 3D models provided good results (Figure 8). A detailed investigation highlighted that the high values were located in the upper part of the tower, over the walls connecting the tower and the palace and the tower and the boundary walls, and in the inclined walls of the lower portion, where the axis of the camera was far from being perpendicular to the surfaces. These considerations suggest a greater difficulty of the low-cost sensor in the 3D reconstruction of the structures acquired in non-optimal geometric conditions (foreshortened walls, elements in strong perspective, a complex field of view of the surfaces, etc.).



To better analyze the differences between point clouds, three areas were investigated in detail: (i) portion A of the palace (Figure 8); (ii) portion B of the tower (Figure 9); and (iii) the internal surfaces of the palace. The first two cases were considered as two elements of the walls, a corner and an opening, to generalize the study (the analyzed portion of the tower also had good conditions of acquisition for the smartphone).



Table 3 shows the results of the comparisons in terms of mean distance and standard deviation for the analysis of all available data. High standard deviation values, from 9.6 cm to 11.9 cm, were obtained using all the generated 3D data (including the portions with vegetation); these values were drastically reduced after taking into account only areas A and B (i.e., walls without vegetation). In the last case, the best results were obtained when comparing the TLS and SLR models in area A and the TLS and Drone + SLR models in area B; in addition, the values of the comparison between TLS and SfM were in agreement with those obtained by Monego et al. [43], who compared TLS and SfM 3D models of a rocky spire. Moreover, similar values were obtained by Moyano et al. [44], who validated SfM photogrammetry for heritage applications by analyzing and comparing the point density and the 3D mesh geometry obtained using the TLS technique for a 15th-century façade of Casa de Pilatos in Seville (Spain), a building comparable to the one under investigation. The comparison between smartphone and SLR, although not necessary given the results of the TLS and SLR, and TLS and smartphone comparisons, better clarified the limits, in terms of accuracies, of the SfM technique with the sensors used here.



It should be noted that, with respect to the smartphone 3D model (area B), the standard deviation of the comparison with the TLS final point cloud was decreased by 51% compared with the best SfM solution (Drone + SLR). Moreover, a standard deviation of 7.1 cm was obtained when comparing the smartphone and Drone + SLR 3D models. Although these results are noteworthy, only one specific smartphone was used in this work; in future studies, other smartphone sensors will be tested in order to better analyze their performances.



In the internal part of the palace, the comparison with TLS data was performed considering only the SfM 3D model obtained by integrating the images acquired with the drone and SLR cameras. This was because data from the drone were characterized as distorted images due to the impossibility of flying inside the rooms. Similarly, the images acquired from the ground of the upper part of the internal walls with the SLR camera had complex geometry. The integration between the two datasets was carried out to improve the final 3D SfM model. The obtained data were compared with the TLS model, and the differences between the point clouds generated a high standard deviation value (7.7 cm). The reasons for this could be (i) the explained complex photogrammetric geometric acquisitions and/or (ii) the presence of vegetation on the walls that the photogrammetric technique had more difficulty penetrating (see above) compared to the TLS method. For these reasons, the final 3D model of the palace was created via the integration of two contributions: (i) the SfM data derived from the integration of the images acquired with the drone and SLR cameras for the external surfaces due to better coverage of the shadow areas when compared to the TLS acquisitions (there were few TLS stations, Figure 1), and (ii) the TLS point cloud for the internal portion due to the low accuracy of the SfM results (Figure 10). In this case, to provide a reliable 3D model for the FE analysis, the integration of the low-cost and expeditious SfM technique with the high-cost TLS data was necessary. On one side, in general, if the FE model of a substantial structure, such as the one investigated in this work, is not very sensitive to uncertainties of a few centimeters, which are typical of the SfM technique, the results will still be acceptable; on the other hand, the complex conditions of image acquisition and the presence of significant localized vegetation in the internal portion of the palace generated artifacts in the geometry of the 3D photogrammetric model that, in many cases, could influence the structural analysis by changing the results of the FE model. In this context, the ability of the TLS technique to better penetrate the vegetation made it easier to eliminate these artifacts in the subsequent editing operations. For these reasons, the use of the TLS technique—only for critical areas and where it was strictly necessary—slightly extended the time of the survey.




4.3. Structural Analysis


The geometric 3D survey of the surfaces combined with investigations that allowed for the analysis of the characteristics of the materials and construction of the structural elements made it possible to define the resistant system of the palace. From this, once the actions on the building were defined, local and global seismic analyses were carried out on the basis of Italian legislation. For local mechanisms, rigid body kinematics analyses were performed. For global mechanisms, with the aid of an FE model, modal and pushover analyses (static non-linear) were carried out in the four main directions.



The FE model was created starting from the 3D survey. For this type of degraded historical building, the simplified 3D model was acceptable [45]. The geometric volume was created using the Leica Cyclone 3DR and Autodesk AutoCAD 2020 software version 23.1.47.0. Plans and sections were automatically extracted from the 3D model by imposing an interdistance of 1 m using the former software: a reference plane and the offset value were fixed in order to progressively intersect the point cloud along a specific direction. This creates a set of planar sections in the form of polylines, computed by interpolation between the points of the cloud and the reference plane. Subsequently, using the latter software, polylines were imported and edited to remove noise and vegetation. Points in the range of significant cut planes were used as a reference to generate, through solid modeling procedures, basic 3D shapes; from 3D shapes, the complex geometry of the building was then generated with Boolean operations. This was possible because the FE analysis of massive structures, such as the one investigated in this study, generally does not require detailed models; a few centimeters of 3D model uncertainty do not lead to significant variations in the FE model. The solid model obtained, which contains information on all geometric properties (vertices, edges, faces, and volumes) was imported into Midas FEA NX software version 1.2.0.



Starting from the geometry, the 3D FE discretization was carried out; the properties of the materials were attributed to the finite elements (separately for each of the wall types identified in the survey phase for the different portions of the walls [24,46]). Moreover, the gravitational loads for the pushover analysis were applied (Figure 11). The obtained results for one of the analyzed directions (in particular, along the X-axis) in terms of main strain and main stresses are shown in Figure 12.



These results were confirmed by applying the same structural analysis procedure to the 3D model extracted using only the high-cost and high-precision TLS data; no significant differences were obtained in the FE analysis with respect to the expeditious and low-cost 3D model.



On the basis of the analyses of the local and global collapse mechanisms, a safety assessment of the structure was carried out. The controls on the mechanisms were performed in terms of the relationship between seismic capacity and seismic acceleration demand. For the unsatisfied controls, an increase in safety level must be obtained with global or local interventions.





5. Conclusions


In this work, low-cost sensors and expeditious surveys were applied to generate reliable 3D models. Illasi Castle, a degraded historical building in Italy, was surveyed for structural analysis. Since very high accuracies were not required for this type of object, a low-cost drone, an SLR camera, and a smartphone were used to acquire images, and 3D models were extracted by applying SfM photogrammetry. Together with the images, a TLS survey was performed to validate the SfM models and integrate the 3D data where unsatisfactory results were obtained. All data were acquired in a single working day.



SfM photogrammetry using low-cost sensors can generate geometrically reliable point clouds. In the application considered here, an RMSE of up to 2–3 cm could be achieved. In this context, the use of a consumer-level smartphone (sensors that are increasingly used in SfM) demonstrated adequate performance considering the purposes of the survey, with a standard deviation of up to 4–7 cm when compared to the TLS and standard SfM data. In particular, taking into account the smartphone sensor used in this work, performances were strongly influenced by the geometric acquisitions, with standard deviation values that degraded rapidly when moving away from optimal conditions. It should be noted that further investigations are still required. Future studies should consider the use of different smartphones, conditions of acquisition, objects (surfaces), inclinations, fields of view, perspectives, camera–object distances, etc.



In the case study presented here, ground-based TLS acquisitions generated a shadow area in the upper portion of the walls. In this case, the use of a drone equipped with a laser scanner sensor increases the costs of the survey, while the high accuracies obtained using this technique in many cases are not required.



From the results of the structural analysis, comparable values for the relationship between the capacity and demand of the local and global mechanisms affecting the same portion of the structure were observed. Finally, a correlation between the crack pattern of the structures and the concentrations of main strains and stresses in the FE model was observed from the global analyses.
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Figure 1. (a) Location of Illasi Castle in northern Italy. (b) Aerial view of the surveyed palace and tower along with the surrounding area. (c) Map of the surveyed area showing the RTK GNSS and topographic points (stations 1–7) and the topographic network with the location of the ground and wall targets (both control points (CPs) and checkpoints (ChPs)). Targets used for TLS (d) and SfM (e). 
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Figure 2. Flowchart of the methodology proposed in this work. 
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Figure 3. Characteristics of the tower and palace of Illasi Castle highlighting the complexity of the structures and showing the unremoved vegetation (1–5 show the portions enclosed by the colored polylines). 
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Figure 4. Separation of the available targets into 14 CPs (5 on the ground and 9 on the walls) and 6 ChPs (2 on the ground and 4 on the walls). 
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Figure 5. Center of image acquisitions (blue flags represent the image plane); (a,b) center of images acquired by the drone camera; and (c,d) center of images acquired by the SLR camera. 






Figure 5. Center of image acquisitions (blue flags represent the image plane); (a,b) center of images acquired by the drone camera; and (c,d) center of images acquired by the SLR camera.



[image: Drones 07 00101 g005]







[image: Drones 07 00101 g006 550] 





Figure 6. Three-dimensional models obtained via SfM processing of images acquired by the drone (a), SLR camera (c), and smartphone (e), and by the integration between drone and SLR imagery (g). A common detailed area of interest of each model is shown in (b,d,f,h) for the drone, SLR, smartphone, and drone together with SLR images, respectively. 
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Figure 7. Different points of view of the Illasi Castle 3D model obtained from the alignment of the six TLS point clouds. Colors represent point reflectivity in the range of 0–1. On the right, the two internal rooms of the palace are visible. 
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Figure 8. Comparisons between point clouds using the TLS model as reference. TLS and drone (a), TLS and SLR (b), and TLS and drone + SLR (c). Colors represent the 3D distances between models. 
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Figure 9. Comparisons between point clouds of the tower. TLS and smartphone (a) and SLR and smartphone (b). Colors represent the 3D distances between models. 
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Figure 10. Final 3D model of the palace integrating the SfM results for the external surfaces (drone + SLR, in photorealistic representation) with TLS data for the internal portions (in reflectivity representation, where colors highlight the points’ reflectivity in the range of 0–1). 
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Figure 11. FE model of the palace, where each wall type is represented by a different color (Midas FEA NX software). 
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Figure 12. Contours of main strains (a) and main stress (b) from the pushover analysis for one of the analyzed directions (along the X-axis). The red numbers, in each interval, indicate the percentage of finite elements that assumed values of solid strains and solid stress within the range of values in black. 
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Table 1. Processing times related to each step of the Agisoft Metashape workflow separated for each dataset (d, h, and m indicate days, hours, and minutes, respectively). A workstation with good performance was used for the processing.
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Processing Time

	
Operation

	
Drone

(h, m)

	
SLR

(h, m)

	
Smartphone

(m)

	
Drone + SLR

(d, h, m)






	
Tie points

(sparse cloud)

	
Matching:

	
0, 31

	
0, 51

	
3

	
0, 1, 16




	
Alignment:

	
0, 4

	
0, 14

	
2

	
0, 0, 23




	
Dense cloud

	
Depth map

generation:

	
4, 57

	
1, 38

	
14

	
0, 5, 34




	
Dense cloud

generation:

	
19, 16

	
2, 48

	
15

	
2, 17, 10




	
3D model (mesh)

	
Reconstruction:

	
0, 19

	
0, 44

	
22

	
0, 1, 2




	
Texturing:

	
0, 4

	
0, 36

	
6

	
0, 1, 7











[image: Table] 





Table 2. The number of CPs used in processing, available ChPs (see Figure 4), and comparisons between the 3D coordinates and the four extracted 3D photogrammetric SfM models in terms of RMSE.
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3D Model

	
N. CPs

	
N. ChPs

	
RMSE (cm)




	
CPs

	
ChPs






	
Drone

	
14

	
6

	
1.4

	
1.1




	
SLR

	
9

	
4

	
0.5

	
1.0




	
Drone + SLR

	
14

	
6

	
1.1

	
1.2




	
Smartphone

	
5

	
-

	
1.9

	
-
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Table 3. Mean distances and standard deviation values of the comparisons between the TLS model (as a reference) and the obtained SfM point clouds considering all the available data, area A of Figure 8 (palace), area B of Figure 9 (tower), and the internal portion of the palace.
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	Mean Distance (cm)
	Standard Deviation (cm)





	Available Data
	
	



	TLS and Drone
	0.9
	10.1



	TLS and SLR
	–0.5
	9.6



	TLS and Drone + SLR
	0.6
	9.6



	TLS and Smartphone
	–1.5
	10.9



	Smartphone and SLR
	1.5
	11.9



	Area A
	
	



	TLS and Drone
	0.2
	2.4



	TLS and SLR
	–0.3
	1.8



	TLS and Drone + SLR
	0.1
	2.2



	Area B
	
	



	TLS and Drone
	0.3
	2.4



	TLS and SLR
	0.2
	2.7



	TLS and Drone + SLR
	0.4
	2.3



	TLS and Smartphone
	–0.1
	4.7



	Smartphone and SLR
	–0.1
	7.1



	Internal Palace
	
	



	TLS and Drone + SLR
	1.1
	7.7
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