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Abstract
The construction of the St. Adalbert Church in Gdansk dates to 1310. It is a church of rich history and great historical value, and its care is challenging. In this study, the combination of unmanned aerial vehicle (UAV) photogrammetry and terrestrial laser scanning (TLS) was used to accurately build a 3D model of the church. Together with the collected historical inventory documentation, the historic building information model (HBIM) was generated. The Autodesk-Revit® tool was used for this purpose. On the basis of the generated model, the reflection properties of the laser scanner beam and red–green–blue (RGB) images, a methodology was proposed for analysing the degradation of the church’s components. The main hypothesis of this study is based on the analysis of sunlight outside the church. In addition to the importance of the method for determining the risks of church degradation, a high-quality method for model visualization combining two photogrammetric techniques (TLS + UAV) is presented.
Keywords
Cultural heritageUAV photogrammetryLaser scanningLighting analysis3D-modelHBIM
Abbreviations
	UAV
	Unmanned aerial vehicle

	TLS
	Terrestrial laser scanning

	BIM
	Building information model

	HBIM
	Historic building information model

	ICP
	Iterative closest points

	RGB
	Red–Green–Blue

	LiDAR
	Light detection and ranging

	EPSG
	Geodetic parameter dataset

	GNSS
	Global navigation satellite system

	IMU
	Inertial measurement unit

	3D
	Three dimensional

	2D
	Two dimensional

	GCP
	Ground control point

	ETRS
	European Terrestrial Reference System

	EGM
	Earth gravitational model

	MSA
	Multi-station adjustment




Introduction
The development of three-dimensional models of temples, often centuries-old buildings, requires advanced technology that allows digital recording of building geometry [1, 2]. This documentation is important because objects are often exposed to deterioration due to human negligence, climate change, or natural disasters [3–5]. After obtaining detailed information on historical buildings, it is possible to pass this information on to future generations [2]. One of the methods of obtaining spatial models is the use of remote sensing technology [6]. This technology allows us to build models based on spatial information from cameras or laser scanners [7–9]. TLS systems have been on the market for approximately 20 years and have been the standard method for acquiring 3D data for 15 years [10].
The technology of 3D modelling allows us to visualize objects and create accurate 3D models [11–13]. Modelling churches requires particular attention. It is important to create a complex and accurate model to ensure the most detailed representation of the architecture [14, 15]. Each object requires a personalized approach, and the minimum level of detail must be specified [16, 17]. Notably, 3D modelling improves the information management process during research and restoration [18]. Commercial 3D modelling software allows us to build very accurate and complex models. The main problem with any software is the mapping of a geometrically incomplete object [19]. In the field of cultural heritage, 3D models are an interesting tool for built-in documentation and interactive visualization, for example, to create virtual reality environments [20–23]. 3D models obtained by laser scanning have been used to fill a virtual environment with faithful copies of real objects, such as the interior of a museum or a historic building [24–26]. Photogrammetry has been used in the 3D reconstruction of objects based on one or more images for many years [27–29]. Active sensors can generate the dense 3D point cloud data required to create high-resolution geometric models, while digital photogrammetry is more suitable for creating highly accurate textured 3D models [30–32]. BIM modelling is a digital record of the features and properties of a building object. This technology is used to visualize the object, and the created model has the actual building parameters. The essence of BIM is based on object-oriented modelling [29, 32]. Modelling cultural heritage in a BIM environment requires special attention. It is important to create an extremely complex and accurate model to ensure the most comprehensive representation of the architecture possible. Each object requires a personalized approach.
Spatial models can be used to analyse the lighting of churches. From a practical point of view, to solve the problem of detecting possible degradation, light is considered to be a direct factor. This means that if there is a shadow, the progress of degradation increases in the presence of lichens or humidity. In most cases, the method of analysing point clouds is used in the literature, but the total number of points is difficult to analyse due to their volume. This means that the analysis of lighting allows us to indicate analysis areas as the degradation progresses without having to run the entire model. The differences between the illuminated and shaded sides of an object are studied in this paper.
As shown, the general use of noninvasive methods to assess structural conditions and 3D modelling has become common in research literature [26, 33, 34]. However, the objects of study are typically engineering elements. The latest techniques present methods for determining the degree of wall degradation [35], classifying the main elements of cultural objects [36] combining photogrammetry and laser scanning measurement methods [37], and generating high-resolution 3D models using UAV techniques [38]. Our research complements each of the methods listed above. By analysing the rays of natural light falling on the church, we have developed a simple way of analysing possible places of degradation, with the additional input of a high-resolution 3D model. To complete the analysis, we have presented measurement methods for generating high-resolution models from images and laser scanning technology. Next, we carefully performed 3D modelling in Revit software to reduce the weight of data, without information loss. The model forms the basis for planning conservation works or general facility management. We used the collected geometric and spectral information to assess the technical condition of the building and added it as an element of metadata to the model.
Based on the studies mentioned above, this paper proves that 3D modelling is important from the management perspective. Therefore, the study presents a new proposal for an inventory of temples. Our main goal is that the research results can be used by conservators or facilities managers responsible for managing churches, bearing in mind that, without a powerful workstation, they might have problems with point model analyses. The church’s HBIM and the surrounding landscape are presented by combining UAV optical measurement and laser scanning technology.

Materials and methods
Study site and historic information
According to the legend proclaimed on the Hill of Saint Adalbert, in 997 A.D., a Czech bishop and missionary, Saint Adalbert, was killed and was first buried in Gdansk. In the twelfth century, the Benedictines came to the Saint Adalbert district, where they built a church, a monastery, and a brewery. The monks began to build a new temple in a swamp at the foot of the bishop's burial site. In 1310, excavations began, and the temple lines were defined. At the end of the fifteenth century, the Benedictines left Saint Adalbert, and the parish was taken over by diocesan priests. In 1537, the church and surrounding buildings were destroyed in a fire. The reconstruction of the temple began at the end of the sixteenth century with the help of the bishop Stanislaw Komkowski. The construction of the presbytery was completed in 1667, and in 1680, the church tower was erected. In the eighteenth century, the temple was expanded to two side chapels and received the appropriate equipment. In 1945, the sanctuary was damaged due to warfare, and it was not opened to the faithful until 1956. Currently, the temple serves as the Sanctuary of Saint Adalbert.
The building consists of a nave and two side chapels facing north and south. On the west side of the temple, a tower was added, which was a new wooden structure built without nails in 2003. The chancel is in the eastern part of the church. The sacristy is located between the chancel and the northern chapel. Between the north chapel and the nave, there is a chapel of the relics of St. Wojciech built in 1930. The church was made of red brick and then plastered. The tower was made on a square plan. It consists of two zones: lower and upper. The lower zone—the ground floor—is very massive, while the upper floor is much narrower than the lower floor and is covered by a thick roof. The façade of the nave, presbytery, and tower is equipped with pointed windows. However, there are round arched windows in the chapel and in the upper part of the tower. Figure 1 shows the location of the church.[image: ]
Fig. 1Location of the church



Research methodology
The research method presented in this study is based on multitechnology measurements of a temple (St. Adalbert Church in Gdansk, Poland). An UAV and a TLS were used for data acquisition. This approach gave us the opportunity to fully evaluate the measurement results. Moreover, using orthoimages allowed us to expand sunlight analyses to the immediate vicinity of the church. Figure 2 shows the workflow of this research. The workflow consists of the following:	(1)
Acquiring all details of the historical information of the church.

 

	(2)
Acquiring spectral and geometric information from a laser scanner and UAV photogrammetry.

 

	(3)
Building an individual HBIM of the church based on the obtained data.

 

	(4)
Proposing a sunlight analysis in terms of possible degradation and light perception by humans.

 



[image: ]
Fig. 2The research workflow



UAV Photogrammetry
UAV photogrammetry was performed using a DJI Matrice 300 RTK drone and a DJI Zenmuse P1 camera. The camera has a CMOS sensor with a size of 35.9 × 24 mm. The images are in.jpg format with dimensions of 8192 × 5460 pixels. The focal length is 35 mm. The UAV equipment with a Global Navigation Satellite System (GNSS) and an Inertial Measurement Unit (INU) allows for direct georeferencing, which consists of measuring the position of the camera during flight. However, such positioning does not always allow for high-quality 3D reconstruction. To increase the accuracy, 18 ground control points (GCPs) were used. They were measured with a GNSS receiver—Leica CS20. The coordinate system of the images is WGS 84 (EPSG:4326). The coordinate system of the GCPs is ETRS89/Poland CS2000 zone 6 (EPSG:2177) with the EGM2008 Geoid Model. The Matrice 300 RTK is a DJI commercial drone and is part of a modern aircraft system. The company's manufacturer offers up to 55 min of flight time, advanced artificial intelligence (AI) capabilities, 6-way sensing and positioning. Brand new technology from DJI OcuSync Enterprise enables transmission distances of up to 15 kms and supports 3-channel 1080p video. Automatic real-time switching between 2.4 and 5.8 GHz allows us to fly in high-interference environments, and AES-256 encryption ensures secure data storage and transmission.
The requirements for accurate rendering and processing of high-quality 3D models are steadily increasing. For example, accurate 3D models can be used to identify potential problems in the early stages of project implementation or to complete a broader analysis of information on buildings. Therefore, vertical aerial photogrammetry cannot meet the quality requirements of the 3D model reconstruction obtained. In this research, we used oblique photogrammetry to obtain the highest data quality. Although vertical images can help show the positions of objects such as buildings relative to each other, oblique photogrammetry gives a better perspective on the appearance of objects rising above the ground. The DJI software provides the ability to use oblique images and allows us to take complete reconstruction photographs without having to carry out multiple flights, as shown in [39].
The images were processed in PIX4DMapper software. The church was photographed with 36 images. During processing, 3 stages were used: initial processing, point cloud and mesh creation and orthomosaic and digital surface model (DSM) creation. Initial processing was based on acquiring information about image alignment results (so-called automatic tie-points) and then determining the elements of internal and external orientation and aligning them to manually measured control points (GCPs). After the processing steps, the acquired point cloud was saved in.las format. To correctly show the accuracy of the results, the position error between the control points (those that did not participate in the alignment and those that were obtained from the images) is shown in Table 1. Considering that the study area was about 5,000 m2 and had dimensions of about 60 m × 85 m, and the flight altitude was 100 m, we were able to perform the study using vertical and oblique images. The GSD was about 1 cm. The results of bundle block adjustment and resulting point cloud showing the church and its surroundings is given in Fig. 3.Table 1Localisation accuracy per GCP and mean errors in the three coordinate directions


	Check Point Name
	Error X [m]
	Error Y [m]
	Error Z [m]
	Projection Error [pixel]
	Verified/Marked Images

	1
	0.0203
	0.0008
	− 0.1251
	0.3605
	3

	2
	− 0.0192
	0.0575
	0.0375
	0.2295
	4

	3
	0.0292
	− 0.0200
	− 0.0029
	0.4569
	4

	4
	0.0021
	0.0115
	0.0655
	0.3030
	6

	5
	0.0228
	0.0138
	0.0184
	0.2115
	4

	Mean [m]
	0.011032
	0.012712
	− 0.001341
	 	 
	Sigma [m]
	0.017591
	0.025388
	0.065845
	 	 
	RMS Error [m]
	0.020764
	0.028392
	0.065859
	 	 


[image: ]
Fig. 3a Bundle block adjustment results, b automatic tie-points and GCP, c, d UAV oblique photogrammetry results



Terrestrial laser scanning (TLS)
Laser scanning measurements were made with a Leica Scan Station P30. This is a Light Detection and Ranging (LIDAR) scanner with an ultrafast pulse method (the device is able to collect up to 1 million points per second). The presence of a digital camera makes it possible to assign specific RGB colours to the point cloud. This type of scanner is a very good solution for working with large objects. The accuracy of the results obtained is satisfactory (reaching 1 cm), and the measurement itself is relatively simple. This instrument is ideally suited for scanning 3D geometry and generating data for integration with a building information modelling system. As noted in the literature [34], the use of laser scanning is associated with certain limitations. For example, the point cloud may contain many unnecessary elements and noise. In our case, the main obscuring elements were trees on the northwest and west sides. Another problem with laser scanning is the occurrence of blind spots due to obstructions or undesirable measurement conditions. Therefore, it is not always possible to scan the entire object. To avoid this problem, we used UAV oblique photogrammetry.
In order to present the possibilities of using the laser scanner more broadly, we have presented the location of the scanner positions during the measurements in Fig. 4. According to the Fig. 4, scan positions around the church are numbered from 1 to 13. Additional scan positions from 14 to 20 were located inside the church. Denser distribution of scanner positions around the tower was because the scanner was located in close proximity to the church. This was for two reasons: first, to combine the scans recorded outside and inside the church, we needed to have as many common elements as possible to minimize an alignment error. Second, we used the beam reflection intensity for our analyses. Due to the fact that its value also depends on the angle, the type of material, its colour and humidity, we didn't want the angle of a laser beam to be perpendicular to the church (which has the effect of too high intensity value saturation) or too large (where the laser beam won’t be able to return to the scanner).[image: ]
Fig. 4Scan positions location


The most important feature of the scanner used in this research is the possibility of precise measurements, with a precision of several millimetres, and the possibility of registering the intensity of the light-beam reflection. Our experience shows that, despite the limitations, scanning a building provides products of better quality than photogrammetry does (e.g., due to the accuracy of edge registration). This has been demonstrated in the literature by, among others, Mohammadi et al. [40] and Moon et al. [41]. Therefore, two assumptions were made during the field survey. The first determined the visibility of the scanner positions relative to each other, and the second determined the maximum distance from the measured object. In exceptional places (i.e., in scan position alignment between points outside and inside the church), the density of the positions was increased to record the tie-points (tie-points are the points that align individual scanner positions to each other) as accurately as possible. Moreover, as in the case of UAV oblique photogrammetry, manual and automatic filtered tie-points were used to align the data to the same coordinate system (ETRS89/Poland CS2000 zone 6 (EPSG: 2177) and the EGM2008Geoid model). In this way, we obtained two photogrammetric models in relatively close proximity. The registration process was performed in RiSCAN PRO® software. This process was based on corresponding tie-points (created automatically or indicated manually). To minimize alignment errors, RiSCAN PRO® has a plugin function called “Multi-Station Adjustment” (MSA). The main functionality of MSA is to improve the registration of scan positions. For that purpose, the external position of each scan position was modified to calculate the best overall fit for them. The alignment results are shown in Fig. 5 as a histogram of the residues of the tie-points and an error sphere.[image: ]
Fig. 5TLS Alignment results as a histogram of residues between tie-points


In Fig. 6, the resulting point cloud is shown in RGB colours and as the intensity of the beam reflection from the object.[image: ]
Fig. 6TLS point cloud in a RGB colours and b the Intensity of the beam reflection



TLS and UAV photogrammetry aggregation
After obtaining point clouds from both TLS technology and UAV photogrammetry, registration to the same coordinate system ensured a relatively close positioning of the point clouds. However, when acquiring a spatial model, one of the objectives was to create the point cloud model with the highest possible accuracy for the BIM modelling stage. For this purpose, we used Riscan Pro® software. This software has the plane patch filter algorithm, which together with the iterative closest points (ICP) algorithm aligned the clouds of points with each other. The plane patch filter algorithm divides the point cloud into smaller cubes and then searches for the best-fitting plane inside these cubes using least-squares adjustment. When the algorithm finds the best-fitting plane, it estimates the location of the centre of gravity, which, together with the normal vector, is stored on a hard disk. The ICP algorithm then aligns these points; it is one of the most popular methods in point cloud alignment [42, 43]. The standard deviation obtained as the final result of this operation did not exceed 1 cm between the tie-points. The principle of point cloud aggregation is the same as in the case of combining scan positions from a terrestrial laser scanner, presented in this study. We present the result of this combination as an open access data [44].

HBIM methodology
The modelling phase was carried out with Autodesk Revit®, a type of building information modelling software. After the point cloud has been properly imported, the church modelling stage in the Revit environment must start by adding levels to which the whole BIM work process must refer. Then, the added levels are automatically used to create a floor plan associated with them. The projection is a 2D view of the model display, forming the basis for placing the church’s individual parts. In historic buildings, walls are often heterogeneous in thickness, lack horizontality, and show deviation. In most cases, therefore, individual elements are modelled manually. To save time and reduce the manual modelling for all elements, some elements use rules derived from experience. For example, if the angle of the individual roof slope relative to the horizontal plane generated from the point cloud is measured, the end point of the roof slope curve can be predicted. In a specific level projection, a closed loop of the roof boundary was designed, and its slope was defined. Its value was then changed to reproduce the structural elements as faithfully as possible, depending on the ordering of points.
The technical elements obtained from the documentation were modelled in two ways. First, a large family library was built, making modelling faster. For example, a new family is created for windows that use the same family in multiple situations. One of the challenges in the modelling stage was the entrance to the church. Separately, the white decorative elements around the entrance were made along the same path as the muntin bars. A wooden door was inserted into the opening, and the size was determined by drawing the perimeter on the point cloud. We marked elements determining material differences by analysing the range of reflection spectra of the laser scanner and RGB colour ranges. The results of this review are shown in Table 2. There, the range of the reflection intensity for individual materials is quite large, but these are the extreme values that occurred in the measurements. Moreover, we noticed that each material had an average value, which occurred most often. Due to the significant tonal differences in the cloud of points, it was possible to adapt a specific material and precisely determine where a given element occurred, e.g., for walls that clearly differed in shade from the rest of the object. After registration, the actual surface of the object could be obtained, and the state of degradation could be analysed. It should be noted, however, that the intensity of the beam reflection is affected not only by the type of material, but also by its colour, structure (roughness) and humidity. Therefore, the values presented by us helped us to classify the material of the church elements, but they cannot be used as reference values for other objects. For each measurement, a separate analysis should be made of the dependence of the material on the intensity of reflection due to variable humidity, structure and colour, e.g., of wood. The modelling workflow is shown in Fig. 7.Table 2Material characteristics based on an intensity beam reflection and an RGB Colour Dynamic


	Material Type
	Laser Scanning Intensity [0–1]
	RGB Colour Dynamic [0–255]

	 	Range
	Mean
	R
	G
	B

	Glass
	0.03–0.09
	0.05
	12–115
	12–116
	12–120

	Plaster
	0.33–0.90
	0.72
	23–249
	23–249
	23–249

	Wood
	0.03–0.10
	0.05
	6–27
	6–27
	6–27

	Old Tile
	0.07–0.50
	0.23
	9–113
	9–113
	9–113

	New Tile
	0.07–0.38
	0.21
	23–42
	23–42
	23–42



[image: ]
Fig. 7The HBIM Model generation workflow



Sunlight analysis based on 3D models
The sun's rays that cross the sky change their position with the passing of the seasons, from winter through spring, summer and autumn. The length of the day, the height of the sun in the sky, and the intensity of the sunlight change. At the equator, these changes are slight, but they change more drastically closer to the poles. They define life on Earth, from plants and animals to humans. In our analysis, the tests were performed at the autumn equinox (September 23), the spring equinox (March 20), and on the first day of winter (December 21) and summer (June 21). The same time was adopted for all dates—12:00 p.m. By analysing the trajectory of the light at different seasons of the year, the shadows cast by the church were analysed, showing that places with darkness are more likely to be degraded. An additional finding of the conducted analyses is the theoretical increase in humidity in places of continuous shade. This can cause the appearance of lichen on the building or cause faster material fatigue. Numerous insolation analyses not only of the church but also of the immediate vicinity using ArcMap® software were performed to obtain the effects in specific places, which were later subjected to more detailed analysis. This approach allowed us to analyse possible terrain obstacles that may obstruct the light from reaching the church. In dark places, we analysed the intensity of the beam reflection. Moreover, we calculated the metric deviations from the reference model that we obtained in 2017 (results not published). The HBIM lighting analysis was performed in Revit® software, and the church and its surroundings were analysed in ArcMap® software. We used the model illumination options available in these software packages.


Results
In the case of lighting analysis, the object was illuminated during the spring and fall equinoxes, then during the summer solstice and the winter solstice. The results are shown in Fig. 8.[image: ]
Fig. 8Insolation results in ArcMap® software a 21st December; b 20th March c 21st June d 23rd September


As seen in Fig. 8, the northern façade remains without access to sunlight in all four cases. During the summer, when the sun rises above the horizon, it reaches much closer to the wall but does not fall directly onto it. On this day, it can be concluded that the northern façade receives the greatest amount of light dispersed in the atmosphere. The opposite of the abovementioned situation is the winter solstice. During this period, sunlight does not reach the northern lobe of the roof. Furthermore, the southern facade is poorly illuminated during this period, as the ray angle is small, and thus, the shadow generated by the surrounding objects is large. The images that show the insolation during the equinox are identical. As seen in Fig. 7, the illumination of the church is strongly influenced not only by its orientation but also by the heights and positions of neighbouring objects such as buildings and trees. Figure 8 shows that the lighting is affected by objects to the east and south of the object under study. As representative examples, we performed a spectral and geometrical analysis of the places with the smallest coefficients in each of the periods. Thus, we emphasize comparative analysis and propose an idea for how to analyse possible degradations of cultural objects with little documentation but rich histories.
To properly analyse the model, we performed a sun trajectory analysis every 2 h from 08:00 a.m. to 6 p.m. Then, we numbered the windows according to Fig. 9. The results of sunlight reaching these windows are presented in Table 3. Before 08:00 a.m., the sun’s rays reach only windows 1–3, located on the chancel, in autumn, spring and summer, while in summer, when the sun is higher, it also reaches windows No. 4–6, located in the southern part of the church. Between 08:00 a.m. and 10:00 a.m., from autumn to spring, the sun reaches windows 1–3, but windows 4–6 are also lit at the same time in summer. Between 10:00 a.m. and 2:00 p.m. throughout the year, the sun's rays reach all windows on the south side. From 2:00 to 4:00 p.m., windows 1 and 2 are illuminated year round, while in spring and autumn, natural light also reaches window no. 5, located in the presbytery. From spring to winter, after 4 p.m., the sun's rays reach the interior of the church through the entrance door on the west side of the church. In the summer, when the sun goes down later than during the rest of the year, after 6 p.m., the sun's rays reach windows 10 and 11 on the north side. To ensure the deepest possible lighting analysis, we checked the most shady areas for moisture, lichen and geometric deformation. The results are presented in Fig. 10 and Fig. 11.[image: ]
Fig. 9Window numeration a south elevation, b northern elevation

Table 3List of window openings reached by solar radiation


	Date hour
	March 20/September 23
	June 21
	December 21

	< 8:00 a.m
	1–3
	1–6
	–

	8:00 a.m.–10:00 a.m
	1–3
	1–6
	1–3

	10:00 a.m.–12:00 a.m
	1–6
	1–6
	1–6

	12:00 a.m.–2:00 p.m
	1–6
	1–6
	1–6

	2:00 p.m.–4:00 p.m
	1, 2, 5
	1
	1, 2

	4:00 p.m.–6:00 p.m
	–
	–
	–

	> 6:00 p.m
	–
	10, 11
	–



[image: ]
Fig. 10Reflection beam analysis in the locations with the smallest illumination values

[image: ]
Fig. 11Geometric differences results on the roof’s shaded side


As shown in Fig. 10, there are visible differences in the intensity of beam reflection between the illuminated and shaded sides. In the places marked “1” and “2” (based on the analysis shown in Fig. 8), these differences are the greatest. The intensity of the shade in these places indicates that the possible humidity and the appearance of moss may affect the quality of the material. To draw the appropriate conclusions from the method presented in the article, a geometric analysis was performed. The results were compared between the shaded and illuminated parts of the church. To obtain suitable data for the analysis, the point cloud was filtered and triangulated, and the calculation was performed by estimating the distances between the reference data from 2017 and our model. The results of this analysis are presented in Fig. 11. The differences are not significant. The largest deviations are located in places with year-round shade and are not more than 3 cm. On the illuminated side, no differences were observed over 5 years.

Discussion
In this research, two measurement methods (TLS and UAV photogrammetry) were used to obtain reference data for the analysis and 3D modelling processes. First, it is worth noting that the approach of using both remote sensing techniques has been described in previous literature. For example, Valenti and Paterno [41] wanted to show which of these methods is better by showing the advantages and disadvantages of each of them. Since TLS and UAV photogrammetry are different in terms of data quality, they are best viewed as aggregated. Therefore, acquiring the reference data with their characteristics (i.e., TLS intensity or RGB values for models obtained from the images) allowed us to identify threats in terms of the durability of a church. In summary, this makes this method an ideal basis for the development of BIMs. When reviewing previous research on similar approaches, we found that Adami [24] and Remendino [26] raised an issue that we needed to take into account. They examined the geometric properties of the point clouds obtained in relation to the created 3D model. To address the important issue raised, we conducted an accurate analysis of each remote sensing product, and in difficult modelling areas, we did not apply generalizations but rather performed manual modelling to reproduce the model as accurately as possible. Therefore, the 3D model was the basis for further analysis and served as a major database for planning future renovation projects or determining the type of material that would be fatigued. The model created in this way is the basis for supplementing the model metadata with subsequent numerical analyses (e.g., presented in Fig. 12), and will be the basis for future research. This will focus on the universality of using the model for the largest possible group of recipients. Therefore, we tried to reduce its weight on the hard disk (for example: the mesh model of the whole church is much heavier in operations than the model created in Revit). One of the assumptions is also an attempt to introduce Community Science [45], where the model can be supplemented with elements made by people who create a community around the church. In our opinion, the use of such a solution may reduce the obligation of cyclical measurements, if the documentation, e.g., in photographic form, will be supplemented.[image: ]
Fig. 12Noted discontinuities from the HBIM and evidence in the form of photographic documentation


Analysing the results we achieved, we noticed that our solution introduces a new quality in relation to the latest research results [35–38]. For each of the above items, we found additional values that our article introduces:	Firstly, lighting analysis based on the analysis of the intensity of the electromagnetic wave can be the basis for classification using machine learning techniques regarding the possible degradation of a historical object.

	Secondly, the combination of UAV and LiDAR involved establishing the same system for external targets (tie-points). During the complex construction of a temple, however, it requires time and taking a large number of images. In our approach, there are only 36 images, and the reference was based on the ICP algorithm using the Plane Patch Filter method. This alignment can be described as semi-automatic, and a specific exact statistical test for the precision of the alignment provides much more confidence than the one for control points,

	Thirdly, we generated a complex 3d model of the church and, based on the obtained model, we proposed a numerical method based on a beam reflection intensity and comparisons between planes model to see if the degradation occurs.




The compliance issues described above allowed us to develop the HBIM using available materials. In the case of this particular temple, no regular monitoring is carried out, and renovation works are performed on the basis of visual inspection only after degradation has occurred. By using our idea of building a database for the analysis of lighting in the church and its immediate surroundings, we believe that a solid basis has been established to classify shaded locations based on models and to complete the necessary documentation (e.g., of the condition of the roof and tiles and the occurrence of humidity, lichen, and material fatigue). In this case, documentation, such as photographs, can be obtained by the manager of the facility, and material analysis can be carried out by a project specialist based on those photographs. This will help save time while maximizing the safety of the facility. According to the analysis performed and the addition of information on the intensity of the electromagnetic waves to the model, we noticed several elements of the church that might not be seen during a comprehensive visual inspection. We show this in Fig. 12 by naming the materials observed in the analysis and providing photographic evidence as an implementation of the method of managing a cultural building.
In our case study, an analysis of sunlight for the church and its immediate surroundings showed that there are places where sunlight never reaches during the year. We classified these places and adjusted them in our model on the basis of the results shown in Fig. 8. In this way, the following building management thesis can be put forward: if the illumination value is the smallest in the analysis, there is the greatest possibility of degradation. The spatial arrangement of the church indicates that one side of the church (northern) is not illuminated at all, and the presence of large vegetation (trees) increases the humidity there. We have shown that this is significant, since a higher humidity appears in Fig. 10 that deserves much attention for possible degradation monitoring. The church wall itself is 60 cm thick, so only the top part can be noticeably degraded, but it is often the case that the under-plaster moisture affects a much larger area than is noticeable. Renovation works in this area are associated with high costs and the need to apply for permission to carry out maintenance due to the level of building degradation. In addition, our idea has been supported in the literature by a religious analysis in the case of sunlight. Carlos [43] and Mukherji [44] presented an example of such research. They focused on how light enters a church and how it affects the intentions of the faithful.

Conclusions
It is generally accepted that high-resolution methods for building object information databases require high computing power and high operator skills. We agree with this statement, but only at the beginning of working on a project. After creating a database and preparing the management material as an HBIM, any user can handle the work of a project of this type. It is also possible to work in the cloud, making it very convenient to manage such data. It should be noted that noninvasive measurement methods such as TLS and UAV photogrammetry are the best solutions when studying cultural heritage sites, as they allow us to acquire accurate data without interfering with the measurement object. The 3D modelling process is complicated from the perspective of building the 3D model. Its individual characteristics, however, ensure a high degree of certainty in the case of facility management. Caring for our common history is extremely important; therefore, modern technologies must be fully used, and ideas for building databases must be supported by arguments and analysis. In view of this, our work has many advantages. A 3D model was built based on the most modern measurement solutions to show the aggregation of the results (TLS + UAV). Moreover, the idea of building a database was demonstrated based on the sunlight analysis of the church and its surroundings, in addition to the implementation of materials indicated in the temple’s documents.
This study provides a practical and easy to implement research idea for 3D modelling, UAV photogrammetry and TLS aggregation measurements and degradation analysis. Based on the presented research and results, it can be seen that the method presented in the article is suitable for conservation and architectural studies. From the technical side, it can be useful for any kind of renovation work or church expansion, as well as for arranging the space around the church in such a way that the light inside remains unchanged or improves. During the study, it was observed that the roof structure on the shaded side may degrade more quickly. However, drawing such conclusions requires further study of the temple. Therefore, as an additional element, the article mentions the greatest possible reduction of research in order to try to introduce Community Science, which will be an additional element of analysis and research on the presented church.
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