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Abstract

:

Currently, Building Information Modeling (BIM) is increasingly entering the operational level in terms of creating a model for newly constructed facilities. For existing objects, and objects of Culture Heritage (CH), the creation of coherent and qualitative BIM models depends on the quality of the data constituting the basis for modelling. What’s more, BIM of CH is not only a challenge to obtain high-quality three-dimensional data, but also a time-consuming study of object documentation and photographic documentation in order to create a faithful library of parametric objects. In the article, the authors presented the synergy of spatial data with TLS and UAV as the basis for creating a BIM model for two CH objects. The aim of the article was to make such a synergy of TLS and UAV data that the geospatial database, developed for the needs of modelling historic objects in the HBIM trend, would have a specific amount of information without the frequently used redundancy. In principle, the acquired 3D database should be expressed in a global reference system with the degree of georeferencing accuracy for situational and altitude measurements and should be consistent to provide comprehensive information about the object. The analyses led to conclusions in which the authors assign superior importance to the accuracy of measurement information and the integration of individual data groups in the process of developing the HBIM model with the desired accuracy in opposition to the appropriate selection of the level of detail, which is usually assigned a superior role, which in turn results from the quality of the data geospatial modelling.
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1. Introduction


In the era of universal computerisation, preserving cultural heritage (CH) is a measure of economic and intellectual development of nations [1,2]. What is more, The European Commission recommends that by 2030 at least 50% of the most-visited sites and monuments at risk be digitized in 3D [3]. The consequence of widespread computerisation in the field of measurement systems is the popularisation of capturing good quality 3D data. The use of 3D measurement techniques and Building Information Modeling (BIM) offers promising opportunities to faithfully preserve buildings of CH in virtual space. So why not use the synergy of remote sensing data acquisition to create a virtual prototype of a real historical object together with an object database about its past and present state using historical information?



1.1. Building Information Modeling for CH


The last decade of work on IT systems dedicated to BIM has proved that intelligent parametric modelling of building objects is not only a solution for newly constructed buildings, but also for existing ones [4], for which models are most often obtained by modelling from a point cloud. Although BIM for new investments in many countries reaches the operational level (it is more and more often included in building permits) [5], its use for historic buildings is still sporadic and carried out mainly by research and development units [6,7,8].



The creation of Historical BIM (HBIM) is a complex process, mainly due to the amount and scope of acquired 3D data of an object, as well as the time-consuming nature and difficulty of modelling non-standard historical shapes which are more often than not damaged [6,8]. HBIM requires the operator not only to be able to obtain three-dimensional data of the existing facility with a relatively high degree of accuracy LOA (Level of Accuracy), which translates directly into the accuracy of the model, but also to combine various measurement techniques, mainly in the field of scanning and photogrammetry [6,9,10,11,12,13]. The very process of modelling a monument, for which three-dimensional data with high accuracy was obtained, is preceded by the identification of historical details and by examining the existing documentation of the object or literature sources [6,14]. Thanks to them, a library of parametric objects is usually created, to which many researchers [15] assign a superior role in the process of creating a coherent model. The modelling of a monument itself is a meticulous, often manual [7] process of mapping cloud backgrounds with parametric objects [16] with the simultaneous expansion of the database about the object, taking into account, e.g., information on the state of preservation of materials, the scale of damage to the reconstructed elements in the modelling process or architectural documentation [6]. The HBIM process completes the model management stage, thanks to which historic objects should ensure their survival through optimised and sustainable management and maintenance [6,15] in the preventive conservation trend [17].




1.2. Terrestrial Laser Scanning and Unmanned Aerial Vehicle for HBIM


The primary factor in the process of successive development of the HBIM model is the acquisition of reliable three-dimensional data. The accuracy of the replication of the historic object in the model space in the case of modelling a monument proves not only the quality of the geometric base, but is often the basis for the expertise on the degree of damage and degradation. In this context, Murphy et al. [13] propose the use of remote sensing methods for capturing data, enabling the creation of exact digital replicas of the building and its unique, age-related features. In the capturing of the 3D data process, however, one should take into account such technological solutions that will complement each other, not only duplicating the acquired geometry of the object. The described solution may be provided by the synergy of terrestrial and aerial measurement techniques, the potential of which was noticed and announced by Bruno and Roncella [10].



Terrestrial Laser Scanning (TLS) for 3D data of CH has become a common practice mainly due to the increasing availability of scanning technology and results in the form of dense models of cloud objects [18]. The actual mapping of a monument in virtual space, thanks to a point cloud of high resolution and topological accuracy, has become the main tool in archiving architectural details [19], historic buildings [20,21] and their complexities [22,23]. Apart from the archiving of cultural heritage, TLS data allow for examining the technical conditions of monuments [24,25,26] and constitute the basis for their management and popularisation in the global network by creating a virtual reality [27,28]. In HBIM, TLS data are the absolute basis for creating a model, outclassing the less frequently used Personal Laser Scanning (PLS) or Mobile Laser Scanning (MLS) systems [29]. However, 3D data obtained thanks to TLS requires supplements for areas not visible from the ground level and for roof slopes. These gaps successfully complement the data obtained from the Unmanned Aerial Vehicle (UAV), which thanks to the aero solution provide better imaging geometry than, for example, data from digital terrestrial photogrammetry [10]. It is also worth mentioning here the use of TLS or BIM in combination with geophysical methods to create a complete above and below image of the CH [30].



Data integration for the purposes of geomatics and photogrammetry gives enormous possibilities of modelling and three-dimensional visualisation of all kinds of architectural objects and their surroundings. In the case of technical, logistic or time limitations of the equipment used, the aspect of having spatial data from another source turns out to be very valuable. By integrating geospatial data from laser scanning and photogrammetric data, it is possible for precise reconstruction of 3D models of places and objects, area mapping and texturing of their components [31]. The results from different sources can provide the information on which to build a geospatial base in a variety of ways. A laser scanning point cloud is a product obtained during direct field measurements and is usually the basis for the development of bases. Photogrammetric data, in the form of photos and digital images, are subject to prior processing before being transformed into point clouds with given parameters locating the object. The variety of information means that they are often duplicated, jammed, and sometimes the results of measurements from different sources are contradictory to each other. The problem arises when the measurement results representing one object are obtained in different ways. It is therefore important that the resulting geospatial database becomes homogeneous in terms of data type. It should have a certain amount of information to be a reliable and comprehensive data source without redundant information duplicating existing elements. A big problem related to the integration of this type of data is defining and assigning a common frame of reference, which is also a georeference for the examined object. This involves giving an external frame of reference for all types of data, as well as matching internal systems to individual systems and measurement systems. The solution to the problem is to use the transformation matrix of each of the sources to one parametrically defined system or to precede the process by giving a common mutual orientation [32,33]. The limitations of the method, as well as the possibility of using data from different measurements, directly affect the accuracy of synergy and common orientation of different types of data. This has the effect of limiting the precision of determining the location of homological points, which translates into a reduction in the level of correctness of mutual orientation [33]. The TLS point cloud allows you to register and recreate visible (within the scope of the scanner’s operation) details of the terrain and building facades. On the other hand, UAV photos allow you to generate a cloud showing other missing elements and field details (not available for field measurements). By combining these two data sets, we can obtain data enabling comprehensive modelling, reconstruction and 3D visualisation of places and objects [34,35]. In the case of integration of other measurement data, it is necessary to use GCP target points, i.e., points that are clearly identifiable in the field [36]. Most often, they are the basis for linking databases from different sources, ensuring a common frame of reference (integration with the use of a common georeference) [37]. The Integrated survey of TLS and UAV for HBIM has so far been appreciated by, inter alia, Costantino et al. in the case study of San Nicola in Montedoro church [38], Alshawabkeh et al. in the case study of Ain Historical Village [39] or Currà et.al in the case of Villa Palma-Guazzaroni in Terni [40]. In scan-to-BIM studies, mainly for historic buildings, UAVs are increasingly becoming an alternative to TLS technology, because thanks to the combination of nadiral and oblique photographs, it is possible to avoid the grey areas that are characteristic of TLS [41,42].




1.3. Gap in Research on the Application of TLS and UAV for HBIM. Scientific Goal


Scientific work on the integration of ground and aerial data to obtain a coherent geospatial database still shows significant gaps in terms of data homogeneity. Moreover, the gap in research is also a problem of high-quality georeferencing of data from various sources. The aim of the article was to achieve such synergy of TLS and UAV data so that the geospatial database, developed for the needs of modelling historic objects in the HBIM trend, would have a certain amount of information without the frequently used redundancy. Moreover, the target geospatial database would be expressed in an external reference system with the degree of georeferencing accuracy set for situational and altitude measurements. Another important factor was the continuity and consistency of data from various sources and integrated into one geospatial database, constituting comprehensive information about the research facility.




1.4. The Paper Structure


The paper structure consists of five points. After the introduction, explaining the issues of HBIM and the acquisition of cloud data for modelling of CH objects using ground-based and aero techniques, we come to the second part describing the research methodology. In this part, we look at the characteristics of research objects, procedures for obtaining data about objects and post-processing of measurement data. In the third part, we presented the results of TLS and UAV data synergy for HBIM in two case studies for two research facilities. The fourth and fifth parts concern the discussion of results and conclusions.





2. Materials and Methods


2.1. Research Facility


The research facility is a complex of historic sacred buildings located in Kurzelów (Świętokrzyskie Province, Poland) Figure 1a. The buildings consist of the Chapel of St. Anna (Figure 1a,b) and the belfry (Figure 1c,d).



The buildings belong to the Roman Catholic Parish of the Assumption of the Blessed Virgin Mary in Kurzelów (Diocese of Kielce Poland). The Baroque Church of St. Anna was built in the first half of the 17th century, while the belfry was built at the turn of the 17th and 18th centuries [43,44]. The structure of both buildings, as well as their external wall formwork and roof covering, were made of larch wood. From the moment of their creation to the present day, the objects are used and perform their sacred functions. They are subject to ongoing renovation and conservation works, in order to preserve their original condition. After World War II (in the 40–50 s of the 20th century), a general renovation was carried out due to the damage. The objects were entered on the list of monuments by the Monuments Documentation Centre in Warsaw (Poland) and the Historical Monuments of Architecture and Construction Register Cards are kept for them (Figure 1c,d).



Research objects are unique monuments both in terms of their age and degree of preservation. The cultural heritage of the complex of objects required preserving it for future generations through 3D measurement tools and HBIM, as such objects in Central and Eastern Europe usually either did not survive the test of time or were destroyed during World War II. Conducting scientific research for them made it possible to transfer them to the 3D dimension while maintaining features that are usually not preserved for this type of objects. Digitization of the sacral complex is the preservation of this object for future generations.




2.2. Field Work TLS, UAV, GNSS Data Acquisition


The capturing of geospatial data was made with a set of measuring equipment, composed of the following:




	
Terrestrial laser scanner: Leica ScanStation P40 (Figure 2a) with a linear measurement range accuracy of ±1.2 mm + 10 ppm and an angular accuracy of 8‘‘ for the horizontal and vertical axis. The scanner parameters translate into the accuracy of determining the 3D position of the measurement point at the level of ±3 mm at a scanning distance of 50 m.



	
Unmanned Aerial Vehicle: DJI Phantom 4 Pro (Figure 2b) with a mounted digital camera with a 1-inch 20Mpx CMOS sensor,



	
GNSS Receive GNSS RTK Measurement: Trimble R8.








Acquiring TLS data was carried out in such a way that capturing 3D data for the entire interior of the building and its external facades would be possible. The resolution of scanning the object in the measurement was 2 mm/10 m. As a supplementary measurement, a UAV raid was performed in order to obtain digital photos for grey fields from TLS data parts of the external facades of buildings and roofs. As a result, scan data was obtained from 12 positions inside the buildings and seven positions outside the facility for the belfry and 12 positions for the interior of the facilities and nine positions outside the facility for the chapel. As a result of UAV raids, 154 digital images were acquired for the bell tower and 167 for the chapel. During data capture with the UAV, a flight was designed for each object to obtain orthogonal images (for the roof of the objects), for the following parameters: flight altitude 30 m, image overlapping 80% and vertical images (orthogonal images). Then, a series of photos was taken manually (around the object) at a camera angle of 30 degrees and a height of 30 m. These images served as supplementary information.




2.3. Post Processing of Measurement Data


Processing of TLS point clouds was carried out in Leica Cyclone software, while the process of UAV image processing was carried out in Agisoft Metashape Professional software.



In order to give a georeference common to both measurements (TLS and UAV), the values of the (X, Y, H) of Ground Control Points (GCP) coordinates were used, located on the research objects in the form of target plates (Figure 3a,c) and specially prepared reference spheres with a spatial mark on a levelling base (Figure 3b,d). The reference spheres used in the measurement procedure constitute the author’s solution of the article [45]. A GNSS-RTK receiver (Figure 4a) was used to determine the values of the coordinates of the centres of gravity of the reference spheres, the pin of which was each seated in the groove of the sphere (with a known off-set in terms of height relative to the centre of gravity of the sphere (Figure 4b).





3. Results


3.1. Development of Geospatial Databases


Point clouds were respectively acquired as source data from TLS and data derived from digital photos from the UAV deck. As part of generating a point cloud from photos, photogrammetric studies were carried out in Agisoft Metashape Professional software. Photopoints with known coordinate values were used to perform the study and georeference for the research object (Figure 3). The accuracy of the photo-grametric study for the belfry was achieved with the accuracy of generating studies at the level of 0.030 m, measured at photopoints, and the accuracy at the control points (assessment of the accuracy of the study made) at the level of 0.033 m. On the other hand, for the church, the accuracy of the study (measured on the photopoints used from the alignment) was 0.027 m, while the average accuracy measured at the control points was 0.040 m. The elaboration of the TLS measurement results was carried out in the Leica Cyclone software. The obtained point clouds from individual measurement stations were combined into one cloud for the entire facility. Both for the belfry and the church, with the simultaneous joining of all scans together and giving georeference (fitting to the measurement matrix), the accuracy level of the assembly was 0.003 m. However, the most important in these studies is the object, its coherence and the preservation of geometry without inclusion of additional errors, e.g., the accuracy of determining the coordinate values in the adopted reference system. Therefore, in order to ensure the preservation of geometric correctness for the objects, in the first stage of connecting individual measurement stations, photo points and reference spheres were used only as points connecting individual stations. For the first object (the belfry), the level of precision of assembling the point clouds behind it was 0.002 m. Then, the coordinate values of the network points were entered and the transformation (fitting) was performed to the global coordinate system of the point cloud. 0.007 m the level of granting geo-references. In this way, the geometry of the object was preserved and then for the whole (uniform) object the cloud of the network was fitted. A similar procedure was carried out for the church building. The level of precision of assembling a uniform point cloud for the object was 0.002 m. On the other hand, the accuracy level of fitting the object into the global coordinate system was 0.009 m.



The data was integrated into a common geospatial database thanks to the use of common georeferencing, implemented in the global coordinate system PL-2000, zone 7 (EPSG: 2178). Due to the saving and orientation of all cloud points in one common geospatial database, each point has real geospatial coordinates. The results of TLS-UAV data integration were presented as measurement data obtained with the help of TLS and UAV the integration made it possible to compensate for gaps in obtaining data for individual sensors. Data synergy made it possible to generate a uniform, coherent and comprehensive point cloud for research objects (Figure 5).




3.2. Data Consistency and Continuity Testing after TLS-UAV Integration


In order to assess the consistency of TLS-UAV data, a differential model of cloud data obtained from ground and aerial measurements was developed. From the 3D data, three test fields with dimensions of 1 × 1 m were extracted for each of the objects that represented the spatial position of the three-dimensional data: on the roof of the object, on the wall of the building and on the site (artificial object pavement). Using the C2C algorithm in the Cloud Compare program space, the compatibility analysis of point clouds obtained with TLS and UAV was carried out by generating difference models for them (Figure 6). As a result of differentiating the 3D data, the average distance of the points to the TLS-UAV point clouds was 0.03 cm.




3.3. Generating a BIM Model (HBIM)


3.3.1. Completed Data Analysis Building BIM Object Databases


Using measurement data (a geospatial database saved in the form of a point cloud after TLS-UAV integration), photographic documentation, and descriptive information contained in monument cards, a database of objects, families and components used in the process of creating a BIM model was prepared. The point cloud provided information on the following: the geometry of the objects, the layout and form of the structure, any damage and deformations occurring on the object and the finishing elements (Figure 7).



Photographic documentation made with the use of ground-based photogrammetry and from the UAV deck facilitated the identification of materials and raw materials used in the construction of the facility and its equipment, as well as the preservation and reconstruction of architectural details and decorations, and the identification of characteristic elements, i.e., cracks and damage (Figure 8).



The descriptive documentation contained in the Monument’s Charter made it possible to determine the features of the object (origin, construction period, any changes, renovations and renovations carried out over the centuries), identification of the materials from which the structure of the object was made (often invisible on the point cloud due to the use of formwork for walls and ceilings), the structural system of the roof truss beams (Figure 9).



Creating families of parametric objects for the modelling of the church and chapel has brought satisfactory results only thanks to the synergy of 3D data with photographic and descriptive documentation. The lack of any source of information about objects for the purpose of their modelling would be a direct cause of the decline in the quality of HBIM objects.




3.3.2. Visualisation of the HBIM Model


Object modelling was performed in the Autodesk Revit software. Created families of individual components, families and types of components of the 3D building model object in BIM technology were used. The basis for generating the model of individual buildings were point clouds after the integration of TLS-UAV-GNSS data, as well as relic cards and photographic documentation made in the field. As part of the study, the visualisation and presentation of HBIM historic buildings with the use of rendering tools was performed (Figure 10 and Figure 11).






4. Discussion


High-quality measurement data is the absolute basis for a good-quality HBIM model. Researchers from all over the world agree on this aspect, led by Murphy et al. [13], indicating capturing of 3D data as a starting point, preferably using ground and air techniques [10]. The integration of geospatial data from various sources ensures the complexity of 3D information about the object; however, it requires the use of GCP points as a basis for connecting two data sources and controlling their synergy. This opinion is shared by Klapa et al. [36] or Abdullah et al. [37].



The level of LOD detail in CityGML ((City Geography Markup Language) corresponds to the level to which the 3D model reflects its counterpart in the real world [46]. Therefore, in order to standardise (unify) the quality of the 3D models made, the Open Geospatial Consortium team published the so-called Standard OpenGIS, which describes the principles of defining and presenting five individual levels of detail [47,48]. As part of the BIM technology, levels of detail have also been adopted for five levels of LOD1-LOD5 [49]. All elements of the HBIM model of objects tests were made in the appropriate thickness, height, width and length, taking into account and accentuating the materials from which its individual construction and finishing elements were made. The remaining structural and architectural elements of matching the appropriate elements is consistent with the accuracy of the points cloud points (0.01 m). The model also presents finishing elements and decorations (modelled in a simplified way with modelling accuracy higher than 2–3 cm). The model allows you to carry out measurements in all three dimensions and to make a full inventory of the condition of the existing facility. Each structural element of the building has been presented with the help of a single geometric object or a group of objects, faithfully reflecting their real geometry. Based on the results obtained and the nature of the model, it should be assumed that the model was made to a high standard of the level of detail in accordance with the LOD level 4. The level of detail of the LOD of the HBIM model depends on many factors, such as the following: the purpose and requirements for model complexity, data source for its generation, software and IT tools used, as well as the skills of the person making the model [50]. In addition to high-quality geospatial data of the object, in the BIM modelling process and at the stage of creating a library of parametric objects, it is valuable to have archival and photographic documentation. These factors, apart from the quality of 3D data, are decisive determinants of the quality of the obtained model. It is worth pointing out here that the importance of archival and photographic documentation in the process of building libraries of parametric objects was one of the first to be indicated by a research team from Great Britain and Saudi Arabia [15], who developed Jeddah Historical Building Information Modelling. This sentence is also confirmed by Ullah et. al. in a publication that broadly analyses BIM in terms of the BIM-Based Building Permit Process [5]. The synergy of information sources about the object, in which the superior role is played by 3D good quality data capturing, determines the quality of the model and influences the final effect the applied LOD of the model.



When assessing the BIM (HBIM) model, one should also assess the level of graphics detail, the level of saturation of information on the model, the possibility of its boiling in a multidimensional space and for the needs of costing and facility management based on the model. This is why the Level of In-formation (LOI) is often found in the LOD fraternity. The level of saturation of the model with the LOI information is the same as the LOD level, because the more advanced and detailed the model, the more information it can convey about the object. LOI is a non-geometric part of the model information where the model itself is its carrier, where each successive information constitutes its additional attribute [51]. By adopting the LOI level assessment rules as the quantity and quality of the collected information on individual components of the facilities, the minimum, low, medium, high and maximum saturation levels can be distinguished [49]. The completed HBIM model contains information on all types of structural and architectural elements, along with a description of the types of building components, the assignment of appropriate components and the identified and characterised materials from which they were made, and also have information on the location of their occurrence in the project assigned to the model (object). Thanks to the use of visualisation methods and presentation of the actual colours and textures of the elements’ finishing, a high LOI level was assigned for the models made. A high level also requires the addition of attributes regarding the specification of the manufacturer of structural elements and building finishing, as well as attributes specifying the method of servicing and evaluation of the durability of structural elements which in the case of historic buildings is irrelevant information (impossible to implement). A collection of information on the structure of the facility is provided thanks to the Monuments Cards [49]. This level is in line with the LOD4 of the objects. The LOI level is particularly important in the case of historic buildings and the generation of the HBIM model due to the need to prepare a description of complex geometry and to link detailed information about the object to it. The introduction of the LOI level supports the process of conservation and preparation of documentation of the existing state and facilitates the management of a historic object [52,53].



Another aspect of the accuracy assessment of the BIM model is the analysis of the geometric details of individual building elements within the LOG (Level of Geometry). LOD includes both semantic information (containing the level of LOI information) and geometric information of the model (LOG), which reflects the geometry of a real spatial object. As part of the LOG, all elements of the model geometry should be analysed, concerning both the general shapes of the building and structural elements [50]. Within the LOG, five divisions have been defined, which are identical to the LOD levels. LOG100 as a conceptual model, including only a general (approximate) representation of the building, without the shapes and geometry of the object. LOG200 defines the approximate geometry of the object, presented in the form of the general object model (defining only the range of the building occurrence). LOG300, as the exact geometry, presents shapes of structural elements, while maintaining the properties of their types. LOG350 includes the possibility of generating construction documentation based on the model. LOG 400 marks components and their interconnection including very detailed information on all components. LOG500 represents the state of the model which is an ideal reflection of the object, verified in the field [54,55]. According to [55], in some cases the required (expected) level of geometry may not apply to all structural and architectural elements, due to the specificity of HBIM and its reflection of historic buildings, often constituting centuries-old buildings and architectural structures. In this aspect, the HBIM models made by the authorities at the LOG350 level should be specified, due to the precise mapping of the geometry of the object, while maintaining the shape of the object and defining the types of its individual components. Additionally, as part of the prepared studies, it is possible to generate technical documentation, constituting an inventory of the current condition of the facility.



A very important aspect of the HBIM model assessment is not only qualitative assessment, but also the accuracy of its implementation, expressed with the use of LOA (Level from Accuracy). This parameter determines the accuracy range of the model presentation in relation to the real dimensions of the object [52]. The level of accuracy reflects the precision of obtaining, processing and using measurement data to build the BIM model of an object, as well as the compliance of this model with its actual counterpart. As part of the assessment, the range determined by the levels from LOA in the range LOA10-LOA50, where LOA10 applies to models consistent with reality in the range worse than 5 cm, LOA20 in the accuracy range 5 cm–15 mm, LOA30: 15–5 mm, LOA40: 5–1 mm and LOA50: less than 1 mm [56]. The data source used for modelling the objects were point clouds, the accuracy of which was in the range of 10 mm. However, the error of identifying and fitting the model into the point cloud should also be taken into account, which may be even 2 (or even 3) times higher; therefore, in accordance with the adopted assumptions [56], the LOA level of the generated HBIM models should be determined at the LOA20 level. This level is due to the fact that historical objects whose age is estimated at 300–400 years and due to damage that took place during World War II, as well as deformations caused by the passage of time and the ageing of construction materials, which required repairs and replacement of some elements [43,44], this level is high and sufficient for objects of this type (HBIM).




5. Conclusions


BIM is a digital record in the form of three-dimensional 3D spatial objects with associated technical and descriptive documentation. The BIM model is usually created at the design stage of an object; however, it is possible to generate it for existing buildings through their careful inventory. Very helpful in obtaining information for the needs of generating models are the following: TLS measurement and information from the UAV deck due to the accuracy and quality of the acquired geospatial data, which is a reliable source of information about places and objects. TLS and UAV allow you to obtain detailed information for almost any type of facility, including historic buildings. The BIM model of such an object along with the reconstruction of damaged elements is the implementation of HBIM. It is a virtual prototype of a real historical object with an object database of its past and present state, taking into account historical and archaeological information. To make the HBIM model, a precise, accurate and comprehensive inventory of all the components and construction elements of the facility is necessary. Due to the limitations of the scope and type of work for each of the measuring instruments used, it is necessary to use several tools and measurement methods and then to integrate them.



The process of generating and processing geospatial data used to build the HBIM model consists of many stages. In each of them, various types of errors may arise, the values of which affect the final accuracy of the prepared study. Usually, this error is determined using the so-called pro-pagination of the mean error. Depending on the nature of the data, the scale and type of the study performed, the techniques of obtaining information about the objects, as well as the available funds, geospatial data is generated at various levels of precision both qualitative and quantitative. After the integration of data from different sources (e.g., TLS/UAV), one (common) geospatial database is created. This approach makes it impossible to accurately estimate the impact of individual component errors on the final result of the study. When performing the error propagation analysis, the accuracy of the LOD detail level and the position error are considered, combining both types of these errors. In fact, the position error and accuracy of the data acquisition is more important than the influence of the LOD level selection. Consequently, it is unjustified to generate geoinformation for the implementation of the HBIM model with a high LOD level, if the methods of data acquisition and processing are too imprecise and insufficiently reliable. It is important to focus on the accuracy of the generated measurement information and integration of individual data groups rather than on the selection of the level of detail, which depends directly on the quality and quantity of the input data [57]. Therefore, it is recommended to use high-quality measurement data from TLS to create the HBIM model, especially in the aspect of historic buildings, containing numerous architectural details, and to supplement their grey areas data from UAV technology.



In the process of generating a BIM model (HBIM) based on a point clouds, it is important to select the appropriate level of accuracy and density (qualitative and quantitative) of geospatial data obtained using TLS or UAV.



The HBIM model has a broad spectrum of applications, mainly in the construction, architecture and management of historic buildings. The model is also a source of information for historians and conservators due to its faithful representation of the existing condition of a spatial object. Based on this type of information, it is possible to assess its technical condition, as well as to expose defects or deformations resulting from the degradation of the object, especially with the use of data from TLS, UAV and photographic documentation made during the site visit. The authors in the following research will undertake the possibility of using TLS data and photogrammetry in the construction of a HBIM model representing the reconstruction of heritage objects. The research will include the possibility of generating a model based on residual geospatial data supplemented with technical and descriptive documentation in order to visualise (reconstruct) buildings combined with an attempt to analyse (assess) the causes of building degradation and its effects, as well as the possibilities of preventing this process.
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Figure 1. The complex of historic religious buildings (a) Chapel of St. Anna; (b) A fragment of the—monument card for the chapel [43]; (c) The belfry; (d) A fragment of the monuments card for the belfry [44]. 
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Figure 2. Measuring equipment (a) Leica ScanStation P40; (b) DJI Phantom 4 Pro with mounted digital camera. 
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Figure 3. Georeference Control Points (a) Black and white target plate temporarily attached to the surface of the scanned chapel; (b) Reference ball stabilised in the test area; (c) Black and white target plate in model space; (d) Reference sphere in the model space. 
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Figure 4. Author’s reference sphere for TLS and UAV measurements (a) Reference sphere during measurements (b) Construction of the proprietary reference sphere. 
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Figure 5. TLS (blue) and UAV (green) geospatial data integration for: (a) belfry, (b) St. Anna. 
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Figure 6. Data consistency analysis (a) Differential model of the test field located on the wall of the research facility (b) histogram of the distance distribution between the corresponding points on the TLS-UAV cloud planes for the test field. 
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Figure 7. Identification of objects on a point cloud: construction of building (a), deformations and gaps on the roof (b), finishing, e.g., decorations (c). 
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Figure 8. Identification of objects on photos: (a) formwork material, (b) walls, (c) architectural details roof with a crack. 
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Figure 9. Generating a BIM model (structure column and beams): (a) real state (photo), (b) Identification of an element on a point cloud, (c) Identification of the construction material (description from the Monument Card), (d) part of the model BIM, (e) visualization of the object (reconstruction). 
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Figure 10. Work results for the belfry: (a) comprehensive point cloud with TLS-UAV integration; (b) generated model based on a point cloud; (c) visualization of the HBIM model; (d) visualization of the cross-section (interior) of the building. 
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Figure 11. Work results for the chapel: (a) comprehensive point cloud with TLS-UAV integration; (b) generated model based on a point cloud; (c) visualization of the HBIM model; (d) visualization of the cross-section (interior) of the building. 
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