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Abstract: The paper outlines a potential methodological workflow for developing an informative apparatus rela-
ted to the Church of San Tomè in Almenno San Bartolomeo, in the province of Bergamo. With its central, round 
layout and distinctive decorations, the church stands out for its originality while displaying the typical features of 
Romanesque churches. It is a highlight of the Almenno Romanesque Park. The digital acquisition outcome was 
first segmented and imported as separated point clouds into the BIM environment for its geometric and informative 
representation. The semantic structure of the model follows the characteristics peculiar to Romanesque decorative 
elements. It was designed with the proper information management workflow, including structural analyses and 
detecting existing cracks. The iconographic analysis enriched the historical informative apparatus, making the 
HBIM model a valuable tool for investigating and preserving an evolving historical heritage.

Keywords: HBIM, Knowledge Representation, Collaborative Digital Environment, Enhanced Restoration Strate-
gies, Architectural Heritage Valorization.

1. Introduction
Masonry represents one of the oldest construction materials, still used in developed and developing 
countries, even in areas with significant seismic activity, such as Italy [1]. The preservation of these 
constructions requires specific structural engineering efforts [2]. Accurate computational models are 
needed to capture these monuments’ static and dynamic behaviour. Furthermore, information is crucial 
to enhancing almost-forgotten construction knowledge. To obtain these accurate and reliable models, 
developing a process that produces high Level of Detail (LoD) models is necessary to retain this com-
plex behaviour. Implementing Building Information Modeling (BIM) technology to document historical 
structures digitally gained recognition in 2008 [3]. The theoretical foundation of this technology origi-
nated a while ago, specifically in 1974, with the establishment of Building Description System (BDS) 
software by Chuck Eastman. However, the possibilities offered by BIM, such as the implementation of 
semantic information embedded within 3D objects, further contributed to its adoption in modelling hi-
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storical structures. This connection with external databases, including semantic data, allowed for a more 
comprehensive understanding and representation of historical buildings.
Experts created historic BIM models using BIM software, which provided a platform for collaboration 
and documentation of these structures. In 2009, Maurice Murphy introduced the concept of Historic 
Building Information Modelling (HBIM), defining it as “a novel prototype library of parametric objects, 
based on historic architectural data and a system of cross-platform programs for mapping parametric 
objects onto point cloud and image survey data” [4]. This definition accurately encapsulates the practical 
procedure of HBIM, but the term is broader than this aspect. HBIM is an approach that improves the 
process of knowing, analysing, designing, conserving, and managing heritage and historical structures 
[5]. HBIM models offer valuable insights into historical buildings’ geometry and information manage-
ment, facilitating the preservation and maintenance of architectural heritage. The process can be out-
lined as follows: firstly, data is acquired from both the laser scanner and the drone as photogrammetry 
data. Secondly, a parametric library of structural elements of the building is formed and created. Subse-
quently, parametric objects are plotted on point clouds to produce the entire building as the final step in 
the inverse modelling procedure. The final HBIM model should be a three-dimensional representation 
incorporating interdisciplinary information. To preserve architectural heritage, the model should collect 
information about changes over time, restoration work, and the state of conservation, which are docu-
mented by an integrated survey.
As demonstrated, assembling historical building descriptions requires significant effort, and each sce-
nario’s outcome appears unsatisfactory. The core of the difficulty lies in the fact that most BIM applica-
tions provide parametric components for designing new structures. Due to their variability in the same 
building, it is required to model many potential configurations for the historical elements to produce pa-
rametric components for historical structures. Another significant methodological issue is the widespre-
ad adoption of hybrid approaches prioritising metric accuracy and favouring NURBS over mathematical 
modelling. Widely adopted strategies include visual programming languages or algorithmic modelling, 
which aim to approximate surfaces as closely as possible to their real-world counterparts. This workflow 
is also known as the as-built methodology. These reality-based and scan-to-BIM processes strive for 
highly accurate representations of reality [6].
Nevertheless, the objective of modelling individual ashlars or building elements often results in a geo-
metric model overload, typically stemming from a lack of/or poorly managed information. Over time, 
various research groups have attempted to organise and prioritise information by structuring it into 
display levels that stratify the disciplinary dimensions of an HBIM model. Their goal has been to create 
a common language for addressing the different levels of knowledge associated with the model. This 
endeavour has led to the development of numerous acronyms and abbreviations that highlight certain 
information over others, depending on the model’s objective. These information levels can be divided 
into two main categories: the first pertains to Italian, European, and International regulations, active in 
standardising construction processes related to built heritage; the second encompasses information le-
vels with a more historical and humanistic focus, incorporating languages and approaches characteristic 
of the digital humanities and digital heritage.
The UNI 11337-4:2017 standard in Italy defines the Level of Information (LoI) and the Level of Geome-
try (LoG), with the Level of Detail (LOD) combining the two. The US Institute of Building Documen-
tation (USIBD) defines the Level of Accuracy (LOA) based on the deviation between the BIM model 
and reality, requiring integrated modelling with NURBS or imported meshes to increase it [7]. Recently, 
it has also been revisited in research and re-proposed with three levels [8]. Grade of Generation (GOG) 
considers the generative principles of the model [9], and Grade of Information (GOI) manages multidi-
sciplinary data. The ISO 19650-1:2019 Level of Information Need (LOIN) requires clear geometric and 
informational layers based on model objectives. Level of Knowledge (LOK), specific to HBIM, aligns 
with LOIN to enhance information based on model objectives [10]. Level of Evolution (LOE) addresses 
the temporal aspect of BIM elements using phases [11], while Level of Quality (LOQ) ensures infor-
mation reliability [8]. Level of Reliability (LOR) measures the consistency of HBIM elements through 
critical analysis and reasoning [12], and the Level of History (LOH) relates to the historical accuracy of 
archival sources [13].
This project re-proposes the Virtual Reconstruction Information Modelling (VRIM) methodology, whi-

ch has been extended and revised to standardise digital reconstruction processes using historical docu-
mentation for partially documented subjects [14]. The aim is to emphasise the modelling process phases 
with a focus on informative data modelling, enhancing the role of heterogeneous knowledge in do-
cumenting architectural/archaeological heritage. The Knowledge Acquisition phase involves historical 
research and the collection of metric data. Data Analysis prepares the definition of the possible levels of 
knowledge representation in line with the multidisciplinary nature and objectives of the HBIM model. 
The Knowledge Interpretation phase establishes the critical and methodological approach to 3D recon-
struction in a digital environment, including the semantic structuring of the model’s components. This is 
crucial for knowledge organisation within the model. Knowledge Representation aims to create a digital 
ecosystem complementary to the HBIM model. This ecosystem will serve as the primary access point 
to multidisciplinary information that is accessible online and consistent with its disciplinary domains.

2. Case Study: San Tomè in Almenno San Bartolomeo
The Rotunda of San Tomè is a unique and symbolic church that serves as an example and prototype of 
Lombard Romanesque architectural ingenuity. The Romanesque Rotunda is located at the junction of 
the Imagna and Brembana valleys in the Agro di Almenno, an agricultural area with remains of Roman 
settlement. In the middle of the 12th century, an older building with a central plan likely served as the 
foundation for the present building. It is cylindrical on the outside, with thin, engaged columns marking 
the surface. Truncated conical roofs connect two narrower volumes, the first containing the dome and the 
second the lantern. An apsidal structure develops along the north-east axis. A double row of eight colu-
mns, connected by arcades, surround the central hall, while a hemispherical dome, on which the lantern 
oculus opens, crowns it. Two narrow staircases within the thickness of the walls access the matroneum, 
where the apsidiole preserves the remains of frescoes. According to the cosmogonic symbolism of the 
time [15], the openings on the ground floor and at the level of the matroneum are oriented to maintain a 
precise astronomical relationship with the sun’s rays at sunrise and sunset of the solstices and equinoxes.

Fig. 1 - The Rotunda of San Tomè in Almenno San Bartolomeo (@V.M. Nannei).
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The French scholar Fernand de Dartein, who visited the temple in the mid-18th century, first noted its 
architectural features. De Dartein’s work is mainly based on the ground plan and longitudinal section 
published by the canon M. Lupo [16]. In these representations, he emphasises the remarkable propor-
tionality and accuracy of detail of the geometric drawings [17], praising in particular the fact that they 
show all the irregularities of the building’s forms. On the other hand, he criticised the regularised and 
modular plates published by G. B. L. Séroux d’Agincourt [18] and F. Osten [19]. In 1917, A. Kingsley 
Porter [20] confirmed that the Rotunda dates back to around 1140. He presumes the presbytery was built 
slightly later, perhaps around 1180. Recent studies have confirmed these dates.
Since 19th century, various works have been carried out to preserve and restore the building. These wor-
ks, also carried out by Fornoni [21], have left us with a building in excellent condition. However, they 
have also created an overlap of materials, which makes reading the palimpsest particularly difficult and 
leaves room for new research to clarify its architectural evolution. The most recent intervention, which 
was carried out less than a decade ago, involved the insertion of metal bracing elements at the level of 
the dome drum and the external cornice of the main volume [22]. Although the aim was to repair the 
cracks in the walls and vaults of the church, the interventions were not decisive, and the cracks are still 
evident, at least in the interior.

3. Digital acquisition and integrated survey
Data acquisition for the geometric modelling of the Rotunda was carried out by laser scanning, supple-
mented by UAV photogrammetry to reconstruct the roofs. For the TLS survey, a Faro Cam2 Focus S+ 
150® was employed using a targetless approach. A total of 70 scans, 38 exterior and 32 interior, were 
acquired (tab. 1). Some outdoor scans were taken to capture the roof geometry from a distance of 30-40 
m on the building’s south, west, and northwest sides. Due to the nearby slope, only close-range scans 
were possible on the north and east sides of the church. A resolution of 6.14 mm/10m, a 4× quality filter 
and an acquisition rate of 122 kpt/sec were used for the exterior scans, and a resolution of 7.67 mm/10m, 
a 4× quality filter and an acquisition rate of 122 kpt/sec were used for the interior scans. Despite poor 
indoor lighting, all RGB data was acquired, resulting in an unreliable chromatic representation. The 
scans were aligned using FARO SCENE 2020® (version 0.7.6378) software with interactive cloud-to-
cloud registration, using an average sub-sampling distance of 0.03 m and an average tolerance radius of 
3 m (tab. 2).
Using a DJI Mavic 2 Pro UAV, a total of 989 photos were taken at a resolution of 5472 × 3648 pixels 
with a density of 72 dpi. Of these, 98 nadir shots were taken from different heights, while 891 close-up 
shots were taken with the camera directly facing the wall surface in an orthogonal direction. The ima-
ges were processed using 3D Flow Zephyr Aerial® (version 7.507) to produce a sparse point cloud of 

Tab. 1 - TLS survey campaign overall data.

Tab. 2 - Cloud-to-cloud registration parameters.

596,059 points. A dense cloud of 41,557,710 points was then generated. Before integrating the photo-
grammetric survey with the laser scanner data, a comparison of the two point clouds was performed 
using the 3DFlow Zephyr Aerial® software. The software compared the two clouds using a point-to-
point Euclidean distance with the laser scanner cloud as a reference, showing an average distance of 7.3 
mm and a maximum error of 3.2 cm in the overlapping areas (fig. 2). Finally, five control points were 
acquired with a GPS receiver to georeference the digital model.

4. Levels of knowledge representation and geometrical analysis
The preparatory phase involved defining the model’s structure, starting with its geometric construction 
based on the point cloud. This construction was carried out using mathematical curves to approximate 
the geometry as accurately as possible. For the main body with a central plan, the centres used to con-
struct the intrados and extrados of the walls varied on different levels. The internal structure changes 
from an irregular octagon on the ground floor to a circular profile at the balustrade of the matroneum.
The developed HBIM model aims to serve as an access point for many different types of information. 
The levels of knowledge identified represent the disciplines of graphic representation, architectural hi-
story and restoration, each tailored to their specific methodological approaches and tools. To test the 
process, we focused on ‘sector 2’ (see fig. 3).

5. Semantic approach for HBIM elements
The documentation of architectural heritage through HBIM systems lacks standardised protocols or 
methodologies. The literature exhibits a diversity of methods due to the diverse objectives of the sta-
keholders involved in constructing these models. However, modelling in BIM environments requires a 
semantic structure derived from the architectural complex under investigation. This semantic structure 
is essential, particularly when creating models for structural analysis or restoration purposes, and there-
fore remains an indispensable step.
Machine and deep learning tools are increasingly used in point cloud segmentation tools, which can 
be used to create HBIM models [23-25]. One of the main challenges in the point cloud pre-processing 
phase is the interpretative limitations of algorithmic and computational models, especially when dealing 
with a sparse number of points or when trained on a limited range of natural or synthetic datasets. This 
problem often arises when classifying architectural features such as openings, doors, windows, and 
arches. For example, arches can be mistaken for vaults due to their common geometric features, while 

Fig. 2 - From the left: laser scanner point cloud with scan positions, photogrammetric point cloud with camera posi-
tions and comparison between the two point clouds (top, east view; bottom, west view). (@V.M. Nannei)
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based on the point cloud. This construction was carried out using mathematical curves to approximate 
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The levels of knowledge identified represent the disciplines of graphic representation, architectural hi-
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fore remains an indispensable step.
Machine and deep learning tools are increasingly used in point cloud segmentation tools, which can 
be used to create HBIM models [23-25]. One of the main challenges in the point cloud pre-processing 
phase is the interpretative limitations of algorithmic and computational models, especially when dealing 
with a sparse number of points or when trained on a limited range of natural or synthetic datasets. This 
problem often arises when classifying architectural features such as openings, doors, windows, and 
arches. For example, arches can be mistaken for vaults due to their common geometric features, while 

Fig. 2 - From the left: laser scanner point cloud with scan positions, photogrammetric point cloud with camera posi-
tions and comparison between the two point clouds (top, east view; bottom, west view). (@V.M. Nannei)
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pilasters are often misidentified as walls [26].
Therefore, it was decided to manually segment the point cloud according to the geometric modelling in 
the BIM environment. The peculiarities of the church’s central layout and the complexity of the vaul-
ting system also motivated the choice. Interior elements such as columns and vaults within the circular 
layout are numbered progressively clockwise. The arcs between columns mark the shared boundaries of 
adjacent vault systems in their identification codes. Semantic segmentation of the point cloud resulted in 
multiple coded sub-clouds, each imported separately into the BIM environment to manage system load 
and enable independent viewing (fig. 4).
The architectural elements are encoded according to their respective levels: the ground floor contains 
the central plan system with the presbyterion and apse; the first floor includes the matroneum; the drum 
houses the central dome; and the lantern crowns the structure. Architectural elements such as walls, 

Fig. 3 - Geometric analysis (top, plan views) and Semantic segmentation of the point cloud (bottom) according 
to areas of the HBIM model on the left (vaulted systems views). On the right, the main architectural elements are 
encoded: pilasters (A), columns (B), niches (N), stairs (S), and vaults (V). (@E.C. Giovannini).

Fig. 4 - HBIM elements of the ground floor (sector 2). From the left, semantic segmentation of the point cloud 
and its visualisation in ReCap Pro; superimposition between reality-based segmented models and segmented point 
clouds; HBIM model with encoded architectural elements. (@E.C. Giovannini).

columns, roofs, and floors were prioritised as ‘system families’. The geometric modelling of the vaul-
ting systems, spanning all four levels of the circular layout, was generated using a visual programming 
language and imported as ‘ceiling’ elements. This approach balanced shape fidelity and dimensional 
accuracy by favouring geometrically defined shapes. 
Columns and pilaster capitals were generated from point clouds using reverse modelling and re-meshing 
techniques. These .obj elements were then imported into the model as ‘generic models’ (fig. 5).

6. Iconographic documentation
The iconographic research began with a thorough historical and archaeological literature review. Cri-
tical contributions by Rota Nodari and Manzoni [27] and Gritti [28] were crucial, as they included a 
comprehensive range of iconographic representations and drawings. Subsequently, the focus shifted to 
identifying digital resources, starting with bibliographic references and inspection of online reposito-
ries. The aim is to exploit these images by documenting their primary URIs or URLs, ensuring they are 
accessible and referenced online. Although commonplace in the digital humanities, this practice is still 
uncommon for built heritage projects. This approach aims to create a precise digital ecosystem through 
Linked Open Data (LOD) and the Semantic Web, facilitating future connections between documentary 
and cultural resources.
Documentary resources, in particular architectural representations, document the building itself and cor-
respond to the semantic structure of the HBIM model. While floor plans, elevations, and sections provi-
de a comprehensive overview of the entire structure, the collected representations also facilitate detailed 
representations of specific elements characteristic of the church’s Romanesque architecture. The deco-
rative elements that define the building were accessed through URL parameters within the knowledge 
map of the iconographic apparatus, serving as informative data (fig. 6). This process establishes a link 
between the physical and digital realms, linking the iconographic source to its subject through visual and 
graphical representations on a ResearchSpace platform [29].

Fig. 5 - Semantic segmentation of the column elements encoded according to Rota Nodari [27]. From the left, 
superimposition between HBIM models and points cloud. On the right, reality-based segmented models. (@E.C. 
Giovannini).
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7. Level of Accuracy
The BIM model greatly assists monument investigations by enabling accurate measurement and de-
scription. It reveals information that might otherwise be overlooked, supports interpretations, and pro-
vides a solid foundation for a deeper understanding of structural behaviour. The model can store crucial 
data, such as the actual shape of the Rotunda’s plaster dome. In this case, only the lower four stone 
courses are visible, while the upper part of the lantern appears off-centre relative to the axis of the dome. 
In addition, a dark brown horizontal ring indicates a possible break in the construction material (see fig. 
7). Several geometric models were created to characterise the dome’s construction.
The first technique uses a mathematical methodology. The sphere (S1) is defined by minimising the sum 
of the squared distances of the points to the surface using the least squares method. The second method 
consists of optimising the algorithm using the Galapagos Grasshopper plug-in, which uses a genetic 
algorithm [30] in which the centre of the sphere (S2) is restricted to moving along an axis found by in-
terpolating the centres of the circles derived from the horizontal sections of the point cloud. The radius 
is calculated by minimising the distance between the sphere’s surface and the point cloud [31].
These two models can help to understand the current geometry of the dome and, when combined, can 
suggest the original, unaltered shape. However, determining the optimal model, specifically the original 
model used for tracing and construction, is much more complex [32]. This task requires integrating 
knowledge from other disciplines, particularly local historical building practices, and a deeper under-

Fig. 7 - Accuracy analysis. Two dome’s scalar fields connected to the dome’s model. (@D. Prati).

Fig. 6 - Knowledge map representing iconographical documentation about column 4B and its sub-elements. The 
images were sourced from Osten [19] and Dartein [17]. (@E.C. Giovannini).

standing of historical alterations and the structural behaviour of domes. Over time, historical monuments 
in their current form have undergone multiple restorations and modifications due to settling, functional 
or aesthetic changes, and construction errors. Therefore, the original shape of the dome may not match 
the previously mentioned models but should be considered among a group of shapes with different 
characteristics. Based on the behaviour of similar domes, it is likely that the crown region is positioned 
lower than the optimum shape. By linking the model to the displacement analysis as scalar field repre-
sentations of the original point cloud, we can confront different model features with the point cloud and 
trace this information within the model using shared parameters. In this way, the HBIM model plays a 
key role in this type of analysis, allowing the use of appropriate software for quantitative assessment of 
deformations and displacements over time.

8. Crack analysis
The church’s interior has significant cracks, some of which affect the masonry from the base to the roof 
of the upper gallery, as well as partially the vaults on the ground floor and the matroneum’s balustrade. 
They are located on the four sides of the hall, at the weak points of the external walls: the entrance door, 
the stairs, and the first-floor apsidiole. Broken mortar markers from 1946 indicate that the cracks are not 
recent, yet they appear to continue widening despite the 2013 repairs. During these works, a metal hoop 
was installed at the top of the outer masonry and the base of the drum. Metal plates connected these two 
hoops to absorb the thrust coming from the cross vault of the matroneum. These cracks were also visible 
outside before the 2013 repairs, but the restoration completely sealed them [22].
As the developing crack pattern is of concern for the building’s safety, a catalogue of the cracks was 
compiled during the survey. A survey sheet was used to record observations such as the building elemen-
ts involved, crack shape, depth, the presence of monitoring systems, and the expected crack evolution. 
This data was then entered into a spreadsheet linked to the HBIM model. In addition, each crack was 
photographed and digitally drawn directly onto the textures obtained from the digital model.

9. Discussion and future developments
The trial carried out with this case study suggested some general considerations regarding the link 
between a traditional digital model and an information repository containing different sources related to 
the heritage: historical documents, descriptions of past interventions (restorations carried out, technical 
equipment installed, etc...), results of mechanical and geotechnical tests, and so on. The ultimate goal 
is not to have an exact digital geometric reproduction but rather a digital archive linked to the physical 
and geometric description of the monument. The need to leave the HBIM environment for information 
enrichment is due to the need to manage data, metadata and also 3D data and images, which cannot be 
inserted in a structured way in the BIM environment, except at the cost of forcing the system. Attaching 
a heterogeneous set of data inside parameter tabs is possible, but it can only be used for one-to-one 

Fig. 8 - Crack analysis of section 2 walls. (@V.M. Nannei).
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relationships, while new technologies and structured systems prefer graph databases to perform further 
implementations better. This activity is spreading anyway, thanks to increasingly powerful visual pro-
gramming language tools [33].
Nevertheless, it is essential to point out that modelling in the BIM environment allows for a structured 
geometric and information database, with standards such as IFC allowing for online export. The HBIM 
methodology proposed here is far from being a ‘digital twin’. The proposed approach is preliminary to 
the development of a web-based visualisation system. It can, therefore, be seen as untethered from the 
dynamics of commercial software and as part of a broader digital ecosystem that integrates and links 
strictly disciplinary data visualisation tools, like a kind of hypertext, a ‘HyperBIM’.
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