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Abstract: This article presents a bibliometric analysis conducted on the implementation of sensor-
extracted data in the context of Historical Building Information Modeling (HBIM) with a focus on the
conservation of heritage buildings. The study utilized recognized databases, namely, Web of Science
(WoS) and Scopus. A bibliometric analysis methodology was applied, employing the VOSviewer
1.6.19 software. The results obtained provide a robust overview of the current state and trends in
HBIM and sensor research and enabled the identification of emerging trends in the field of preventive
conservation. Three promising trends were identified, establishing connections between this field
and 4D spatial data management, energy performance, and artificial intelligence. Additionally,
relations with climate change were also detected. These trends underscore a significant convergence
of technologies and methodologies in the realm of heritage building conservation. The conclusions
serve as a valuable contribution to guiding future research in the field of built heritage conservation.

Keywords: HBIM; sensors; data integration; digital technologies; heritage conservation; preventive
maintenance; bibliometric analysis; climate change; WoS and Scopus databases

1. Introduction

The conservation of heritage buildings poses a highly complex challenge due to
various threats that can affect the integrity of these cultural assets. These challenges include
the vulnerability of these structures to natural hazards, their pre-existing conservation
conditions, their unique structural and material characteristics, their low energy efficiency,
and the effects of climate change, which are becoming increasingly relevant [1]. The
control of environmental and climatic factors is extremely delicate, especially when dealing
with historic buildings open to tourist visits [2]. Therefore, prompt surveys and damage
assessments are essential for their conservation [3].

The conservation of heritage buildings is crucial for the individual and collective
identity of a country, in addition to boosting tourism activity. In line with the need to
conserve these buildings, the application of structural health monitoring (SHM) systems has
experienced a remarkable increase in recent decades [4]. SHM involves observing structures
over time with periodic measurements, extracting damage-related features, and statistically
analyzing these features to assess the current health of the building and anticipate its future
behavior [5]. The implementation of this type of system is not only essential to assess
structural performance, but also to provide valuable information to facilitate the planning
of cost-effective and sustainable maintenance and retrofit solutions [1].

Nowadays, the documentation, planning, and management of interventions in heritage
buildings are increasingly based on the Building Information Modeling (BIM) methodology.
The main feature of this methodology is the integration of a three-dimensional graphic model
of the quantitative and qualitative information of the objects being modeled, as well as the
relationships between them and their links with external documents [6]. This approach
consolidates various aspects of the design in a unified digital environment, characterized by
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a high level of uniformity, especially in its application to historic buildings (HBIM) [7]. The
Historical Building Information Modeling (HBIM) methodology stands out for its ability to
organize and archive architectural information, encompassing both geometric and specific
semantic data [8], as evidenced by Banfi et al. [9], Chiabrando et al. [10], Nieto-Julian et al. [11],
and Curra et al. [12]. This is essential to support the decision-making process and streamline
workflows in historic building research [3].

Among the data that the HBIM methodology can store and manage are those derived from
various monitoring systems aimed at detecting threats to building conservation, as evidenced
by O’Shea & Murphy [13], Nagy & Ashraf [14], Moyano et al. [15], and Machete et al. [4]. This
integration turns out to be an essential component in achieving an integrated design and efficient
management oriented to preventive and proactive maintenance [7] The convergence of HBIM,
IoT, and wireless sensor networks is significantly improving the remote sensing capability of
data in historic buildings [3]. However, despite the many advantages offered by these digital
technologies, significant challenges remain in their practical application. These challenges
include sensor overloads, unreliable networks, and problems related to data compression and
transmission [1].

In this context, the objective of this paper is to explore the current state of the field
of study, trying to identify the most outstanding scientific works that have contributed to
this area, to analyze the most influential publications and recognize the leading research
groups. Additionally, the paper pursues establishing connections between this topic and
the deployment of digital technologies, as well as their relationship with the challenge of
climate change.

Ultimately, it is the intention to outline an essential state-of-the-art bibliography for
researchers that will foster substantial advances in the development and application of
technologies for the conservation of cultural heritage and visitor flow management.

2. Materials and Methods

The bibliometric analysis methodology used in this paper has been successfully employed
in other literature review studies related to the field of HBIM and sensors such as those of
Vilutiene et al. [16], which deals with BIM for structural analysis; and Li et al. [17], related
to studies on visitor carrying capacity; as well as in studies related to the topic such as
Zhang & Zou [3], which deals with hotspots and trends related to HBIM; Liu et al. [18], which
deals with BIM aimed at tourism sustainability in heritage assets; Hou et al. [19], which deals
with digital twins applied to heritage management; and Bulgarelli-Bolafios et al. [20], which
deals with the scientific concepts of HBIM and 3D modeling, thus validating its applicability
in different research contexts.

To achieve the proposed objectives, this research is structured in five phases:
(1) bibliometric data collection; (2) analysis of the obtained data; (3) data evaluation;
(4) results; (5) discussion of the results. All these phases lead to a series of conclusions.

2.1. Compilation of Bibliometric Data

To ensure the reliability and authority of the data, two of the most popular and
trustworthy international databases, Web of Science (WoS) and Scopus, were utilized. As
some documents are shared between both databases, and considering the existence of
exclusive documents in each, the decision was made to analyze both for result comparison
throughout the process. This approach allowed for verifying points of convergence and
divergence in the datasets.

The process of compiling the relevant scientific literature was primarily based on
the combination of two sets of keywords using the Boolean operator “AND” applied
in the search fields of WoS and Scopus. The first set of keywords included “sensor*”,
encompassing various variations such as sensor, sensors, sensorial, sensorization, sensored,
sensorized, sensoring, and sensing. The second set consisted of diverse variations of terms
related to HBIM, including hbim, h-bim, heritage-bim, heritage bim, historic-bim, historic
bim, heritage building information modeling, and historic building information modeling.
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The Boolean operator “OR” was used to separate the words in each set, allowing the system
to consider all possibilities that included the specified words.

Consideration was given to including the word “monitoring” in the first set or in an
intermediate set, but the search results encompassed monitoring types that deviated from
the topic or overly restricted the number of documents.

By utilizing the initial set of keywords, a comprehensive compilation of various sensor
types became feasible, encompassing wireless and fiber optic sensors. These sensors are
instrumental in gathering diverse data types, ranging from temperature, pressure, humidity,
movement, proximity, and light to vibration and CO; levels. The amalgamation of the first
set of keywords with the second set led to the identification of scientific publications that
intricately address both topics simultaneously.

The same conditions were consistently applied whenever possible to retrieve data
from WoS and Scopus. At the first filtering level, scientific articles, conference proceedings,
and book chapters were exclusively chosen. This reduced the number of documents in
WoS from 230 to 217, and in Scopus, from 79 to 69.

At the second filtering level, specific research areas were selected, including remote
sensing, imaging science photographic technology, engineering, computer science, architec-
ture, environmental sciences ecology, archaeology, construction building technology, art,
instruments instrumentation, arts humanities, other topics, and automation control systems.
Following the implementation of this filter, the WoS publications were reduced to 183. In
Scopus, where the research area filters differ from WoS, the selected areas were computer
science, engineering, environmental sciences, and arts and humanities, resulting in a total
of 65 publications. This filter was necessary because the sensor terms were involved in
other areas of scientific research that were far removed from the research objective, such as
spectroscopy, geology, and biochemistry.

Ultimately, at the last filtering level, only documents published between January 2013
and 30 September 2023, were selected, yielding 167 publications in WoS (Figure 1a) and
57 in Scopus (Figure 1b).
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Figure 1. (a) Publications in WoS from January 2013 to September 2023; (b) Publications in Scopus
from January 2013 to September 2023. Own elaboration based on data from WoS and Scopus.
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2.2. Analysis of the Obtained Data

The obtained data from both database platforms were exported and subsequently
imported into the bibliometric analysis software VOSviewer version 1.6.19. The WoS data
were exported in “.txt” format, while the Scopus data were exported in “.csv” format.
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As the VOSviewer version 1.6.19 does not facilitate the simultaneous analysis of two
databases, a comparative analysis of the WoS and Scopus data was conducted using the
same software but independently.

Upon initiating the data processing in the software, the need arose to adjust certain
imported file data, as errors and discrepancies were observed in author names, institution
names, and keywords. Additionally, similar terms were found to appear separately, leading
to substantial distortions in the analysis results.

To conduct these adaptations, two native text files from the VOSviewer software,
version 1.6.19, were utilized: the “thesaurus_authors” and “thesaurus_terms” files.

The “thesaurus_authors” file facilitated the grouping of all possible names assigned to
the same author, preventing publications where the same author was cited differently from
being counted separately.

The “thesaurus_terms” file was duplicated into two distinct files: one for terms
related to institutions and another specifically for keywords. The former was necessary
to consolidate different forms in which institution names were presented, sometimes
abbreviated or in different languages. Specifically, in the case of files generated in the
Scopus database, institution names were divided into research groups or centers, causing a
separation of all publications related to the same institution.

The second file, pertaining to keywords, was essential for grouping terms in singular
or plural, correcting misspelled words, and unifying similar words with the same meaning.
This facilitated and simplified the identification of relationships between keywords.

2.3. Data Evaluation

The VOSviewer software, version 1.6.19, organizes the inserted data on its platform
as follows:

Publications, author names, keywords, or other terms are considered “items”.
The links or connections between these elements are referred to as “links”.
Each link has a “strength”, represented by a positive numerical value. The higher the
value, the stronger the link.
The elements and links together form a “network”.
Elements within a network can be grouped into “clusters”, indicating their relationships.
Elements can have various attributes, such as “weight” and “score” attributes. These
attributes are represented by numerical values. An element with a higher weight is
considered more important. In the visualization map (tag cloud graphic), elements
with higher weights are more prominent than those with lower weights. Score at-
tributes do not necessarily refer to the importance of the element; they can represent,
for example, the publication date of an article. These attributes are displayed on the
map with colors that can be interpreted on a scale.

e  There are also two standard weighting attributes: “links” and “total link strength”.
Links indicate the number of connections an element has with other elements, and the
total link strength represents the sum of the strength of those connections.

When creating a map based on bibliographic data, VOSviewer version 1.6.19 offers
two counting methods: full counting and fractional counting. The main difference between
these methods lies in the strength of the links.

In full counting, the strength of the link between two authors is based on the number
of documents on which they have co-authorship.

In fractional counting, the strength of a link between authors is determined not only
by the number of documents on which they collaborate but also by the total number of
authors in each of those documents (Figure 2a,b). The fractional counting method aims to
reduce the influence of documents with numerous authors. For this study, the full counting
method was exclusively employed [21].
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Figure 2. (a) Links of authorship between four authors and three publications; (b) co-authorship

networks constructed using fractional counting (above) or full counting (below). Own elaboration
based on Van Eck & Waltman [21].

3. Results

VOSviewer version 1.6.19 can analyze compiled data in five distinct ways: citation,
co-authorship, co-occurrence, co-citation, or bibliographic coupling. However, this study
focused on the analysis and relationships between the first three methods. This choice was
driven by the specific nature of our research, where we aimed to emphasize document
relationships through citations, author collaboration, and keyword co-occurrence to gain a
targeted perspective in our area of interest. The exclusion of the last two methods was a

strategic decision to simplify and concentrate our analysis on key aspects that we deemed
essential for addressing our research questions.

3.1. Identifying Authors with the Highest Citations

To recognize the most prominent authors, two categories were taken into account: the
category of authors with the highest citations, utilizing the number of citations per author
as the evaluation criterion, and, in case of a tie, considering the strength of the link in the
citation network; and the category of authors with the most publications, using the number
of publications per author as the evaluation criterion.

In both the WoS and Scopus databases, the authors M. Murphy, S. Pavia, and E.
McGovern, stand out as the top three most cited authors (Figure 3a,b).
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Figure 3. (a) Most cited authors in WoS from January 2013 to September 2023; (b) most cited authors in
Scopus from January 2013 to September 2023. Own elaboration based on data from WoS and Scopus.
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In WoS, the authors with the highest link strength are J]. Moyano and J.E. Nieto-Julian,
followed by M. Murphy, S. Pavia, Y. Alshawabkeh, and A. Baik, who share the third position.
In Scopus, M. Murphy and S. Pavia, lead the list, with E. McGovern in the third position.

3.2. Authors with the Most Publications

In the WoS database, A. Spano takes the lead in the number of publications, followed by
G. Sammartano, while J. Moyano and ]J.E. Nieto-Julian share the third position (Figure 4a).

In Scopus, ]J. Moyano, J.E. Nieto-Julian, and K. Themistocleous lead in the number of
publications (Figure 4b).
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Figure 4. (a) Authors with the most publications in WoS from January 2013 to September 2023.
(b) Authors with the most publications in Scopus from January 2013 to September 2023. Own
elaboration based on data from WoS and Scopus.

3.3. Documents with the Highest Citations

To identify the most relevant publications, the primary criterion was the number of
citations received, and in case of a tie, the number of links to each document in the citation
network and the publication date of the document were considered.

The most cited paper in both databases is the article by authors M. Murphy, E. McGov-
ern, and S. Pavia titled “Historic Building Information Modelling—Adding Intelligence to
Lasers and Image-based Surveys of European Classical Architecture”, published in 2013 in
the ISPRS Journal of Photogrammetry and Remote Sensing [22].

In WoS, it is followed by articles authored by D. Pflugmacher, W.B. Cohen., R.E.
Kennedy, and Z. Yang, published in 2014 [23], and F. Ubertini, G. Comanducci, N. Cavalagli,
A L. Pisello, A.L. Materazzi, and F. Cotana, published in 2017 [24] (Figure 5a). In Scopus,
it is followed by articles authored by G. Rocha, L. Mateus, J. Fernandez, and V. Ferreira,

published in 2020 [25], and M. Pepe, D. Costantino, and A.R. Garofalo, published in
2020 [26] (Figure 5b).
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Figure 5. (a) Most cited publications in WoS from January 2013 to September 2023 [22-32]; (b) most

cited publications in Scopus from January 2013 to September 2023 [9,22,25,26,33-38]. Own elaboration
based on data from WoS and Scopus.

3.4. The Most Prominent Research Groups

To identify the most prominent research groups, we assessed the teams formed by
authors with the highest link strength in the co-authorship network and the strength of the
links between those authors and other authors within those groups (Figures 6 and 7).
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Figure 6. Visualization in VOSviewer 1.6.19 software of the formation of author groups with the
highest link strength in the co-authorship network, using data from WoS.
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Figure 7. Visualization in VOSviewer 1.6.19 software of the formation of author groups with the
highest link strength in the co-authorship network, using data from Scopus.

In WoS, the author with the highest link strength is A. Spano, followed by J. Moyano,
and J.E. Nieto-Julian, who share the second position. In Scopus, K. Themistocleous stands
out as the author with the highest link strength.

In WoS, it is observed that A. Spano, primarily collaborates with G. Sammartano and
F. Chiabrando, while J. Moyano, and J.E. Nieto-Julian work closely together, in addition
to collaborating with other authors such as M. Fernandez-Alconchel and D. Anton. On
the other hand, M. Murphy leads a group that includes authors like S. Pavia, A. Corns,
S. Lenihan, and J. Cahill. Lastly, F. Ubertini collaborates primarily with N. Cavalagli
and G. Comanducci.

In Scopus, K. Themistocleous collaborates with authors such as M. loannides, D
Hadjimitsis, and S. Georgiou. Additionally, S. Fai collaborates with M. Murphy, S. Pavia,
A. Corns, and J. Cahill, highlighting the relationship between M. Murphy and S. Pavia.
J. Moyano and J.E. Nieto-Julian lead a group that also collaborates with M. Fernandéz-
Alconchel. Lastly, A. Spano primarily works with G. Sammartano and F. Chiabrando. This
allowed the identification of five relevant groups related to the research topic:

The group led by M. Murphy and S. Pavia from Trinity College Dublin (Republic of Ireland).
The group led by A. Spano and G. Sammartano from the Politecnico di Torino (Italy).
The group led by J. Moyano and J.E. Nieto-Julian from the Universidad de Sevilla (Spain).
The group led by E Ubertini, N. Cavalagli, and G. Comanducci from the Universitd
degli Studi di Perugia (Italy).

e  The group led by K. Themistocleous and M. Ioannides from the Cyprus University of
Technology (Cyprus).

These five groups have a large part of their work dedicated to the documentation
and digitalization of heritage buildings using the HBIM methodology, but the groups of
the Universidad de Sevilla and the Universita degli Studi di Perugia stand out for also
contributing to topics related to the use of sensors in the monitoring of heritage buildings.
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3.5. Keywords with the Highest Link Strength

To analyze how publications are associated with topics related to the development and

application of digital technologies, as well as the issue of climate change, a co-occurrence
keyword network analysis was conducted in both WoS and Scopus.

Keywords with the highest link strength were identified in both databases, allowing the

recognition of the most important keywords related to the research topic (Figures 8 and 9).
The eight keywords with the highest link strength in both databases are:

hbim, encompassing terms such as hbim, h-bim, hbim platform, heritage bim, her-
itage building information modeling (hbim), heritage building information modeling
hbim, heritage building information modelling (h-bim), historic building information
modeling hbim, historic building information modelling hbim, and historic building
information modeling hbim (hbim).

cultural heritage, encompassing terms such as cultural heritage and cultural herit.
remote sensing, encompassing terms such as remote sensing and remote sensing (rs).
3d modeling, encompassing terms such as 3d modeling, 3d modelling, 3d model,
3d models, 3d-models, and 3-d modelling.

bim, encompassing terms such as bim, building information modeling (bim), building
information modelling, building information modeling (bim), building information
model, building information model (bim), and bim).

3d laser scanner, encompassing terms such as 3d laser scanner, 3d laser scanning,
3d scanning, laser scanner, and laser scanning.

photogrammetry, which does not encompass other terms.

point clouds, encompassing terms such as point clouds, point cloud, and points clouds.
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in the co-occurrence network, using data from WoS.
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In the keyword analysis, it is evident that terms directly related to Heritage Building
Information Modeling (HBIM) and sensors (remote sensing) emerged, as these were the
keywords used in the search. The most relevant connections related to emerging technolo-
gies and the issue of climate change were then investigated using these two key terms as a
starting point.

3.6. Relationships with Digital Technologies and Climate Change

In WoS, strong connections were found between “HBIM” and technologies used in the
HBIM or Building Information Modeling (BIM) methodology, such as “Photogrammetry”,
“Geographic Information System (GIS)”, “Digital Twin”, “3D Laser Scanner”, “Terrestrial
Laser Scanning”, “3D Modeling”, “Scan-to-BIM”, “3D Reconstruction”, and “Data Fu-
sion”. These connections were to be expected, as they are involved in the possible HBIM
methodologies for survey and 3D modeling of heritage buildings [11,32,39-43], except
for the “Geographic Information System (GIS)”, which refers to the development of new
methodologies for data collection and management of heritage buildings at the territorial
scale [44-46].

Additionally, technologies related to climate change, such as “Remote Sensing”, “Build-
ing Performance Simulation (BPS)”, and “Building Energy Modeling (BEM)”, were high-
lighted. These connections, refer to the modeling of heritage buildings dedicated to the
study of energy efficiency, in which they focus on the analysis of data taken by sensors
considering environmental information and the conditions of the structural health of the
buildings, also incorporating predictions under simulated circumstances using specific 3D
models [13,47].

When examining the relationship between “Remote Sensing” and technological topics,
it was observed that connections are established linking to a series of terms related to
HBIM, and additionally, other terms such as “Unmanned Aerial Vehicle (UAV)” and “Point
Clouds” are incorporated. As explained above, the connection between sensors and HBIM
is involved with the issue of monitoring the environmental and structural conditions of
heritage buildings. Already when it comes to UAV and point clouds, they refer to the use of
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sensors as an integral part of the tools applied to the graphic survey of heritage buildings,
whether they are aerial or terrestrial [48-53].

However, when considering its relationship with topics related to climate change, a
single term that entirely encompasses this theme stands out, which is “Climate Change”.
Monitoring sensors are often used in studies related to climate change, aiming to detect its
effects on the architectural and structural elements of heritage buildings [4,53,54]. The data
collected by these sensors allow real-time analysis of the situation of the building, helping
the decision-making process of its managers.

In the Scopus database, it is observed that the relationships between “HBIM” and
technological topics maintain consistency with keywords identified in the WoS database.
Additionally, some additional keywords are incorporated, such as “Lidar”, “Artificial Intel-
ligence”, and “Online BIM”. The relationship between “HBIM” and “Lidar” is identified
through a study performed by Albano [55] that performs a survey using this technology to
model the roofs of buildings in a certain historical center.

The relationship with “Artificial Intelligence” is portrayed in the work of Darwish &
Hassanien [56], that relates the use of artificial intelligence based on algorithms to detect
the deterioration of heritage structures. Its relationship with “Online BIM” is highlighted
in the work of Artopoulos et al. [57], which deals with issues related to digitalization at
multiple scales and disciplines for the restoration of heritage buildings, highlighting the
potential of the integration of data, methods, and workflows.

Regarding the topic of climate change, similar terms to those in WoS are found, and
some additional keywords are included, such as “Energy Performance”, “Smart Sensing”,
“Sensors”, “Sustainable Development”, “Smart Indicators Sensor networks”, and “Monitor-
ing”. These terms refer again to the applicability of sensors in the monitoring of heritage
buildings and their integration into the HBIM methodology as a reading of their data in real
time through intelligent sensors. And as said before, this monitoring of heritage buildings
by means of sensors is used to evaluate the energy performance of these buildings [15].

When exploring the relationship of “Remote Sensing” with technological topics in
Scopus, a notable similarity with the keywords identified in WoS was observed. However,
there was no strong connection identified with any keyword representing the topic of
climate change.

3.7. Potential Future Research Directions

To identify potential future research directions, an analysis was conducted through the
overlaid visualization map (Figure 10) available in VOSviewer version 1.6.19. This map enables
the visualization of the appearance dates of keywords, from the oldest to the most recent.

The combination of relevant keywords, particularly “HBIM” and “Remote Sensing”,
which are fundamental in the context of HBIM and sensors research, was examined. Com-
binations involving the keyword “HBIM” with other keywords related to sensor themes,
such as “Smart Sensor” and “Sensor Networks”, were also considered. Subsequently,
the relationships of these keywords with others emerging in recent publications, such as
“Energy Performance” and “Artificial Intelligence”, were evaluated, indicating potential
future research directions.

WoS and Scopus share an emerging trend in the field of study, which originates
from a common connection between “HBIM” and “Remote Sensing” (Figure 11a,b). This
trend focuses on the theme of “4D Spatial Data Management”, and according to the
compiled data, it starts to be cited in the year 2023. The relationship between these
three elements is involved with data management according to time, and can deal with the
evolution of buildings from their creation to possible future interventions, using monitoring
data generated by different types of sensors to plan maintenance activities, preventive
conservation, or even make predictions using simulation software such as those dedicated
to energy performance or design scenarios [57].
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the keyword “4D Spatial Data Management” in the overlay visualization map of VOSviewer 1.6.19
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In Scopus, two additional possible fields are identified:

A first field is formed from a common relationship between “HBIM” and “Smart
Sensing” (Figure 12a). This field is related to “Energy Performance”, and according to the
compiled data, it starts to be cited from the year 2023. It also connects with topics such as
“Building Performance Simulation (BPS)” and “Building Energy Modeling (BEM)”, which
begin to appear in the same period. The relationship between the elements is involved
with the monitoring of heritage buildings through environmental sensors that can measure
the energy performance of the building and that, integrated into a 3D model conceived for
analysis of performance, help in decision making in future interventions and necessary
adaptations to the building [15].

building energy modeling (bem)

energy performance
i digi in igi in
3d environments gital tw digital twi
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Figure 12. (a) Identification of links between the keywords “HBIM” and “Smart Sensing”, with the
keyword “Energy Performance” in the overlay visualization map of the VOSviewer 1.6.19 software,
using Scopus data; (b) identification of links between the keywords “HBIM” and “Sensor Networks”,
with the keyword “Energy Performance” in the overlay visualization map of the VOSviewer 1.6.19
software, using Scopus data.

The second field is formed from the relationship between “HBIM” and “Sensor Net-
works” (Figure 12b) and focuses on “Artificial Intelligence”. This field also links with the
“Internet of Things (IoT)” and its adaptation to cultural heritage, identified as “Internet of
Heritage Cultural Things (IOHCT)”. These three elements connect and complement each
other. The Internet of Things makes it possible to connect physical elements in general to
the internet network; it can also be dedicated to specific elements of a given topic, such
as cultural heritage, which allows the connection between HBIM models and sensor net-
works through the internet and subsequently, with the help of artificial intelligence and its
algorithms, a series of analysis and predictions through simulations [2,56,58].

These emerging trends suggest promising research areas that have gained relevance
in recent years and could influence future investigations in the fields of HBIM and sensors.

4. Discussion and Conclusions

In this study, a comprehensive bibliometric analysis was conducted to examine current
research on the relationship between Heritage Building Information Modeling (HBIM) and
sensor technologies.
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The employed methodology in this research affords a diverse range of possibilities
for the amalgamation and visual representation of the compiled data, thereby significantly
enhancing the analytical process and facilitating a more nuanced interpretation of the
information, ultimately leading to a more comprehensive understanding of the results.

The flexibility inherent in the chosen methodology empowers researchers to explore
various combinations and visualizations, fostering a deeper insight into the intricate re-
lationships within the dataset and ensuring a robust foundation for drawing meaningful
conclusions from the gathered information.

It has been identified that the author M. Murphy stands out as one of the most cited,
as he was a pioneer who began addressing the topic of HBIM in 2013. From that point
onwards, all authors cite him in their texts, making 2013 the year with the highest number
of citations. Subsequently, in 2019, there is a peak of interest in the topic, marked by
the highest number of publications. It is in 2023 that new research avenues emerged,
undoubtedly placing them under the spotlight.

An increase in publications related to this topic over the last decade has been observed,
suggesting a significant upturn in research interest and activity during this period, in
line with rapid advances and evolution, reflecting the trajectory of digital technologies.
The simultaneous growth in publications and technological progress implies a dynamic
interplay, emphasizing the timeliness and evolving nature of Heritage Building Information
Modeling (HBIM) and sensor technologies within the broader scholarly discourse.

The prominent research groups identified in this study are predominantly from Euro-
pean institutions and have a primary preference for publishing in English. This observation
leads us to consider a possible limitation in the study, given its reliance on data sourced
exclusively from WoS and Scopus in the English language, which might introduce a bias
towards European perspectives. Equally notable is the scarcity of contributions on the topic
from countries such as Canada, the United States, and Australia, even when restricting
the analysis to English language publications. This underrepresentation underscores a
broader gap in the dissemination of research findings from these regions within the English
language scholarly landscape.

In addition, the data analysis has revealed three discernible and promising trends
in the dynamic interaction between HBIM and sensor technologies. Specifically, these
trends revolve around “4D Spatial Data Management”, delving into the temporal dimen-
sion of data; “Energy Performance”, addressing the sustainability aspects; and “Artificial
Intelligence”, exploring the integration of advanced computational methods.

Concerning “4D Spatial Data Management”, it has been identified that it is being used
at the urban scale through 3D models of heritage buildings integrated into a GIS platform,
with the aim of analyzing the historical evolution and structural changes that have occurred
over time in buildings located in the old towns of historic cities [57,59,60].

On the analysis of “Energy Performance” in heritage buildings, works are increasingly
being developed on energy performance analysis through 3D models associated with data
generated by sensors [7,14,15,47]. These works, in general, seek to adapt the parameters and
methods already used in the BIM methodology (dedicated to new buildings) to the HBIM
methodology (dedicated to heritage buildings), adapting or developing new tools that
suit the unique characteristics inherent to heritage buildings. In addition, they are looking
at energy efficiency and at the adaptation of these buildings to the current requirements
associated with sustainability.

With respect to the use of “Artificial Intelligence”, there are already works that deal
with the subject applied to the conservation of cultural heritage, as seen in the works of
Bienvenido-Huertas et al. [61], Wang et al. [62], Zou et al. [63], Mesanza-Moraza et al. [64],
Ergiin Hatir et al. [65], Ni & Liu [66], Mishra [67], and Mansuri & Patel [68], portrayed in
the state-of-the-art review conducted by Zhang & Zou [3]. These works show that the topic
is being addressed, but needs further research dedicated to the use of artificial intelligence
integrated with digital twins developed with the HBIM methodology.



Heritage 2024, 7 2085

Unveiling these trends not only contributes to our understanding of the current
landscape but also provides valuable insights for future research directions in this evolving
multidisciplinary field. These results can serve as a starting point for researchers interested
in contributing to the advancement of this field of study, as well as to knowledge in the
conservation and management of heritage buildings.
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