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by Mariella FARELLA

This thesis explores how digital technologies can be used to document, preserve, and
improve the accessibility of cultural heritage through immersive experiences. The
research proposes a complete process that integrates 3D data acquisition techniques,
such as photogrammetry, LiDAR scanning, and Structure-from-Motion, with post-
processing workflows that include mesh reconstruction, simplification, UV map-
ping, and texturing. The resulting models are optimized for interactive visualization
within development engines such as Unity3D, making them suitable for implemen-
tation on multiple platforms, from VR headsets to CAVE environments.

Building on this technical foundation, the research also investigates how intelli-
gent systems can enhance knowledge transfer within immersive environments. A
question answering system, based on large language models, has been integrated
into the virtual experience to provide users with dynamic and context-sensitive ac-
cess to cultural content. This approach shifts the focus from providing static in-
formation to interactive dialogue, allowing users to explore works of art and mon-
uments in a more engaging way. To evaluate its effectiveness, a pilot study was
conducted in which participants interacted with a virtual museum and a qualitative
assessment of the QA system was made. The results demonstrated the potential of
combining immersive visualization with natural language interaction, opening up
new perspectives for education, accessibility, and the public dissemination of cul-
tural heritage.
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Chapter 1

State of the art

In recent years, the rapid development of digital technologies has had a significant
impact on the cultural heritage domain, completely changing the way we experi-
ence, preserve, and enhance it. In particular, the rise of virtual reality (VR), aug-
mented and mixed reality (AR/XR), as well as artificial intelligence (AI), has opened
up new possibilities for interaction with cultural heritage. This has led to immersive,
personalized, and interactive experiences that can captivate a broader and more di-
verse audience.

At the same time, there has been a growing enthusiasm for using cultural her-
itage as an educational context to stimulate innovative teaching methods. Immersive
and intelligent technologies have found application in museums, schools, universi-
ties, and informal learning environments, offering tools for cultural mediation and
both formal and informal education.

This chapter aims to critically analyse the state of the art in this interdisciplinary
field, offering an overview of key research directions and significant technological
developments mainly in the field of virtual reality and artificial intelligence applied
to cultural heritage, but also to explore the role of these technologies in educational
contexts, with a focus on experiences that see heritage as a learning resource. This
analysis provides the theoretical and methodological basis for the proposed research
work, highlighting emerging trends, opportunities, and ongoing challenges in the
field.

1.1 Theoretical framework: digital heritage and cultural me-
diation

The growing presence of digital technologies in the field of cultural heritage cannot
be understood only as a technical development. It marks a deeper transformation
in the way we relate to cultural memory, how it is created, shared, and experienced
across time and space. As stated by UNESCO (UNESCO, 2003), digital heritage
includes both the materials that have been digitized and those that are born digital.
These are not merely data or images, but living expressions of human creativity
that now form part of our shared memory. Preserving them, therefore, also means
preserving the diversity of ways in which people and communities tell their stories.

In this sense, concepts such as digital twin and virtual reconstruction are not just
technical tools for documentation, but instruments of interpretation and communi-
cation. A digital twin offers a dynamic model of an artifact or a site, able to evolve as
new data are added. Virtual reconstruction, on the other hand, allows us to reimag-
ine what is lost or inaccessible, connecting the tangible and intangible dimensions of
heritage. Together, they transform the act of preservation into an act of storytelling,
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inviting both experts and the public to engage with heritage as a living process rather
than a fixed image (Mazzetto, 2024; Bekele et al., 2018).

However, the use of digital technologies in cultural heritage also calls for a care-
ful balance between innovation and authenticity. According to ICOMOS (ICOMOS,
2017), digital representations should not replace the original object, but rather ex-
tend our ability to understand it, without oversimplifying its meaning or erasing its
complexity. Every digital reconstruction is, in a sense, an interpretation; and with
interpretation comes responsibility. The way a digital model is designed, narrated,
or displayed inevitably reflects cultural perspectives and institutional choices.

Recent European initiatives, such as the European Commission’s Recommenda-
tion on a Common European Data Space for Cultural Heritage (European Commission,
2021) and the Europeana Strategy 2020–2025 (Europeana Foundation, 2020), have rec-
ognized this interpretive dimension. They emphasize openness, inclusivity, and
community participation as essential values guiding digital transformation in the
heritage sector. These frameworks encourage institutions not only to digitize collec-
tions but also to involve diverse audiences in shaping how cultural heritage is repre-
sented and understood. Similarly, the ICCROM report Sustaining Digital Heritage:
Towards a Global Strategy (ICCROM, 2021) advocates for the creation of digital en-
vironments that are sustainable, transparent, and accessible to all, reflecting cultural
diversity and ethical care.

From a broader perspective, this approach resonates with the ideas developed
within the Digital Humanities, where technology is seen not simply as a means of
efficiency, but as a medium for interpretation and meaning-making (Drucker, 2013).
Digital heritage thus becomes a shared space of cultural mediation, a meeting point
between curators, researchers, and communities, where past and present interact
through digital narratives, virtual reconstructions, and participatory experiences.
In this light, digitization is not an end in itself, but part of a continuous dialogue
between people, memory, and technology.

1.2 Digital technologies in cultural heritage

Since the 1990s, digital technologies have fundamentally transformed the field of
cultural heritage. This shift is not merely incremental but represents a significant
reimagining of how heritage is managed, conserved, and experienced. The pro-
cess of digitization has introduced novel approaches for preserving and document-
ing cultural artifacts, vastly improving public access to collections and archives that
were once confined to limited audiences. Additionally, these technologies support
preventive conservation and have paved the way for hybrid and interactive experi-
ences, such as virtual museum tours and immersive digital exhibitions. One of the
fields in which digital technologies have been applied concerns the digitalisation of
cultural heritage, understood as the acquisition of visual and structural data using
2D and 3D scanners, photogrammetry, and advanced imaging techniques. These
methodologies facilitate the creation of highly accurate digital replicas of objects, ar-
tifacts, and sites, many of which are otherwise inaccessible to the public, contribut-
ing to their protection and study. In line with these objectives, the Italian National
Plan for the Digitisation of Cultural Heritage (PND), promoted by the Ministry of
Culture, emphasises the strategic importance of digitalisation as a tool for the preser-
vation, enhancement, and accessibility of heritage. The plan highlights the essential
role of robust digital infrastructures in fostering a sustainable and inclusive cultural
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ecosystem, ensuring that cultural resources are available to a broader and more di-
verse audience (Ministero della Cultura, 2022).

With the rise of digitalisation, digital storage systems have naturally evolved as
well. In Italy, for example, databases and online repositories like Europeana(Europeana,
2008) or CulturaItalia (Ministero della Cultura, 2008), have emerged, offering organ-
ised and described digital content for both public and scholarly use. These platforms
play a significant role in ensuring the long-term preservation of cultural materials
and facilitating the dissemination of knowledge. At the same time, they introduce
new challenges, particularly around system interoperability, standardisation, and
the ongoing sustainability of the supporting technologies.

A natural evolution of digitisation is the emergence of virtual museums, digital
environments that offer visitors experiences that use interactive technologies. These
museums can be complementary to physical institutions or entirely digital, and are
characterised by the use of 3D graphic interfaces, multimedia content, and some-
times even elements of gamification and social interaction. This evolution marks a
significant shift in how cultural content is accessed and experienced.

Virtual museums are a great way to make culture more accessible and spread
it around, as well as offering new opportunities for distance learning. In particular,
their importance has become evident during crises such as the COVID-19 pandemic,
when traditional museum visits were impossible. These digital tools have allowed a
wider audience to continue to enjoy cultural and educational content, thus contribut-
ing to the digitisation of cultural heritage (Tserklevych et al., 2021). However, the
adoption of virtual museums also presents a number of open questions and critical
challenges. One of the main ones concerns the authenticity of the aesthetic experi-
ence: digital fruition, no matter how immersive or interactive, cannot fully replicate
the sensory, spatial, and emotional perception resulting from direct comparison with
the original work in a physical museum context. Secondly, the issue of mediation of
curatorship emerges, i.e., the risk that the virtual experience reduces or simplifies
the role of the curator as cultural mediator, turning a critical and contextualised nar-
rative into a simple individual exploration guided by technology. Finally, there is
the danger of a conceptual and symbolic disconnection from the original object: in
the digital context, the work of art or artefact risks becoming images or models dis-
connected from their materiality, history, and cultural value, with a consequent loss
of interpretative depth (Calise, 2022, Pietroni and Pagano, 2016).

Several European and international projects, such as the Virtual Museums Transna-
tional Network (Commission, 2014) or Scan4Reco (Scan4Reco, 2018, have explored
the potential of digital museums in redefining the very concept of cultural fruition,
highlighting the importance of an integrated approach between technologies, con-
tent, and audience.

1.3 VR, AR and XR in cultural heritage

Initially, the focus was mainly on digitisation and remote access to cultural her-
itage. In recent years, however, there has been a clear shift towards experiential and
immersive technologies that transform cultural enjoyment into a truly sensory and
participatory interaction. In particular, virtual, augmented and extended reality ap-
plications have expanded the narrative and interpretative possibilities of museums
(Carrozzino and Bergamasco, 2010), archaeological sites and temporary exhibitions,
overcoming the traditional limitations imposed by the physical nature of collections
and offering new models of engagement for the public.
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Virtual reality is now an advanced tool for accessing fully simulated, three-dimensional,
navigable spaces, digitally recreated to reproduce places, objects or historical scenar-
ios, even those that no longer exist. Through the use of VR headsets, controllers and
various sensory interfaces, users can immerse themselves in digital environments
that offer detailed and faithful reconstructions of archaeological sites or museums
(Kassahun et al., 2018). At the same time, augmented reality stands out for its ability
to superimpose digital elements onto the physical world, enriching the perception of
the real environment through mobile or wearable devices, such as tablets and smart
glasses. This technology is particularly effective in exhibition and museum contexts,
as it allows for the integration of additional information, three-dimensional models,
translations and interactive content, enhancing the user experience while maintain-
ing direct contact with the original object (Azuma, 1997, Cipresso et al., 2018). More
generally, the term Extended Reality (XR) is used to describe the entire spectrum of
experiences that combine the physical and digital worlds. This concept is effectively
illustrated by the Virtuality Continuum proposed by Milgram et al. (Milgram and
Kishino, 1994), which represents a scale ranging from the completely real environ-
ment to the completely virtual environment. At one end of the continuum lies the
real environment, consisting exclusively of physical objects. At the opposite end is
VR, where the entire environment is computer-generated. Between these two poles
lies Mixed Reality (MR), which includes: AR, where digital content (such as 3D mod-
els, text, or video) is overlaid on the real world and enhances the user’s perception
of reality; Augmented Virtuality (AV), which is less common and consists of digital
environments enriched by real-world elements (e.g., live video feeds integrated into
a VR setting). This continuum helps conceptualize how different immersive tech-
nologies integrate real and virtual components to varying degrees, and it provides
a theoretical framework for designing cultural heritage experiences with different
levels of immersion and interactivity. The model is illustrated in Figure 1.1.

FIGURE 1.1: The Virtuality Continuum by Milgram et al. (1994)

This category now represents a rapidly expanding field that finds application in
many areas, including cultural heritage, due to its ability to offer immersive, per-
sonalised and highly interactive experiences. These technologies not only support
conservation or education, but also become active tools of cultural mediation, capa-
ble of bringing into play the role of the visitor, who, from passive observer, becomes
an integral part of the experience. Immersive applications, in fact, propose multisen-
sory fruition modes, based on interaction, historical reconstruction and personalised
access to cultural information.

1.3.1 Museum and Archaeological Applications

As already mentioned, VR now allows the creation of three-dimensional digital mu-
seums, accessible both remotely and through dedicated physical installations. In
these digital spaces, users can move freely, explore detailed historical reconstruc-
tions and interact with virtual objects. These environments, often created using pho-
togrammetric surveys, laser scans and 3D modelling, guarantee remarkable realism
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and significant emotional engagement (Carrozzino and Bergamasco, 2010). Some
examples include The Virtual Museum of Iraq project or the VR installations at the
National Archaeological Museum in Naples, where it is possible to experience an
immersive reconstruction of the Villa of the Mysteries in Pompeii.

AR, on the other hand, represents a significant evolution from simple physi-
cal tours, superimposing layers of information and visuals directly onto the real
world. Using devices such as tablets, smartphones or dedicated headsets, users
can access multimedia content, animations, iconographic details and explanatory
texts displayed alongside the works. This greatly enriches their understanding of
the historical and artistic context and promotes a more immersive and personalised
experience (Sylaiou et al., 2010). In this way, AR takes on the role of an augmented
cultural mediator, capable of guiding visitors along the exhibition route, adapting
the information offered in real time to the specific needs and curiosities of the user.
In the context of archaeology, virtual reality is now an essential tool for the immer-
sive reconstruction of ancient sites, which today are often only partially preserved or
have disappeared altogether. Through collaboration between museums, universities
and research centres, interactive experiences are being developed that allow users to
“walk” virtually among the ruins of Pompeii, observe the daily life of a Roman set-
tlement or explore iconic environments such as the Forum of Rome or the Palace
of Knossos. These simulations are based on certified archaeological data, detailed
topographical models and historically accurate reconstructions. The aim is not only
to faithfully reproduce the physical environment, but also to stimulate empathy and
cognitive engagement among users, thereby promoting a deeper understanding of
the life and culture of ancient civilisations (Di Franco et al., 2015).

These technologies are not limited to visual representation, but contribute to mu-
seum educational activities, territorial enhancement and cultural accessibility, open-
ing up new perspectives for active public participation, especially for young people,
international tourists and people with disabilities.

1.3.2 Immersive Reconstructions and Sensory Experiences

Immersive reconstructions represent one of the most fascinating and immersive ap-
plications of extended reality technologies within cultural heritage. These experi-
ences now go far beyond the simple three-dimensional representation of historical
places or objects. They integrate a variety of sensory stimuli, not only visual, but also
auditory and, increasingly, tactile and even kinesthetic, to recreate historical environ-
ments that are as faithful as possible from both an aesthetic and emotional point of
view (Champion and Champion, 2011; Ch’ng et al., 2022). In this way, visitors are no
longer limited to a passive role, typical of traditional museum models, but become
active protagonists in a multisensory experience that fully engages them and trans-
ports them through different eras and places. The realism of the reconstructions is
enhanced through the use of haptic interfaces, immersive audio devices with spa-
tialised sounds, reactive flooring, smell stimulation and even tactile interaction with
virtual surfaces. All these elements combine to generate a sense of presence and au-
thority that has shown significant effects on engagement and teaching effectiveness
(Riva, Waterworth, Murray, et al., 2014). In particular, in the educational sphere,
these technologies can facilitate experiential learning, fostering a situated and more
lasting memory than the mere frontal display of content.

These approaches are particularly effective in contexts dedicated to students,
young people and people with disabilities, as they allow the experience to be tailored
to individual needs and contribute significantly to improving overall accessibility.
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For example, in several European projects like INCEPTION (Commission, 2020) or
V-MUST.NET (Commission, 2014), the use of immersive environments has enabled
visually impaired or mobility-impaired users to digitally explore archaeological sites
and museum environments, enhancing the inclusive enjoyment of heritage. Look-
ing at the process from a cognitive perspective, the integration of sensory stimuli
with active interaction generates immersive learning. Here, emotions, curiosity and
engagement become the driving force behind understanding historical content, fa-
cilitating not only empathy towards the past, but also critical reflection on the facts.
In essence, direct experience promotes a deeper and more conscious approach to the
study of history (Falk and Dierking, 2018).

1.3.3 Some Case Studies

The use of virtual and augmented reality in museums and archaeological sites has
given rise to a number of exemplary projects that show the potential of these tech-
nologies to transform the cultural experience in an immersive, interactive and ac-
cessible way. Below are some case studies that concretely illustrate how XR is being
applied to enhance and reinterpret cultural heritage in new and engaging ways:

1. The Virtual Museum of Pompeii allows visitors to explore the ancient city be-
fore the eruption of AD 79 through a detailed reconstruction in virtual reality,
based on archaeological surveys, historical sources and 3D models. The digi-
tal environment is integrated with narrative paths, dynamic visualisations and
customised interactions, offering an immersive experience designed for both
the general public and education. This project has been investigated in projects
like Forte and Kurillo’s (Forte and Kurillo, 2010), which analyse the relation-
ship between VR and archaeological reconstruction.

2. The virtual reconstruction project of the Parthenon in Athens offers an immer-
sive experience that allows visitors to explore the building as it was originally,
restoring the lost monumentality and aesthetics of the site. Using advanced
three-dimensional modelling, texturing and real-time rendering techniques,
this simulation allows detailed exploration for digital tourists as well as schol-
ars and students, becoming an emblematic example of heritage enhancement
through VR. The case is documented and analysed, for example, by Economou
and Pujol-Tost (Economou and Tost, 2011), in the context of the virtual mu-
seum experience.

3. The MANN museum has adopted innovative augmented reality solutions to
enrich the museum experience, integrating 3D animated objects, virtual histor-
ical contexts and ancient Roman settings superimposed on the physical mu-
seum space. This approach allows for a multi-layered and augmented enjoy-
ment of the collections, enhancing the understanding and engagement of the
public, particularly the younger generations.

1.4 Hardware and Software Solutions for Virtual Reality: From
Low-Cost to Immersive Structures

The development and adoption of VR experiences for cultural heritage and educa-
tion depend crucially on the availability and accessibility of hardware and software
tools. In particular, the choice of technologies employed profoundly influences the



1.4. Hardware and Software Solutions for Virtual Reality: From Low-Cost to
Immersive Structures

9

level of immersiveness, interactivity and scalability of the designed solutions. From
a hardware perspective, the distinction between low-cost and high-end devices is
clear. The former, such as Google Cardboard, are affordable solutions that use a
smartphone inserted into a cardboard frame. Despite their simplicity, these devices
provide inexpensive access to virtual reality and are suitable for basic experiences
such as guided virtual tours, panoramic views, or 360-degree videos. Of course,
these devices have limitations in terms of performance and immersion compared
to more advanced solutions, but they are still a valid starting point for those who
want to approach the world of VR without incurring high costs (Suh and Prophet,
2018). These devices are particularly useful in education, museum or school settings
where economic resources are limited, or for large-scale projects requiring mass dis-
tribution. Furthermore, their simple configuration and ease of transport make these
devices ideal for mobile installations or temporary events. That said, they have sig-
nificant technical limitations: resolution and graphics quality are often inferior to
high-end models. Motion tracking is generally limited to three degrees of freedom,
which prevents true interaction in three-dimensional space. They also lack advanced
sensors for gesture recognition or haptic feedback, thus reducing the depth and en-
gagement of the immersive experience. One of the main limitations of low-cost dis-
plays is their dependence on mobile hardware, such as smartphones or integrated
chips, which inevitably imposes restrictions in terms of computing power, graphics
performance and battery life. These limitations compromise the ability to run par-
ticularly complex or interactive applications, such as real-time archaeological simu-
lations or adaptive environments that leverage artificial intelligence. In an attempt
to overcome these critical issues, several projects are experimenting with modular
and open source solutions that aim to combine low costs and advanced functional-
ity, often integrating WebVR or WebXR technologies to allow access via a browser
(Fanini, Ferdani, and Demetrescu, 2021). Despite these advances, the gap between
low-end and high-end devices remains significant, particularly for applications that
require faithful reconstruction of historical contexts or works of art characterised by
a high level of detail.

On the other hand, high-cost systems, such as Meta Quest 2 and 3, HTC Vive
Pro, Valve Index or Varjo XR-3, provide greater immersiveness thanks to precision
sensors, advanced environmental tracking (inside-out and outside-in tracking), hap-
tic controllers and support for spatialised audio. These headsets enable detailed
three-dimensional reconstruction and natural interactions, while maintaining low
latency and high resolution. These features make them particularly suitable for
complex museum projects, interactive art installations, and educational and scien-
tific research activities that require visual fidelity, advanced interactivity, and spatial
accuracy. In museum contexts, for instance, devices like the HTC Vive Pro have
been used to develop detailed archaeological reconstructions, immersive tour in vir-
tual galleries or multisensory experiences where the visitor can interact with ancient
objects, manipulate them virtually or activate contextual information content. In
academia, on the other hand, high-end devices are used in collaborative projects, ed-
ucational laboratories and interdisciplinary initiatives between the humanities and
computer science, facilitating experiments that require high interactivity and accu-
racy in spatial representation. However, their high cost, which can easily exceed
€1,500-2,000 per complete workstation, coupled with the need for dedicated physi-
cal space, high-end PCs for real-time rendering, and specialised technical personnel
for configuration and maintenance, still constitutes a significant barrier to large-scale
deployment. This situation creates a digital divide between institutions with ad-
equate resources and smaller or peripheral realities, raising the issue of equity in
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access to cultural technology (Slater and Sanchez-Vives, 2016).
Next to stand-alone displays are immersive CAVE (Cave Automatic Virtual Envi-

ronment) infrastructures, which represent one of the most advanced solutions for the
collective and interactive enjoyment of VR content. These are closed or semi-open
physical environments in which virtual images are projected onto multiple surfaces
(walls, floor and sometimes ceiling), offering users a 360-degree visual immersion
experience. Visitors, equipped with stereoscopic glasses and controllers, can move
freely within the space and interact with virtual objects displayed in full scale, mak-
ing the experience particularly immersive and collaborative. Initially introduced
by Cruz-Neira, Sandin, and DeFanti, 2023, CAVE systems have been progressively
adopted in scientific, engineering, archaeological and museum contexts, especially
for activities requiring high visual fidelity, spatial accuracy and simultaneous inter-
action between multiple users. Compared to individual VR headsets, CAVEs offer a
crucial advantage in terms of shared experience: multiple people can simultaneously
observe and discuss the same virtual environment, making them ideal for training
sessions, interactive guided tours and co-creation projects in cultural heritage. Sig-
nificant examples include CINECA’s Virtual Reality Theater, one of the most ad-
vanced infrastructures in Europe for immersive simulation, also used for the vir-
tual reconstruction of complex archaeological contexts; or the CAVE installed at the
Egyptian Museum in Turin, which allows visitors and scholars to navigate within
3D reconstructions of tombs and artefacts, enriching the visitor experience with con-
textual content and customised interactions (Guidazzoli and Liguori, 2011). Fur-
thermore, the 3DLab-Sicilia project has created CAVE structures in Palermo, Catania
and Troina, which are also used to enhance Sicilian cultural heritage. These infras-
tructures are used for immersive reconstructions and the collective enjoyment of 3D
content, promoting a unique educational and learning experience through virtual
reality (Barbera et al., 2022b; Barbera et al., 2022a). Despite their potential, CAVEs
still present major critical issues: the high cost of implementation, the need for ded-
icated physical environments, the constant maintenance of projection surfaces and
tracking systems, and the complexity of integration with development software limit
their use to large academic institutions, advanced research centres or museums with
dedicated funding. With the growing accessibility of 3D modelling tools and game
engines such as Unity and Unreal Engine, lighter and more portable solutions are
increasingly emerging, enabling the development of modular or semi-immersive
CAVE systems even for educational and cultural tourism applications.

From a software perspective, Unity 3D has emerged as a leading platform for
developing immersive virtual reality environments. Its flexibility allows for the cre-
ation of interactive 3D spaces that are compatible with a wide range of VR dis-
plays, from budget-friendly models to high-end equipment. This versatility has
contributed to its widespread adoption among developers in the field. Unity 3D
is known for its relatively accessible interface, which allows even developers with
limited skills to quickly prototype immersive experiences. Its large developer com-
munity and extensive online documentation make it an ideal choice, while numer-
ous plugins and open source packages dedicated to virtual reality extend its func-
tionality, making the software adaptable to various domains, including cultural and
educational. Unity also allows the integration of sensors, haptic devices and spa-
tialised audio engines, enhancing user immersion. Unity’s adaptability also allows
for educational applications, where content can be designed to engage visitors in
customised paths based on individual preferences or real-time interactions. This
results in interactive educational experiences that combine immersive technologies
and storytelling, crucial for teaching history and cultural disciplines. Unity stands
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out for its ability to integrate seamlessly with artificial intelligence tools, offering
the possibility to develop sophisticated virtual agents, such as chatbots or inter-
active guides, capable of responding dynamically to user requests. This synergy
enables the creation of augmented or extended reality experiences that go beyond
static storytelling, actively adapting to user behaviour and preferences and enrich-
ing the educational journey with personalised content (Buldu et al., 2025). Unity’s
versatility and advanced features make it a preferred development engine in a vari-
ety of contexts: from the creation of virtual museums and simulations of historical
environments to archaeological research projects. The platform also offers remark-
able scalability, allowing users to move from small-scale projects, such as temporary
virtual reality exhibitions, to complex multimedia installations, such as immersive
CAVE environments or other dedicated physical structures.

1.5 Artificial intelligence and cultural heritage

In recent years, artificial intelligence has assumed an increasing role in the valori-
sation, conservation and enjoyment of cultural heritage, offering tools capable of
automating complex processes, increasing accessibility and generating new forms
of interactive storytelling. The adoption of AI in the cultural sector is articulated in
numerous applications, ranging from the automatic classification of works to digital
reconstruction and the creation of interactive and personalised content. One of the
most established applications concerns the automatic recognition and classification
of artworks and archaeological artefacts through computer vision and supervised
machine learning techniques. Deep learning systems, in particular convolutional
neural networks (CNNs), are now able to identify authors, artistic schools, historical
periods, iconographic subjects or materials with increasing precision, often superior
to human analysis in the context of large datasets. These technologies find appli-
cation both in the automatic classification of digital collections and in supporting
attributive research and the fight against falsification. One example is the ArtGAN
project, which uses adversarial generative networks for the stylistic recognition of
paintings and the automatic generation of images in the style of artists such as Van
Gogh or Picasso (Tan et al., 2017). Similarly, the Art Recognition system has demon-
strated the ability to attribute works of classical art with high reliability, testing pat-
terns on paintings by Rembrandt, Botticelli or Bruegel, with an accuracy exceeding
90% on balanced datasets (Ugail et al., 2023).

In the archaeological field, similar techniques have been employed for the auto-
matic classification of ceramic fragments through visual patterns or decorative im-
prints, as in the case of the SmartScan Project, developed by the Fraunhofer Institute,
or for the identification of architectural styles in the remains of ancient buildings
through structural image analysis (Mathias et al., 2012). The integration of these
tools with digital interfaces in museums has resulted in semantic and visual search
engines capable of suggesting works similar in content or style, thus facilitating
the exploration of collections by visitors and scholars. Systems like those devel-
oped by Europeana and Google Arts & Culture represent such applications on an
international scale. A rapidly expanding field is the automatic reconstruction of ob-
jects, buildings or historical environments from physical fragments, partial 3D scans,
archival images or incomplete archaeological documentation. In this context, artifi-
cial intelligence, in particular deep neural networks, generative models and com-
pletion techniques, plays a decisive role in interpolating missing data, generating
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reconstructive hypotheses and producing plausible three-dimensional models con-
sistent with historical, stylistic and architectural constraints. These techniques have
taken on a fundamental role in digital archaeology, especially in post-war conserva-
tion projects, where significant portions of cultural heritage have been damaged or
destroyed. A typical example is the reconstruction of the Temple of Bel in Palmyra,
Syria: using photos taken by visitors and satellite images, it was possible to cre-
ate a digital reconstruction using artificial intelligence models integrated with pho-
togrammetric methods (New Palmyra Project, 2016). One of the most cutting-edge
initiatives in this field is the AI-Assisted Cultural Heritage Reconstruction frame-
work, developed at ETH Zurich, which combines deep learning algorithms and
shape completion techniques to digitally reconstruct damaged artefacts, even in the
presence of particularly severe deformation or erosion. Similarly, the EU-funded Di-
giArt platform (LocalProBook, 2024) applied AI technologies to support the recon-
struction and visualisation of archaeological sites, such as the Lascaux Cave, with
a multimodal approach integrating point clouds, laser data and semantic analysis.
The application of AI in this field also has a strong educational and museum rel-
evance: reconstructed models can be visualised in VR or AR environments, made
available to the public through virtual museums or online platforms, and used in
digital restoration or in the simulation of alternative interpretative hypotheses by
the scientific community.

Today, artificial intelligence is establishing itself as a key element in the transfor-
mation of the museum experience and the enjoyment of cultural heritage. These are
no longer just static tools, but systems capable of actively interacting with the public.
A notable example is chatbots based on natural language processing technologies:
these tools respond in real time to visitors’ questions, guide them through the ex-
hibition and personalise the experience according to individual preferences. In this
way, each visit can be tailored to the specific needs of each user, making the museum
a more accessible and engaging environment.

Another innovative aspect concerns adaptive storytelling systems. Thanks to
advanced artificial intelligence algorithms, these systems adapt the narrative based
on users’ choices or reactions, offering dynamic and personalised content. This ap-
proach not only enriches the visit but also contributes to making culture more inclu-
sive, encouraging the interest and participation of an increasingly broad and diverse
audience. For example, in ‘The Nightwatch’ project at the Rijksmuseum in Amster-
dam, artificial intelligence guides visitors on an interactive narrative journey around
Rembrandt’s famous painting, where the story evolves based on the audience’s ac-
tions, creating a unique experience with each visit (Caramiaux, 2023). Artificial in-
telligence systems are fundamentally reshaping the educational landscape of muse-
ums, elevating visitor engagement by blending educational content with elements
of entertainment. This approach encourages active participation, effectively foster-
ing dialogue across the domains of history, art, and technology. The integration
of artificial intelligence-based tools into virtual museums and interactive galleries
greatly expands the reachable audience. These innovations are particularly benefi-
cial for people with different cognitive abilities or specific accessibility needs. For
example, chatbots offer simplified access to information, minimizing the need for
physical interaction, which is an advantage for those with motor or cognitive diffi-
culties. Furthermore, AI actively promotes inclusivity through multilingual narra-
tives, allowing content to be adapted to a variety of cultural and linguistic contexts.
In doing so, museums are not only diversifying their audiences but also cultivating
environments where access to knowledge is equitable and responsive to the needs
of all visitors.
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1.6 Immersive technologies and AI in cultural heritage edu-
cation

Immersive technologies are profoundly redefining the way museum education and
the transmission of cultural heritage are conceived. These tools allow visitors not
only to observe, but also to experience historical and artistic environments firsthand,
thus overcoming the limits of passive enjoyment and promoting experiential learn-
ing. At the same time, gamification, the application of playful mechanisms such as
goals, scores, and challenges, is playing an increasingly central role in educational
experiences in museums and archaeological sites. This approach is particularly ef-
fective in increasing motivation and participation, especially among young people,
encouraging more conscious and independent exploration. The integration of gam-
ification not only stimulates interest and curiosity, but also promotes situated learn-
ing, in which knowledge is developed through direct contact with the environment
and objects, rather than through simple theoretical transmission (Gee, 2003). One
example is the "A Journey Through the World of Ancient Egypt" project at the Egyp-
tian Museum in Turin, Italy, which combines gamification with augmented reality
to allow students to have an immersive experience of historical exploration.

Artificial intelligence is radically transforming the educational experience, en-
abling a more personalized approach. These systems analyze user preferences, be-
haviors, and interactions: in essence, they “learn” from the student. As a result,
educational content can adapt in real time, offering personalized recommendations
and interactive paths.

Take, for example, the use of intelligent chatbots: they are not just static ma-
chines for frequently asked questions. On the contrary, they engage visitors in con-
versation, tailoring responses to the individual’s background and interests. This
dynamic exchange encourages curiosity and independent exploration, making the
educational process not only more engaging but often more effective. In essence,
students are not just passive recipients, but are actively shaping their own path
through the educational material (Gaia et al., 2019). The integration of immersive
technologies and artificial intelligence into cultural heritage education represents a
significant shift in pedagogical approaches. These advances are transforming tra-
ditional learning methods, enabling interactive and engaging experiences that go
far beyond passive observation. In particular, these innovations are proving highly
successful among younger audiences, who are already expert navigators of digital
environments and increasingly expect educational experiences to be interactive and
entertaining. By combining educational content with immersive and hands-on ac-
tivities, these technologies are fostering deeper engagement and a more meaningful
connection with cultural heritage.

1.7 Critical issues and challenges

Although immersive technologies and artificial intelligence applied to cultural her-
itage offer innovative prospects, numerous technical and ethical-social challenges
remain. A crucial aspect concerns accessibility and inclusivity: while virtual and
augmented reality could, in theory, overcome physical and cognitive barriers, ef-
fective access to these tools is still limited. There are many reasons for this, from
the high cost of devices to complex technological requirements, to designs that of-
ten neglect the needs of older users, people with disabilities, or members of socially
disadvantaged groups.



14 Chapter 1. State of the art

These critical issues raise fundamental questions about the possibility of making
immersive experiences truly universal and accessible to a diverse audience. In the
absence of concrete solutions, there is a risk that innovation will remain the preserve
of a minority, relegating a significant part of the population to a marginal role with
regard to new forms of cultural heritage enjoyment (Llamazares De Prado and Arias
Gago, 2023).

Digital preservation poses a significant challenge, particularly for XR and AI-
driven cultural initiatives. These projects often rely on formats, software, and hard-
ware that become obsolete at an alarming rate, jeopardizing the long-term accessibil-
ity of digital works. Additionally, the absence of unified standards and sustainable
archiving methods further complicates efforts to safeguard these experiences for fu-
ture generations. Given these risks, the development of robust policies and frame-
works for the digital preservation of technologically mediated cultural heritage has
become an urgent priority (Vincent et al., 2017;Siliutina et al., 2024).

Finally, from an ethical perspective, significant tensions emerge related to the
concept of authenticity of aesthetic experience and human-machine mediation. Vir-
tual reconstruction of environments or objects, although based on scientific data,
always involves interpretive choices that may influence the perception of the past.
There are thus questions about who holds the authority to represent historical “truth”
and how to avoid distortions in the transmission of heritage (Champion, 2016). In
addition, the introduction of intelligent agents in museums raises serious questions
about the possible dehumanization of the relationship with knowledge: there is a
real risk that interaction will be delegated to automated systems, sacrificing human
dialogue and direct educational relationships (Tiribelli et al., 2024). To summarize,
for these technologies to truly contribute to the enhancement and digital transmis-
sion of cultural heritage, it is essential to adopt a critical and interdisciplinary ap-
proach that balances innovation, sustainability, and social responsibility.
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Chapter 2

Digitalization of cultural heritage
sites

The digitalization of cultural heritage sites has become an essential practice for the
documentation, preservation, enhancement, and sustainable accessibility of tangible
heritage. This approach directly addresses significant challenges, including physi-
cal fragility, technological obsolescence, and the growing demand for remote and
inclusive access. In this context, 3D data acquisition represents the first and funda-
mental step in transforming real-world artifacts into interactive and durable digital
resources. Advanced technologies such as terrestrial laser scanning (LiDAR) and
aerial and terrestrial photogrammetry now make it possible to produce geometri-
cally accurate and navigable digital models which can be enriched with metadata.
These representations capture the shapes, dimensions, and material details of mon-
uments, architectural structures, and cultural landscapes with millimetric precision,
fundamentally transforming the methods used for surveying, studying, and com-
municating cultural heritage (Remondino and El-Hakim, 2006). These tools have
significantly expanded the operational scope of archaeologists, architects, museum
curators, and digital developers, enabling new forms of interaction between users
and cultural assets, even within fully virtual environments.

This chapter analyzes the main technologies and methodologies for 3D acquisi-
tion, with a focus on the characteristics of the sensors used, a comparison between
laser scanning and photogrammetry, and the software employed to process and con-
vert data into usable 3D models.

2.1 Introduction to geometric digitalisation

The geometric digitalisation of cultural heritage today represents one of the most
effective tools for the conservation, study and valorisation of material assets. The
possibility of digitally acquiring and reproducing an object or site in three dimen-
sions makes it possible not only to protect it in the event of damage, but also to
make it accessible, analysable and usable at a distance, facilitating new forms of
cultural mediation, interdisciplinary research and public participation (Guidi, Be-
raldin, and Atzeni, 2004). In recent years, advancements in 3D surveying, particu-
larly through Terrestrial Laser Scanning (TLS) and digital photogrammetry, have sig-
nificantly transformed the digital documentation and reconstruction of cultural her-
itage. These techniques, often employed in tandem, facilitate the creation of excep-
tionally dense point clouds, sometimes comprising millions or even billions of spa-
tially referenced data points. Such datasets capture the precise geometry and metric
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attributes of architectural monuments, artifacts, archaeological sites, and even ex-
tensive landscapes. The resulting digital models offer an unparalleled level of de-
tail, supporting rigorous analysis and long-term preservation efforts within the field
of cultural heritage. TLS is an active remote sensing technique based on the emis-
sion of coherent light pulses (laser) and the measurement of the time it takes for the
signal to strike a surface and return to the sensor, which is the so-called time-of-
flight principle. This process enables the direct and highly accurate measurement
of distances, which are then converted into three-dimensional spatial coordinates.
Modern TLS systems, developed by companies such as Leica Geosystems, FARO
Technologies, and RIEGL, can perform high-resolution acquisitions with millimet-
ric precision. Furthermore, the integration of RGB or multispectral sensors allows
for the acquisition of real surface colors, expanding the documentation from purely
geometric to chromatic and material dimensions. From an operational standpoint,
laser scanning proves particularly effective in complex, articulated, or large-scale
environments, including historical monuments, religious buildings, underground
spaces, and stratified archaeological sites. Its ability to collect non-contact data at
high sampling rates and with uniform surface coverage makes this technique espe-
cially suitable for preventive conservation, digital reconstruction, structural mon-
itoring, and the creation of immersive and interactive content. In parallel, digital
photogrammetry has experienced significant advancements, primarily due to the
development of Structure from Motion (SfM) and Multi-View Stereo (MVS) algo-
rithms. Distinct from TLS, photogrammetry operates as a passive method, recon-
structing three-dimensional geometry from standard photographic images captured
at multiple viewpoints. Modern algorithms automatically identify pixel correspon-
dences across images, allowing for the extraction of spatial information and the
semi-automated production of dense point clouds, 3D mesh models, and highly ac-
curate metric orthophotos. This shift has notably streamlined the process and ex-
panded photogrammetry’s practical applications in various fields. A key advantage
of photogrammetry lies in its affordability and versatility: accurate results can be ob-
tained using low-cost equipment such as DSLRs, mirrorless cameras, or even smart-
phones, making it particularly suitable for projects with limited resources or for dis-
tributed documentation initiatives. In addition, integration with Unmanned Aerial
Vehicles (UAVs) has significantly extended the range of photogrammetry, allowing
the capture of archaeological sites, tall facades, rooftops, and otherwise inaccessible
areas.

Despite their distinct characteristics, the integration of TLS and photogramme-
try has become increasingly common within sophisticated processing workflows. By
combining these techniques, researchers are able to capitalize on the unique advan-
tages of each: TLS provides precise geometric data and extensive spatial coverage,
while photogrammetry offers detailed texture and color information. The synergy
between these methods leads to outputs that excel in both metric reliability and vi-
sual fidelity. This integrated approach has been widely implemented in various na-
tional and international initiatives focused on the preservation, appreciation, and
communication of cultural heritage.

These methods have also been applied within the framework of the 3D Lab Sicilia
project, where terrestrial laser scanning and UAV-based photogrammetry were used
as foundational steps for the development of 3D models intended for immersive
and interactive virtual reality experiences. The acquired data were then processed
for mesh generation and optimized for VR platforms, demonstrating the feasibility
and replicability of the proposed pipeline for both scientific research and cultural
dissemination purposes.
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2.2 Terrestrial laser scanning

TLS represents one of the most reliable and accurate technologies for the three-
dimensional acquisition of structures and objects in the field of architectural and
archaeological surveying. The technology operates by emitting laser pulses, which
reflect off surfaces and return to the sensor; by recording the time taken for this
round trip, TLS systems are able to determine precise distances between the instru-
ment and various points in the environment. The result of this process is the gener-
ation of exceptionally dense 3D point clouds, which capture the intricate geometry
and details of surveyed structures with remarkable resolution and accuracy.

Conceptually, TLS scanners can be classified mainly into:

1. Static scanners: they are installed on tripods and acquire from fixed positions
(Figure 2.1). They are suitable for high-precision surveys and for objects or
environments where multi-angle coverage can be planned. Among the most
widely used instruments in the cultural sector are the Leica ScanStation P50,
the FARO Focus3D X130 and the RIEGL VZ-400i, which are known for their
ability to acquire millions of points per second with millimetre accuracy even
at a distance of hundreds of metres.

2. Mobile Scanners (Mobile Mapping Systems): integrate LiDAR sensors and in-
ertial positioning systems mounted on vehicles, backpacks or wearable de-
vices. These instruments, such as the ZEB Horizon GeoSLAM or the Trimble
MX9, allow rapid acquisitions on the move, being particularly useful for com-
plex interiors or large sites. However, the geometric quality of point clouds
may be slightly lower than with static scanners, due to approximations caused
by movement and lower acquisition stability.

In the field of cultural heritage documentation and enhancement, TLS technol-
ogy has established itself as a fundamental tool for acquiring highly detailed and
accurate three-dimensional surveys. Today, its applications are widely recognized
and used in various fields. A significant example concerns the metric documenta-
tion of historic buildings prior to restoration work, as was the case for the Basilica of
St. Francis in Assisi or the Colosseum in Rome, where geometric precision is essen-
tial for planning compatible and reversible conservation strategies. Similarly, TLS
has also been particularly effective in modeling complex archaeological contexts, in-
cluding stratified and large-scale sites such as Pompeii or the Valley of the Temples
in Agrigento. Another important field of application concerns the digital replica-
tion of monumental works for museum or educational purposes. The resulting 3D
models can be used in interactive reconstructions, virtual exhibitions, or augmented
reality systems, offering innovative ways of accessing and interpretingn cultural
heritage. Equally significant is the use of TLS for the generation of navigable 3D
models, designed for immersive environments or VR experiences, which allow for
highly engaging and remote exploration, even by users with physical or geographi-
cal limitations. The main advantages of this technology lie in its high metric accuracy
(often below the millimeter), the ability to capture large datasets in relatively short
timeframes, and the capability to record complex geometries, even in poorly lit en-
vironments or on textureless surfaces. Furthermore, continuous technical advances
have enabled the latest generation scanners to cover vast areas while maintaining
excellent spatial resolution and point density. However, the adoption of TLS also
poses several challenges that can hinder its broader dissemination. First of all, it
is an expensive technology, both in terms of professional-grade hardware (such as
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FIGURE 2.1: An example of static scanner installed on tripods

devices produced by Leica, FARO, or RIEGL) and in terms of the software required
for processing and point cloud management, such as Leica Cyclone, FARO Scene,
or CloudCompare. In addition, the workflow demands highly skilled workers, both
during field acquisition and in the subsequent data processing and interpretation
phases. Another significant obstacle processing stage, is often time-consuming, par-
ticularly when working with large data sets. Finally, the quality of the result can be
affected by environmental conditions, such as reflective surfaces, physical obstacles,
dense vegetation, or unfavorable weather. Despite these limitations, TLS remains a
key technology for the surveying and digital preservation of cultural heritage, espe-
cially when integrated with complementary methods such as digital photogramme-
try, within a broader framework of multimodal and interdisciplinary approaches.

A particularly significant development in the recent evolution of survey tech-
nologies is the integration of TLS with photogrammetric techniques and the use of
unmanned aerial vehicles, commonly known as drones. This multimodal approach
allows for the synergistic exploitation of the strengths of each methodology: on the
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one hand, TLS provides high metric accuracy and the ability to capture detailed geo-
metric data, even under complex environmental conditions; on the other hand, pho-
togrammetry ensures rich color information, dense textures, and greater operational
flexibility, especially in areas that are less accessible to laser scanners, such as roofs
or elevated architectural elements. The use of drones further enhances the potential
of this integrated workflow, allowing large areas or elevated structures to be covered
without the need for scaffolding or aerial platforms. This technical complementar-
ity is particularly valuable in the field of cultural heritage, where the morphologi-
cal and typological diversity of objects requires adaptable solutions across different
scales and environmental contexts. The integration of TLS, photogrammetric, and
UAV data is typically managed within software environments through point cloud
registration and merging techniques, resulting in 3D models that are metrically ac-
curate and at the same time visually realistic and expressive. These models are es-
pecially effective for applications ranging from scientific documentation to virtual
musealization, from restoration planning to digital dissemination, and are increas-
ingly emerging as a standard in both professional practice and academic research
dedicated to the valorization of cultural heritage.

2.3 Photogrammetry

Digital photogrammetry, whether conducted from aerial or terrestrial perspectives,
stands as one of the most widely adopted and adaptable techniques for creating
three-dimensional models of cultural heritage assets. By analyzing photographic
images, this approach enables the reconstruction of the geometry of objects, archi-
tectural structures, and even expansive territorial contexts. The process relies on
automated processing of photographs captured with calibrated digital cameras or
unmanned aerial vehicles, such as multirotor or fixed-wing drones.

In recent years, advancements in photogrammetry have been closely tied to the
development of Structure-from-Motion and Multi-View Stereo algorithms. Together,
these methodologies form the cornerstone of contemporary photogrammetric work-
flows, significantly enhancing the precision and efficiency of 3D reconstruction in
cultural heritage documentation (Remondino et al., 2014;Westoby et al., 2012).

SFM is an advanced method in the field of computer vision used to estimate
both the spatial position of the camera and the three-dimensional structure of the
scene, starting from a series of overlapping images acquired from different, initially
unknown viewpoints. The process is based on the automatic identification of cor-
responding points between the various images—typically using algorithms such as
SIFT or SURF. From these homologous points, both the initial positions of the cam-
era and a sparse 3D reconstruction of the scene, commonly known as a “sparse point
cloud,” are obtained (Snavely, Seitz, and Szeliski, 2008). Once the sparse reconstruc-
tion is complete, the MVS stage comes into play, significantly increasing the model’s
density. MVS relies on the known camera positions obtained from SfM and matches
pixels across the input images, resulting in a dense point cloud—often comprising
millions of 3D points. This dense cloud is then processed into a triangulated mesh
and textured with photorealistic images, yielding a model with high geometric de-
tail and accurate color representation.

The synergy between SfM and MVS forms the foundation of most contemporary
photogrammetric software solutions. Both open-source options (such as COLMAP,
Meshroom, OpenMVG+OpenMVS) and commercial platforms (like Agisoft Metashape,
Pix4D, and RealityCapture) (Luhmann et al., 2023) utilize this integrated approach.
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As a result, advanced 3D documentation tools have become far more accessible to re-
searchers, conservators, and cultural institutions, broadening the potential for high-
quality digital preservation and analysis. In archaeological applications, SfM and
MVS have been successfully used to reconstruct detailed epigraphic surfaces and to
document stratigraphic layers in complex excavation sites. In architectural heritage,
these methods are frequently adopted to produce digital twins of historical build-
ings, which can support both conservation efforts and public dissemination through
online visualization or immersive virtual tours.

In this context, terrestrial photogrammetry involves the use of DSLR or mir-
rorless cameras, either mounted on tripods or operated handheld, following pre-
planned image acquisition paths to ensure homogeneous coverage and high over-
lap between photographs, typically exceeding 70–80%. This method is particularly
well-suited for close-range documentation of architectural details, sculptural sur-
faces, museum artifacts, or indoor environments where access may be limited or
lighting conditions variable.

In addition to traditional photographic equipment, integrated 3D scanners, such
as Matterport cameras (Figure 2.2), have become increasingly popular in the doc-
umentation of cultural heritage. These devices combine RGB imaging with depth
sensing technology to generate complete 3D models in a single acquisition work-
flow. Matterport systems, for example, enable rapid scanning of architectural inte-
riors, museum artifacts, or archaeological structures, producing photorealistic and
metrically accurate models with minimal post-processing effort. Unlike classical
photogrammetry, which relies solely on image overlap, Matterport and similar de-
vices simultaneously capture geometry and texture, bridging the gap between pas-
sive and active sensing techniques.

Aerial photogrammetry essentially involves the use of drones equipped with
high-resolution cameras to survey large or complex areas that are difficult to reach,
such as roofs, archaeological ruins, excavation sites, or extensive cultural landscapes.
This type of acquisition allows for rapid coverage and provides an extremely de-
tailed overview of the context being analyzed. When the collected data is accurately
georeferenced, highly accurate spatial information is obtained, which can then be
integrated with terrestrial surveys to produce complete and highly detailed 3D re-
constructions.

The data obtained through photogrammetry achieves remarkable levels of de-
tail, not only in terms of shape, but also in terms of the amount of radiometric in-
formation acquired, such as color, texture, and surface reflectance. This combination
makes it possible to produce 3D models that are both metrically accurate and visu-
ally realistic. These characteristics are particularly relevant in areas such as scientific
documentation, virtual visualization, and public engagement. High-resolution tex-
tures, obtained from accurate photographic sets, allow for the faithful reproduction
of essential aspects of materials: patinas, signs of wear and inscriptions. These de-
tails are fundamental for the study and effective communication of cultural heritage.
Compared to TLS, photogrammetry has some big technical differences and a few
operational limitations that should not be underestimated. First, it’s really sensitive
to environmental conditions: the quality of the images can be seriously affected by
poor lighting, reflective or transparent surfaces (like glass, polished stone, or water),
and shadows cast by surrounding architectural elements. The accuracy of the result-
ing 3D reconstruction is strongly influenced by the resolution of the photographs,
their degree of overlap, and the accuracy of the camera calibration.
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FIGURE 2.2: An example of Matterport camera in action

However, despite these critical issues, photogrammetry offers significant advan-
tages in terms of cost, portability, and ease of use. Unlike TLS, it does not nec-
essarily require highly specialized or bulky equipment: in most cases, a standard
digital camera or UAV, combined with widely available software, is sufficient. In
summary, despite some technical limitations, photogrammetry is an accessible and
versatile solution for numerous applications. In real-world contexts, photogramme-
try and TLS are often used synergistically within advanced 3D surveying pipelines.
This multimodal strategy allows the strengths of each technique to be exploited:
TLS guarantees amazing geometric accuracy, thus turning out to be effective even
in unfavorable lighting conditions or on surfaces lacking texture; photogrammetry,
on the other hand, enriches the model with visual and chromatic details, improving
the readability and communicative impact of the final result. When the two data
sources are properly integrated and aligned, hybrid models are obtained that com-
bine metric reliability and photorealism, proving to be robust tools for the preser-
vation, analysis, and dissemination of cultural heritage. This integrated approach



22 Chapter 2. Digitalization of cultural heritage sites

is now an established practice in more complex documentation projects, especially
when the variety and size of the site require flexible, multi-level solutions. A typi-
cal example concerns the documentation of architectural structures: TLS is used to
acquire the overall geometry of the building, while photogrammetry focuses on dec-
orative elements or painted surfaces, capturing textures and color nuances that are
not accessible to LiDAR sensors alone. Together, these data produce high-fidelity
digital models that are useful for scientific research as well as for communication
and heritage enhancement.

Photogrammetry has significantly transformed the documentation and preser-
vation of cultural heritage within the fields of archaeology and museology. Its ca-
pacity for detailed, non-invasive three-dimensional recording has proven indispens-
able, particularly in complex or fragile contexts. For instance, at sites such as Pe-
tra (Jordan) and Palmyra (Syria), both subject to substantial damage from conflict
and natural deterioration, photogrammetry has enabled the digital preservation of
threatened structures. This technology not only safeguards existing remains but also
provides critical data to support virtual reconstruction hypotheses, marking a con-
siderable advancement in heritage conservation and research practices (Fassi et al.,
2013). In Italy, the Valley of the Temples in Agrigento represents a significant case
study, where the integration of aerial and terrestrial photogrammetric surveys al-
lowed the creation of high-resolution 3D models of Doric temples. These models
are used both for research and conservation purposes and for public engagement
through virtual tours and immersive installations (Di Salvo and Brutto, 2014). In
the museum domain, photogrammetry is now systematically adopted for the dig-
itization of permanent and temporary collections. This process allows the creation
of virtual reproductions of delicate or otherwise inaccessible artifacts and supports
the digital reconstruction of historical interiors, recontextualized archaeological con-
texts, or architectural spaces that are now lost. Furthermore, thanks to the compat-
ibility of photogrammetric models with real-time 3D development platforms such
as Unity 3D and Unreal Engine, the data can be integrated into interactive and im-
mersive experiences. These include VR and AR applications, gamified educational
pathways, and on-site multimedia installations (Bekele et al., 2018).

Alongside commercial solutions that offer advanced tools for processing large
datasets and generating textured meshes, several open-source options have made
this technology accessible to researchers, small museums, and independent projects.
This transformation has reinforced photogrammetry as a fundamental element in
the modern digitization of cultural heritage. The technology now offers not only
reliable metric accuracy and high-quality images, but also financial feasibility and
significant opportunities for public engagement.

2.4 Data processing software

Photogrammetric processing platforms play a key role in creating three-dimensional
models derived from photographic datasets and are essential for the digital docu-
mentation of cultural heritage. Among the most widely used software solutions, Ag-
isoft Metashape, RealityCapture, and 3DF Zephyr are each of which is recognized for
their robust functionality, accessibility, and automated features. Agisoft Metashape
is one of the most popular commercial solutions, renowned for its reliability, result
accuracy, and user-friendly interface. The software supports the entire photogram-
metric workflow, from automatic image alignment to dense point cloud generation,
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mesh construction with texture mapping, and finally orthorectification and georef-
erencing of the 3D models. Its ability to balance performance with relatively mod-
est hardware requirements is worthy of note, as is its flexibility in processing com-
bined datasets from both aerial and terrestrial imagery. Additionally, Metashape
natively supports the integration of Ground Control Points (GCPs), which is essen-
tial for producing georeferenced and metrically accurate models. RealityCapture,
developed by Capturing Reality (now part of Epic Games), is distinguished by its
remarkable processing speed and ability to handle extremely large datasets within
short timeframes. Its highly optimized computation engine leverages GPU accel-
eration to perform Structure-from-Motion and Multi-View Stereo tasks efficiently.
The combination of high-quality outputs and seamless export options for immer-
sive environments makes it particularly suited to projects that require both metric
precision and high-end visual presentation. 3DF Zephyr, developed by the Italian
company 3Dflow, offers a strong alternative thanks to a user-friendly interface that
makes it accessible to non-expert users while still providing a high level of control
over photogrammetric parameters. The software includes advanced features such as
batch processing, camera calibration, hybrid alignment, and support for standard-
ized formats (e.g., E57, LAS), which have promoted its adoption in both academic
and professional contexts. Zephyr also offers dedicated tools for model cleaning and
optimization for web or mobile deployment.

Processing data collected through TLS requires a structured processing work-
flow to transform raw point clouds into accurate, clean, and usable 3D models for
measurement, documentation, or visualization purposes. Several specialized soft-
ware platforms are available for LiDAR data processing, including FARO Scene, Le-
ica Cyclone, and CloudCompare, each offering specific features and advantages de-
pending on their intended use. FARO Scene, for example, is the native software for
managing data acquired with FARO Focus scanners. Its intuitive interface supports
semi-automated registration of multiple scans, using advanced target recognition
and cloud-to-cloud alignment algorithms (Figure 2.3). Scene enables data export in
several standard formats (such as E57, LAS, or OBJ) and includes tools for cloud
segmentation, extraction of orthogonal sections, and immersive visualization in VR
environments through FARO WebShare. It is widely adopted in architectural and
cultural heritage applications due to its efficiency in processing large datasets.

FIGURE 2.3: An example of a point cloud on Faro Scene
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Leica Cyclone is one of the most comprehensive and powerful professional so-
lutions for processing point clouds acquired with Leica scanners. The software con-
sists of a series of specialized modules, each designed to address a specific stage of
the workflow: from registration (Cyclone REGISTER 360) to editing, CAD model
extraction, surface reconstruction, and meshing. It is particularly valued for its
high-precision georeferencing capabilities, support for integrating auxiliary topo-
graphic data, and compatibility with BIM workflows. However, it typically requires
more advanced expertise and presents a steeper learning curve than other platforms.
CloudCompare is a robust and adaptable open-source platform widely used in aca-
demic and research contexts for point cloud processing, analysis, and comparison.
Its strengths include broad compatibility with 3D data formats, advanced filtering
tools, dataset comparison (cloud-to-cloud and cloud-to-mesh), scalar field coloring
based on geometric properties, and the generation of profiles and cross-sections. Al-
though it does not offer a fully automated pipeline, CloudCompare differs in its de-
tailed control of processing parameters and the transparency of its operations, both
of which are essential in scientific and diagnostic contexts. In addition to Cloud-
Compare, another widely used open-source software is MeshLab. MeshLab allows
the import, visualization, and processing of meshes and point clouds, providing
tools for filtering, simplification, mesh repair, normal calculation, and texturing. Its
modular interface and wide range of plugins make it a flexible tool for both pre-
processing and optimizing 3D models for scientific, educational, or immersive visu-
alizations. The combined use of these tools enables full management of the LiDAR
data lifecycle: from field scan registration, cleaning, segmentation, and alignment,
to the generation of exportable 3D models that can be integrated into CAD, GIS, or
virtual reality environments. The selection of the most suitable software depends on
the type of scanner used, the project objectives, and the desired level of automation.

In the context of digital documentation of cultural heritage, the integration of
data acquired through different surveying techniques, most notably photogramme-
try and terrestrial laser scanning (LiDAR), is a crucial phase for the construction
of complete, consistent, and metrically accurate 3D models (Grussenmeyer et al.,
2008). These datasets, often generated as high-density point clouds, must undergo
a rigorous preprocessing workflow that includes spatial registration, semantic and
geometric cleaning, and final data fusion. Registration of point clouds from differ-
ent sources is typically carried out through iterative alignment algorithms such as
Iterative Closest Point (ICP), which minimize the Euclidean distances between cor-
responding points to optimize the relative positioning of datasets (Besl and McKay,
1992). Alternatively, artificial targets or ground control points measured with total
stations or GNSS can be used to ensure alignment within a global coordinate system
(Barazzetti, Remondino, Scaioni, et al., 2010). The accuracy of this phase is par-
ticularly critical in complex or stratified architectural and archaeological contexts.
After registration, the datasets are subjected to point cloud cleaning process, which
involves the removal of outliers, spurious surfaces, and artifacts caused by reflec-
tions, transparency, or environmental noise. This process can be achieved through
statistical filters, spatial segmentation, or manual editing in dedicated software such
as CloudCompare or 3DReshaper. Cleaning is especially important in surveys con-
ducted in urban or museum environments, where temporary elements (e.g., moving
people, temporary objects, vegetation) are common. Once the point clouds have
been preprocessed, the next step is the generation of a triangulated mesh. This in-
volves reconstructing a surface from the point cloud using algorithms such as Delau-
nay triangulation or Poisson surface reconstruction (Kazhdan, Bolitho, and Hoppe,
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2006), the latter being particularly effective in producing continuous, watertight sur-
faces. The resulting 3D mesh thus provides a geometrically accurate representation
of the surveyed object or environment. The mesh is then enriched through photo-
realistic texturing, using images captured during the acquisition phase. This pro-
cedure, known as texture mapping or image projection, transfers radiometric infor-
mation, such as color, brightness, and surface patterns, onto the 3D geometry, sig-
nificantly enhancing visual readability. Advanced workflows may also apply multi-
image blending techniques to correct for lighting inconsistencies or shadows, result-
ing in visually coherent representations. The final output is a highly detailed and
metrically reliable 3D model, suitable not only for scientific documentation, but also
for dissemination through immersive platforms, virtual environments, and Heritage
Building Information Modeling (HBIM) systems (Murphy, McGovern, and Pavia,
2009). When preparing these models for deployment in web-based interfaces or
real-time engines, such as those used in virtual and augmented reality, an additional
step is often necessary: polygonal optimization and decimation. This process, also
known as retopology, reduces geometric complexity while retaining essential sur-
face characteristics. Techniques like normal mapping or displacement mapping are
employed to preserve visual fidelity, resulting in models that are both lightweight
and rich in information content.
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Chapter 3

Digital solution for immersive
virtual cultural heritage exploration

The digitalisation process is not limited to simple acquisition: it implies an inte-
grated pipeline that starts from data collection (e.g., point clouds and photographic
datasets), passes through the generation of 3D meshes and photorealistic textures,
and finally ends with the development of interactive and immersive environments
using real-time engines such as Unity 3D or Unreal Engine. These environments
enable the creation of virtual tours, educational simulations, and practical tools for
preventive conservation and risk management.

In recent years, the digitalisation of cultural heritage has evolved into a complex,
multi-step workflow that combines technologies such as photogrammetry, LiDAR,
3D modelling, and immersive visualization. These technologies do not merely re-
produce the visual appearance of objects and sites, but produce digital models that
are rich in information, metrically accurate, georeferenced, and semantically struc-
tured. Such models can be reused in various fields (research, restoration planning,
museum exhibitions, or virtual access), while ensuring long-term preservation and
accessibility (Remondino and Stylianidis, 2016).

A concrete example of how this pipeline can be implemented is offered by the 3D
Lab Sicilia project, which applied advanced acquisition techniques, polygonal mod-
elling, and immersive visualization to the conservation of architectural assets. In this
case, the digital workflow was tested and adapted to real-world heritage contexts,
highlighting both the technical challenges and the potential for innovative applica-
tions (Barbera et al., 2022b; Barbera et al., 2022a; Lo Bosco, Farella, and Di Piazza,
2023). Rather than being an isolated initiative, this project exemplifies how an in-
tegrated pipeline can support the documentation, preservation, and valorisation of
cultural heritage in diverse settings.

3.1 Pipeline: from reality to 3D model

For the development of virtual environments in the field of cultural heritage, a struc-
tured implementation pipeline has been defined to guide the creation of explorable
3D models. The process, illustrated in Figure 3.1, is designed to ensure that cultural
heritage can be accurately documented, digitally reconstructed, and integrated into
immersive applications. The workflow is articulated into five main stages. First, the
cultural site is digitally acquired using advanced techniques such as photogramme-
try or LiDAR. The resulting data are then processed to clean, align, and optimize
the point cloud. From this dataset, a complete 3D model is generated, including ge-
ometry, textures, and other key attributes. Finally, the optimized model is imported
into Unity3D, the game engine used to develop immersive applications on different
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platforms, including smartphones with cardboard displays, standalone VR head-
sets, and CAVE environments. This workflow provides a flexible foundation that
can be applied to a variety of contexts. One concrete application is the creation of
virtual environments aimed at improving accessibility to archaeological sites within
the Etna Park and several Sicilian municipalities recognized as UNESCO World Her-
itage Sites. In these cases, the pipeline ensures that complex and fragile sites can be
experienced virtually, preserving both scientific accuracy and immersive quality.

FIGURE 3.1: The proposed pipeline

3.1.1 Digital acquisition

A key step of the implementation pipeline is the data acquisition, which provides
the foundation for all subsequent stages of 3D reconstruction and immersive visual-
ization. Before a cultural asset can become a 3D model ready for immersive explo-
ration, it must first be captured in all its detail and complexity. For this purpose, the
pipeline makes use of a hybrid methodology, which combines SfM photogrammetry,
based on photographs taken both at ground level and by drone flights, with LiDAR
laser scanning. This mixed approach allows for obtaining a very complete dataset:
photogrammetry contributes rich textures and visual fidelity, while LiDAR ensures
millimetric accuracy in geometry. Together, these techniques provide a robust foun-
dation for producing dense point clouds that reflect the real-world object with high
precision.

The acquisition phase is not immediate or simple. It requires careful planning of
scanning stations to guarantee continuity between indoor and outdoor areas, com-
plete coverage of architectural details, and an adequate overlap between different
scans. To support this, reflective spheres are strategically placed around the site:
these act as reference points that facilitate the subsequent alignment of scans, en-
suring that the different fragments of the survey can be recomposed into a coherent
whole. This step is essential to minimize alignment errors and to address common
difficulties, such as occlusions, missing or degraded surfaces, or complex geometries
that can confuse even the most advanced instruments. It is not enough just to col-
lect data. The raw point clouds generated by these instruments can reach enormous
sizes, often exceeding 100 GB. This makes them unsuitable for direct use in VR or
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interactive systems. For this reason, post-processing is required: removing artifacts,
simplifying geometries through controlled decimation, and optimizing topologies
to make the models both lightweight and faithful to reality. Only by carefully bal-
ancing accuracy and efficiency can these models be transformed into usable assets
for immersive experiences.

This pipeline has been put into practice in different cultural heritage contexts.
Two examples are the Church of Santa Maria la Vetere (Figure 3.2a) and the Church
of the SS. Crocifisso del Calvario, in Militello, Val di Catania (Figure 3.2b).

(A) Church of Santa Maria la Vetere (B) Church of the SS. Crocifisso del Calvario

FIGURE 3.2: Some cultural assets scanned

For the Church of Santa Maria la Vetere, the survey involved no fewer than 49
external and 9 internal scanning stations, covering elements such as the surviving
nave, the ancient central portico, the surrounding courtyard with visible pit tombs,
and even a Norman turret. The Church of the SS. Crocifisso del Calvario, instead,
required a different strategy: 16 external and 8 internal stations distributed at regu-
lar intervals, with denser coverage near the apses and transition areas (Figure 3.3).
In both cases, the use of reflective spheres and meticulous alignment procedures
allowed residual registration errors to be kept below one centimeter, a level of accu-
racy that testifies to the robustness of the approach.

(A) Laser scanning 3D Survey of the outside: point
of station

(B) Laser scanning 3D Survey of the inside: point
of station

FIGURE 3.3: Church of the SS. Crocifisso al Calvario point of station

These case studies highlight the practical value of the pipeline: what begins as
a highly technical process of acquiring and processing billions of points ultimately
becomes the basis for immersive environments that can be explored with VR head-
sets or CAVE systems. In addition to the immediate experience of visiting a site in
virtual form, these digital resources are also reusable: they can support conservation
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and restoration planning, structural analysis, educational outreach, or even experi-
mental applications in multi-user environments. In this way, data acquisition is not
just a technical phase, but the basis of a broader process of cultural heritage enhance-
ment, capable of preserving fragile sites while opening them up to new audiences
through immersive technologies.

3.1.2 Data processing

A critical step in the pipeline is the processing of the collected data, which trans-
forms raw acquisitions into usable 3D assets ready for interactive visualization. This
stage is not merely technical refinement: it is what ensures that the models are ac-
curate, manageable in size, and visually effective in immersive environments. The
integration of multiple techniques, photogrammetry and laser scanning, requires
a carefully designed workflow to reconcile datasets with different characteristics
and levels of detail. Photogrammetric surveys typically provide rich textures and
broader coverage, while laser scans deliver geometric precision and high point den-
sity. By combining them, the resulting models achieve a balance between visual real-
ism and metric reliability, which is crucial for both scientific documentation and VR
deployment. During post-processing, both types of data must be harmonized. Pho-
togrammetric datasets, constructed from hundreds of aerial and terrestrial images,
must be aligned and optimized to generate dense point clouds and textured meshes.
Point clouds obtained through laser scanning, which are often very large and de-
tailed, must be registered, cleaned of noise, and organized into manageable clusters.
Integrating these sources generally involves control point alignment, in which ho-
mologous features between different point clouds are matched to achieve accurate
registration. To avoid redundant data and inconsistencies, selective filtering is ap-
plied: areas best captured by photogrammetry are retained, while areas where laser
scanning excels are prioritized for accuracy. This ensures that the unified model
reflects both geometric quality and efficiency, minimizing overlaps or conflicts be-
tween datasets. Another central challenge lies in data management. Point clouds
can easily reach hundreds of gigabytes, making them unsuitable for direct use in
immersive applications. As a result, segmentation and decimation become indis-
pensable. Meshes must be simplified while preserving essential details, and tex-
tures must be processed to guarantee clarity without overwhelming computational
resources. The workflow therefore often requires the integration of multiple tools,
such as Faro Scene, Meshlab, CloudCompare, and Zephyr, each contributing specific
strengths to optimize geometry, textures, and alignment. In some cases, particularly
intricate architectural elements must be processed separately to preserve their read-
ability before being recombined into a complete, multi-resolution model.

For the Church of Santa Maria la Vetere, approximately 500 images captured by
both ground-based cameras and drones were processed in Zephyr to build a pho-
togrammetric model. At the same time, scans acquired with a Faro Focus 350S laser
scanner were managed and recorded using Faro Scene, then exported in .e57 format
and imported into Zephyr. The integration of the two datasets was based on a con-
trol point alignment procedure, ensuring consistency between the photogrammetric
and LiDAR sources. To avoid redundant overlaps, a selective filtering approach
was adopted: the external context and roof were retained from the photogrammet-
ric model, while the facades, interiors, and portico were retained from the LiDAR
model due to their superior accuracy.

The subsequent mesh and texture processing involved comparing and optimiz-
ing results across different tools. Because of the building’s complexity, standard
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meshing workflows proved inadequate for maintaining detail, especially in reli-
gious architectural elements. For this reason, segmentation and controlled decima-
tion were applied, with some parts such as the altar, the portals, and the external
portico with bas-reliefs treated individually (Figure 3.4). These isolated point clouds
were treated separately and then recombined into a comprehensive model with dif-
ferentiated levels of detail. Particularly effective results were obtained with a hybrid
workflow combining Scene and Meshlab, where meshes generated in Scene were
re-positioned on the point cloud imported into Meshlab, producing a final model
optimized for VR.

FIGURE 3.4: Santa Maria La Vetere Church, the individual elabora-
tions of the altar, the arch and the portals

For the Church of the SS. Crocifisso al Calvario, the workflow followed a sim-
ilar logic (Figure 3.5). The scans were organized into logical groups within Faro
Scene, achieving a calibration error margin of less than one centimeter. Here too,
laser scanning data were integrated with photogrammetric imagery, used mainly
to reconstruct the roof and external surroundings. Special emphasis was placed on
modularity and computational efficiency, so that the resulting model could be easily
deployed on standalone headsets or mobile devices without sacrificing quality.

Taken together, these experiences highlight how data processing is an impor-
tant and complex stage in the process, directly influencing the usability of models in
VR environments. Beyond the technical aspects of point cloud alignment or mesh
decimation, the real challenge lies in finding the right balance: preserving rich de-
tail while ensuring performance in real-time applications. The use cases reported
demonstrate how established workflows can be adapted and customized according
to the architectural complexity of each site and the intended digital use, ensuring
scientifically reliable models suitable for immersive dissemination.

3.1.3 3D model creation

After data acquisition and processing, another equally important step is the genera-
tion of the final 3D model, which transforms raw point clouds into objects that are
accurate in terms of documentation and optimized for interactive visualization. This
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FIGURE 3.5: Digital acquisition and data-processing of SS. Crocifisso
al Calvario Church

stage requires a balance between geometric fidelity, computational manageability,
and visual realism, ensuring that the final product can serve multiple purposes: sci-
entific analysis, conservation planning, dissemination, and immersive exploration.
Achieving this goal typically involves key steps: cleaning the dataset, reconstructing
the mesh, simplifying the model to make it suitable for real-time environments, and
finally applying UV mapping and texturing. Each step relies on specialized software
tools with distinct strengths: Meshlab, which, as we mentioned earlier, is an open-
source platform particularly effective for editing, filtering, and decimating meshes,
and Blender, a professional-grade 3D environment widely used for UV mapping,
advanced texturing, and rendering preparation. Together, these tools enable the cre-
ation of high-quality multi-resolution models that can be used in immersive appli-
cations.

In the case of the Church of SS. Crocifisso al Calvario, the following steps were
taken during the creation of the 3D model:

1. Point Cloud Cleaning: The initial point cloud, although obtained with high-
precision instruments, contained unwanted elements such as benches, scaf-
folding, or reflective targets, which could interfere with the clarity and usabil-
ity of the final model. To address this, the dataset was processed in Meshlab,
which offers a wide range of filters and manual editing functions specifically
suited for mesh and point cloud management. The cleaning phase combined
both manual and automated strategies: on the one hand, vertex and face se-
lection tools made it possible to directly isolate and remove non-architectural
objects; on the other, the Select Outliers filter was applied to automatically de-
tect points whose distances significantly deviated from their local neighbors,
identifying them as potential noise. To preserve flexibility and ensure non-
destructive editing, all removed elements were not permanently deleted but
transferred into separate layers, thereby keeping them available for possible
reuse in alternative workflows. This careful cleaning step laid the groundwork
for a reliable and geometrically consistent model, ready for the subsequent
phases of reconstruction and optimization.

2. Mesh Reconstruction: The cleaned point cloud was subsequently converted
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into a polygonal mesh using Meshlab’s Screened Poisson Surface Reconstruc-
tion filter. This algorithm is particularly well-suited for cultural heritage mod-
eling, as it generates smooth, watertight surfaces even when the input data
contains gaps or imperfections. A reconstruction depth of 13 was selected,
striking a balance between capturing fine surface details and maintaining com-
putational efficiency, thereby avoiding excessively long processing times. Other
parameters, such as the interpolation weight and samples per node, were left
at their default values to ensure the stability of the reconstruction process. The
resulting mesh consisted of over 240 million faces, providing a level of detail
sufficient for precise documentation and analysis, even of the most intricate
architectural elements, while preserving geometric continuity across the entire
surface.

3. Mesh Simplification: Models of this size are generally unsuitable for real-time
rendering due to their extremely high polygon count. To address this, a con-
trolled decimation was performed in Meshlab using the Quadratic Edge Col-
lapse Decimation algorithm. The target was to reduce the number of faces to
approximately one million, striking a balance between visual fidelity and com-
putational performance. Both the “Preserve Normals” and “Preserve Topol-
ogy” options were enabled to prevent artifacts and ensure that the simplified
geometry retained its structural integrity. Additionally, the quality threshold
was set to 1, promoting a uniform simplification across the entire surface.
Throughout this process, Meshlab’s visual inspection tools, including wire-
frame overlays and curvature analysis, were employed to carefully monitor
any loss of detail and to guarantee that the reduction was consistent while pre-
serving the essential features of the model. This phase produced a lightweight
but still visually detailed mesh, appropriate for immersive applications and
web-based visualization platforms.

4. UV Mapping and Texturing: Once the geometry had been optimized, the model
was prepared for visualization by projecting 2D photographic data onto its
surface. This process was carried out in Blender, which provides more ad-
vanced UV mapping tools than Meshlab. The Smart UV Project operator was
used to automatically unfold the geometry and generate a UV map, minimiz-
ing texture stretching and ensuring efficient use of texture space. Blender’s
UV/Image Editor then allowed for manual adjustments to refine the projec-
tion, particularly in areas with complex or intricate geometry, improving align-
ment and accuracy (Figure 3.6). After completing the UV mapping, the sim-
plified mesh was exported in .OBJ format, including the UV coordinates. To
apply realistic textures, the model was re-imported into Meshlab along with
the original point cloud. Two key operations were used: Convert PerVertex
UV into PerWedge UV, which adapts the UV layout to facilitate texture appli-
cation, and Transfer: Vertex attributes to texture, which projects the RGB color
values from the point cloud onto the UV coordinates. The resulting texture
was generated at a resolution of 16,384 × 16,384 pixels, preserving subtle chro-
matic variations and surface details essential for both immersive visualization
and rigorous scientific documentation.

Thanks to this integrated workflow, it was possible to obtain a detailed three-
dimensional model, optimized both geometrically and visually, ready to be used
for dissemination, scientific analysis, and immersive fruition of the cultural heritage
asset.
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FIGURE 3.6: UV Mapping and Texturing using Blender of SS. Croci-
fisso al Calvario Church

3.1.4 Immersive experience and digital enhancement

The immersive system was designed to provide a versatile framework for exploring
cultural heritage sites, leveraging the strengths of multiple platforms and devices.
Unity 3D was chosen as the primary development environment due to its robust
real-time rendering capabilities, cross-platform compatibility, and native support
for virtual reality. The system architecture was conceived to deliver highly realis-
tic and intuitive experiences, enabling users to navigate digital replicas of cultural
spaces while examining architectural and decorative details with precision. Special
attention was paid to designing interaction models and optimizing performance for
different hardware, ranging from low-cost smartphones to high-end multi-wall im-
mersive systems.

To achieve this, the development process involved several key strategies. For
VR platforms with limited computational resources, such as smartphones, tech-
niques like texture downsampling, light baking, and lightweight shaders were im-
plemented to maintain smooth frame rates and visual consistency, minimizing the
risk of VR-induced discomfort. Conversely, for standalone VR headsets, the system
could exploit more advanced hardware capabilities, enabling natural hand-tracked
interactions, precise object manipulation, and immersive locomotion. High-fidelity
visuals were preserved through careful optimization of lighting, shadows, and tex-
ture resolution, while motion tracking and input handling were implemented using
specialized Unity plugins like the Oculus XR Plugin and the XR Interaction Toolkit.
For large-scale CAVE systems, the architecture included networked synchronization
across multiple workstations, real-time rendering of multiple projection surfaces,
and high-resolution textures with dynamic lighting, ensuring an immersive experi-
ence that maintained both spatial realism and responsive interactivity.

This general framework is applied to the 3D models obtained from the previ-
ous stages to explore them virtually, as in the case of the Church of SS. Crocifisso al
Calvario ((Figure 3.7)) and the Church of Santa Maria La Vetere ((Figure 3.8)). The
elaborated 3D model was integrated into three distinct platforms, each tailored to
the capabilities and constraints of the target hardware. On entry-level smartphones,
paired with Google Cardboard, the system prioritized accessibility and ease of use.
Since Cardboard lacks physical input devices, a gaze-based interaction system was
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implemented: key points of interest within the virtual environment were marked
with interactive “trigger points.” When a user fixates on a trigger for a set dura-
tion, they are automatically teleported to that location, allowing intuitive navigation
without external controllers. Trigger points were carefully positioned near architec-
tural highlights and significant spatial connections, such as entrances, aisles, and
chapels, guiding the user along a coherent exploration path. For this smartphone-
based implementation, performance optimizations included precomputed lighting,
downscaled textures, and lightweight shaders, ensuring smooth frame rates and re-
ducing the risk of VR sickness. Despite its simplicity, this configuration effectively
democratizes access to cultural heritage, providing a compelling immersive experi-
ence to a broad audience, including educational institutions or museums.

The VR headset version provided a significantly more interactive and immer-
sive experience. Its built-in handheld controllers enabled natural user movements,
precise object interactions, and intuitive navigation. Development relied on spe-
cialized Unity plugins, including the Oculus XR Plugin for robust motion tracking
and controller support, and the XR Interaction Toolkit to implement common VR
interactions such as pointing, grabbing, and hovering over objects. Optimization
strategies focused on reducing latency and preventing VR sickness while maintain-
ing visual fidelity. This was achieved through prerendered lighting, careful opti-
mization of shadows, and selective texture scaling, ensuring high frame rates and
smooth responsiveness. The result is a highly realistic, fully interactive experience
where users can freely explore the virtual church, manipulate objects, and engage
with the environment in a natural and immersive way.

For the CAVE system, development was oriented toward creating a seamless,
synchronized multi-wall immersive experience. The CAVE environment consists of
three projection surfaces, front, left, and right walls, on which the virtual scene is
displayed in real time. To manage this, the application was distributed across a net-
worked architecture involving two high-performance workstations: one responsible
for rendering the front wall and the other managing the two side walls. These ma-
chines communicate via a synchronization protocol that ensures perfect alignment
of visual output across all three walls, avoiding tearing or desynchronization during
user movement. User tracking within the CAVE is enabled through a VRPN (Virtual
Reality Peripheral Network) system. This setup includes wearable devices, such as
motion-tracking glasses and handheld controllers, worn by the user. The tracking
data are continuously transmitted to Unity in real time, allowing the system to dy-
namically adjust the user’s point of view and interactions based on physical move-
ments. As a result, the user experiences coherent and immediate responses within
the virtual environment, reinforcing the sense of immersion and spatial awareness.
Thanks to the CAVE’s dedicated hardware, which surpasses the computational lim-
its of standalone headsets or smartphones, the application could support signifi-
cantly higher-resolution textures and perform real-time lighting and shadow calcu-
lations without compromising performance. This enhances visual fidelity, especially
in rendering architectural details and material qualities of the cultural site.

The result is a rich, immersive virtual tour that not only preserves spatial realism
but also enables shared exploration experiences, ideal for educational or exhibition
contexts. By tailoring the application to the unique capabilities of each platform,
from mobile to high-end CAVE systems, the pipeline ensures that cultural heritage
becomes more accessible, engaging, and understandable across a broad spectrum of
audiences and devices.
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(A) Cardboard (B) Meta Quest 2

(C) CAVE system

FIGURE 3.7: Virtual exploration of the SS. Crocifisso al Calvario
Church

3.2 Technical and ethical challenges of digitalisation

The digitalisation of cultural heritage represents a remarkable opportunity for the
preservation, accessibility, and enhancement of historical and artistic assets. How-
ever, this process entails a series of complex challenges, both technical and ethical,
that must be addressed with awareness and responsibility. From a technical perspec-
tive, the management of high-density 3D data, such as point clouds from laser scan-
ning and complex meshes from reconstruction processes, requires advanced soft-
ware tools, high-performance hardware, and specialized expertise. Making these
models usable in real-time environments, such as VR applications, involves a del-
icate balance between visual quality and system performance, through techniques
like geometry simplification, texture resolution adjustment, and pre-baked lighting.

Among the technical challenges encountered during the digitisation process, spe-
cial attention was also devoted to managing motion sickness (or cybersickness). This
discomfort, caused by the mismatch between physical movement and visual feed-
back in virtual environments, represents a significant limitation in the design of ac-
cessible and comfortable immersive experiences. Texture resolution, frame rate, and
interaction dynamics had to be carefully calibrated, highlighting the technical com-
plexity behind creating smooth and realistic digital experiences.

Another critical challenge is the interoperability across different platforms, rang-
ing from smartphone-based VR solutions (like Google Cardboard) to standalone
headsets (like Meta Quest), and fully immersive setups like CAVE systems. Each
platform introduces distinct constraints in terms of computational resources, interac-
tion methods, and rendering capabilities, requiring carefully tailored multi-platform
development. In this context, user experience becomes a core concern, especially
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(A) Cardboard (B) Meta Quest 2

(C) CAVE system

FIGURE 3.8: Virtual exploration of the Santa Maria La Vetere Church

in relation to issues such as cybersickness, which may arise due to latency or mis-
matches between visual perception and physical movement.

On the ethical level, digitalisation raises fundamental questions about the au-
thenticity and integrity of virtual representations. The process of creating digi-
tal models necessarily involves interpretative decisions: any virtual restoration, re-
moval of secondary elements, or reconstruction of missing parts can influence the
perception of the asset and potentially alter its historical meaning. For this reason,
transparency is essential, documenting each step of the process and clearly distin-
guishing between surveyed data and hypothetical reconstructions.

Equally important are concerns around accessibility. While digitalisation promises
to democratize access to culture, it may also generate new forms of exclusion, due to
unequal access to appropriate devices, stable internet connections, or digital literacy.
Designing inclusive experiences requires accounting for these barriers as well.

Further challenges include those of intellectual property, long-term digital preser-
vation, and responsible content management. Who owns the rights to a digital re-
construction? How can we ensure that digital assets are stored in formats that re-
main usable and accessible over time? And how do we prevent unauthorized uses
or commercial exploitation of digitised heritage?

Addressing these challenges calls for an interdisciplinary approach, combining
technological expertise with historical-artistic sensitivity and a strong ethical com-
mitment to cultural communication. Only in this way can digitalisation not just pre-
serve cultural memory, but also strengthen its educational and inclusive potential
for future generations.
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Chapter 4

Generative AI and Cultural
Heritage

In recent years, Generative Artificial Intelligence (Generative AI) has transformed
the ways in which cultural heritage is accessed, enhanced, and interpreted. Large
Language Models (LLMs) have made it possible to design advanced interfaces ca-
pable of providing articulate and relevant answers to complex questions specific to
the cultural context. More recently, the emergence of multimodal and generative ar-
chitectures has expanded the potential of AI systems to integrate text, images, and
spatial data, opening new possibilities for immersive cultural experiences and inter-
pretive applications.This progress allows for more interactive and meaningful en-
gagement with cultural assets, overcoming traditional barriers to enjoyment. How-
ever, selecting an appropriate model requires a careful evaluation of the specific re-
quirements of the cultural domain, the computational resources available, and the
desired level of control over the generated outputs. In the context of this research,
the objective was to develop a Question Answering (QA) system that could deliver
accurate results while remaining lightweight, resource-efficient, and free from pro-
prietary licensing constraints. To achieve this, the system was built upon BERT,
a widely adopted, open-source, pre-trained model extensively documented in the
scientific literature. Unlike many large-scale generative models, BERT operates pri-
marily as an extractive model, producing responses strictly bound to the contextual
information provided. This characteristic ensures a higher degree of determinism
and transparency, while minimizing the risk of unverified or hallucinated content.

This chapter examines the current state of the art in language models applied
to cultural heritage, compares the capabilities of BERT with those of more complex
architectures, and discusses the rationale behind adopting a “light” model for the
proposed system. Furthermore, it reflects on the trade-offs between computational
efficiency, scalability, and the precision of domain-specific responses, highlighting
the importance of controlled and context-aware QA approaches in the cultural her-
itage sector.

4.1 Language Models for Question Answering

Over the past ten years, Natural Language Processing (NLP) has experienced a pro-
found transformation thanks to the introduction and development of LLMs. These
models are artificial intelligence systems designed to understand, generate, and in-
teract with human language in increasingly sophisticated ways by analyzing vast
amounts of textual data (Brown et al., 2020). In the earlier stages of NLP, approaches
were considerably more limited. Traditional systems often relied on keyword-matching
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or rigid, rule-based grammatical structures (Manning, 2008). However, these meth-
ods had clear limitations: they were unable to grasp the complex meanings of sen-
tences or understand the context in which certain words were used, often failing to
handle the ambiguities and linguistic variations typical of natural language. The real
revolution came with the introduction of the Transformer architecture (Figure 4.1),
proposed by Vaswani et al. in 2017 (Vaswani et al., 2023), which radically changed
how language models are built and trained. The key mechanism of Transformers
is self-attention: each word can “look at” all the others and decide how strongly
it is related to them, regardless of their position. This allows the model to capture
connections that span long stretches of text, for example, linking a subject at the
beginning of a sentence to the verb that appears much later. Another important fea-
ture is multi-head attention. Instead of focusing on a single type of relationship, the
model learns to observe several patterns in parallel, so it can grasp different shades
of meaning and structure at once. Because Transformers do not process words in a
fixed order, they rely on positional encodings to keep track of where each token ap-
pears in the sequence. Finally, the architecture itself is highly modular: it is built by
stacking layers of attention and feed-forward components, which can be combined
in different ways depending on the task at hand. This combination of flexibility and
depth explains why the Transformer quickly became the foundation for today’s large
language models. By choosing to use only the encoder, only the decoder, or both to-
gether, it is possible to tailor models either for understanding text, for generating it,
or for combining both abilities.

Thanks to this innovation, it became possible to develop much larger language
models capable of learning complex representations of language from massive text
corpora, often consisting of billions of words drawn from books, articles, websites,
and other sources. Models such as BERT (Devlin et al., 2019), GPT(Radford et al.,
2018), LLaMA (Touvron et al., 2023), and many others are considered “large” not
only because of the amount of data they are trained on, but also because of the num-
ber of parameters (the internal variables the model uses to interpret language) which
can reach hundreds of millions or even billions. LLMs can perform a wide range of
linguistic tasks: from automatic translation to text generation, document summa-
rization to sentiment analysis, and notably, Question Answering systems that can
understand and respond to complex queries posed in natural language. Modern QA
systems are now able to interpret queries in natural language and generate contex-
tually relevant responses, reflecting a genuine understanding of both the questions
and source material. These advances have allowed for the creation of increasingly
sophisticated and accurate applications across numerous fields, from customer ser-
vice and medicine to cultural heritage, opening new possibilities for accessing, en-
hancing, and interpreting textual information. However, the success of LLMs also
brings significant challenges, such as high computational costs, the complexity of
model interpretability, and the necessity to ensure reliable and verifiable responses,
especially in specialized domains like cultural heritage.

To better understand how these challenges manifest and how different models
address them, it is essential to examine the underlying architectures of large lan-
guage models. Despite their shared foundation on the Transformer architecture in-
troduced by Vaswani, LLMs exhibit significant variations in design and functional
emphasis, broadly categorized into three architectural types: encoder-only, decoder-
only, and encoder-decoder models. Each architecture reflects specific trade-offs be-
tween language understanding and generation capabilities, and thus is suited to
different classes of NLP tasks.

Encoder-only models, such as BERT, RoBERTa (Liu et al., 2019), and DistilBERT
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(Sanh et al., 2019), are optimized primarily for tasks requiring deep comprehension
of textual input rather than free-form text generation. Their key feature is the use of
bidirectional self-attention mechanisms, which allow these models to consider the
entire surrounding context of each word simultaneously during both training and
inference. This approach enables models to comprehend complex aspects of lan-
guage, including sentence structure, the nuances of words with multiple meanings,
and intricate semantic relationships. Consequently, encoder-only models demon-
strate superior performance in applications such as text classification, named entity
recognition, sentiment analysis, and extractive question answering, contexts where
the principal objective is to locate or identify specific information within a given pas-
sage. For instance, in extractive QA, the model simultaneously processes both the
question and the relevant context, efficiently pinpointing the precise text span that
answers the query. Because their predictions are grounded in the source material
and driven by bidirectional attention, encoder-only models are less prone to gen-
erating unsupported or fabricated information. This property is particularly valu-
able in domains, such as cultural heritage or medicine, where factual reliability is
paramount.

Decoder-only models, like those from the GPT family, operate by predicting each
subsequent token in a sequence, strictly based on all prior tokens. This left-to-right,
unidirectional attention structure allows them to generate coherent and contextu-
ally appropriate text, excelling in domains such as creative writing, conversational
agents, and abstractive summarization.

Yet, despite their impressive generative fluency, these models face notable chal-
lenges. Because they generate responses one token at a time, without explicit mecha-
nisms to ground their output in factual information, they occasionally produce con-
tent that is plausible-sounding but inaccurate or entirely fabricated, a phenomenon
often described as “hallucination.” While this generative flexibility is advantageous
in creative contexts, it can be problematic in scenarios where accuracy, verifiability,
and controlled output are essential.

Encoder-decoder models, often referred to as sequence-to-sequence architectures,
form a hybrid strategy that merges the analytical power of encoder-only setups with
the generative strengths of decoder-only systems. Take T5 and BART, for example.
These models first process the input text, distilling its meaning into a compact la-
tent representation. From there, they generate output sequences by translating that
representation back into language.

This configuration is especially well-suited for tasks that demand substantial
transformation between input and output-machine translation, abstractive summa-
rization, or generative question answering come to mind. The approach offers a
rare blend: deep comprehension of source material and the ability to generate flu-
ent, context-aware responses. That dual capability makes encoder-decoder models
particularly valuable for cultural heritage applications, where both faithful interpre-
tation and engaging presentation are critical.

In summary, the choice among encoder-only, decoder-only, and encoder-decoder
LLM architectures hinges on the specific requirements of the target application, whether
it prioritizes interpretability and accuracy, generative creativity, or a combination of
both. Understanding these distinctions is crucial when designing AI-driven systems
for cultural heritage, where maintaining factual integrity while enabling engaging
interactions often requires tailored trade-offs between model complexity, respon-
siveness, and control.

In the field of cultural heritage, the choice of a language model is not only a
technical matter but also a reflection of how knowledge is constructed, accessed,
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and validated. Unlike creative applications of language technology, cultural her-
itage work demands strict accuracy and reliance on authoritative sources to ensure
reliability. Models like BERT or T5 are especially well-suited to this kind of work. Be-
cause they understand context so well, they can help extract key information, enrich
digital archives, and support detailed cataloguing. Just as importantly, they keep a
clear link back to the original source of every piece of data. That traceability is es-
sential for preventing misinformation, something particularly critical when dealing
with cultural heritage, where the authenticity of records and the integrity of history
cannot be compromised.

In contrast, generative models, especially those employing decoder-only archi-
tectures, demonstrate significant strengths in creative and narrative-driven contexts
within the cultural sector. These models facilitate the automatic composition of art-
work descriptions, the development of immersive storytelling experiences for vir-
tual museum tours, and even the reconstruction of historical events through coher-
ent and engaging narratives. That said, the creative latitude these models possess
often leads to a trade-off: factual accuracy may suffer, resulting in instances of hallu-
cinated or unverified content. Thus, while the output is frequently compelling and
contextually rich, careful fact-checking remains essential.

To address these issues, hybrid approaches play an increasingly important role.
Retrieval-Augmented Generation (RAG) frameworks combine the strengths of both
paradigms by constraining generative outputs through retrieved, domain-specific
documents. By grounding generated text in trusted sources, this method helps re-
duce errors while still allowing for rich and expressive responses. In the cultural
heritage field, such systems open the door to more interactive ways of exploring
collections. They allow users to receive answers that are not only informative and
engaging but also firmly supported by reliable documentation.

In cultural heritage, finding the right balance between creativity and accuracy is
essential. Technology here has a special role: it’s not just about making information
easier to share, but also about protecting and verifying it. That’s why choosing the
right type of language model isn’t only a technical detail. It’s a careful decision,
where innovation has to go hand in hand with responsibility.

Building upon the architectural considerations previously discussed, best prac-
tices emerging from recent literature emphasize several key strategies to effectively
harness language models within the cultural heritage domain. Domain-specific fine-
tuning stands out as a foundational step. General-purpose models like BERT or
RoBERTa are already strong in understanding language, but they become far more
effective when trained on texts created specifically for cultural heritage. These in-
clude curatorial notes, archival records, exhibition catalogues, and academic publi-
cations, sources rich in specialized terms and historical context. By learning from
this material, the models can better understand the language and style typical of the
heritage field. This makes them more reliable for tasks such as recognizing names
and entities, improving search within collections, or answering questions directly
from trusted texts. Without this kind of adaptation, generic models often struggle to
grasp subtle meanings or risk misinterpreting terms that hold cultural significance.

Equally important is knowledge grounding, the practice of ensuring that all an-
swers and generated content are explicitly traceable to trusted, verifiable sources.
In the cultural heritage field, where accuracy and authenticity are essential, this ap-
proach helps prevent the risks of misinformation or “hallucinations,” which are com-
mon challenges in generative AI. Well-designed systems do this by linking their re-
sponses to archival documents, curated databases, or scholarly works. This not only
strengthens transparency but also builds trust (Izacard and Grave, 2021). In this way,
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AI is not just producing content: it is helping to safeguard and share knowledge that
has already been carefully verified.

Interoperability with established heritage data standards greatly increases the
practical value of AI tools. By connecting NLP workflows to metadata frameworks
like CIDOC CRM or Dublin Core, these applications can maintain consistent mean-
ing and make it easier to share information across institutions. This approach sup-
ports scalable solutions for searching across collections, linking open data, and col-
laborative curation, all of which contribute to the sustainable management of cul-
tural heritage. Using standard ontologies also ensures that AI-generated outputs
integrate smoothly into existing digital systems, promoting reuse and helping pre-
serve cultural assets over the long term.

Recent case studies illustrate how these principles translate into concrete imple-
mentations. Transformer-based QA systems have been successfully applied to au-
tomate metadata extraction from archival records, dramatically reducing manual
effort and improving accessibility (Colla et al., 2022). Semantic search engines pow-
ered by fine-tuned models help users explore digitized collections more intuitively,
allowing for precise retrieval of cultural artifacts. Even more engaging are inter-
active museum guides that use NLP-driven dialogue in VR or AR environments.
These systems provide contextualized, reliable narratives that enrich the visitor ex-
perience, offering new ways to connect with cultural heritage beyond traditional
displays.

In this context, BERT and its variants continue to be a reliable choice for build-
ing question-answering systems that are carefully controlled and tailored to cultural
heritage. Their encoder-based architecture helps the models understand queries ac-
curately and link answers to trusted sources, supporting priorities like transparency,
reproducibility, and independence from proprietary APIs. This means cultural insti-
tutions can create AI tools that respect the specific needs and ethical considerations
of the field, while still providing engaging and accessible ways for people to explore
and learn from cultural collections.

4.2 Adopting BERT for Domain-Specific Question Answer-
ing

The selection of BERT (Bidirectional Encoder Representations from Transformers) as
the foundation for the present Question Answering system comes from its unique
combination of contextual understanding, precision, and open accessibility. BERT
represented a major step forward in Natural Language Processing by showing how
bidirectional attention can capture the meaning of a word based on both its preced-
ing and following context, an improvement over earlier unidirectional or shallowly
contextualized models. Unlike traditional embedding techniques such as Word2Vec
(Mikolov et al., 2013) or GloVe (Pennington, Socher, and Manning, 2014), which
generate static word vectors, BERT produces context-dependent representations that
adapt to the surrounding text. This allows it to disambiguate words with multiple
meanings and better capture the subtleties of specialized vocabularies, a crucial ad-
vantage in fields like cultural heritage, where terminology is dense and historically
nuanced. Moreover, because BERT is available as a pre-trained open-source model,
it has greatly accelerated research and application development. Institutions and
researchers can start from this solid foundation and fine-tune it for specific tasks
without the need for costly training from scratch, lowering barriers and making
advanced NLP tools more accessible. At the same time, alternative models were
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considered. DistilBERT, for example, offers a lighter and faster version of BERT, re-
quiring fewer computational resources. However, this reduction in size comes at the
cost of lower accuracy, especially in complex, context-rich domains such as cultural
heritage. On the other end of the spectrum, RoBERTa provides higher performance
thanks to optimized training and larger pre-training data, but its increased computa-
tional demands make it less suitable for lightweight, resource-efficient deployment
in heritage institutions. BERT therefore represents a balanced compromise: it is ro-
bust enough to handle nuanced, domain-specific language while remaining accessi-
ble, open-source, and efficient for real-world applications.

4.2.1 Architecture and Core Principles

BERT is an encoder-only transformer model, which means it is designed entirely for
understanding and representing language rather than generating it. Unlike decoder-
based architectures, which process text in a left-to-right (autoregressive) manner and
predict the next token based on previous context, BERT uses a bidirectional attention
mechanism. This allows every token in the input to consider all other tokens, both
before and after it, at every layer. The result is a rich, deeply contextualized em-
bedding for each word, capturing its meaning and role within the wider sentence or
document. This bidirectionality is particularly important for disambiguation. Many
words in natural language have multiple meanings, and understanding the intended
meaning often depends on the surrounding context. Earlier unidirectional or shal-
low models struggled with such cases, but BERT can capture subtle semantic and
syntactic relationships across the whole sequence. This makes it particularly effec-
tive at modeling long-range dependencies, such as subject–object relationships or
thematic links between clauses, with greater accuracy.

BERT’s Transformer backbone is built from multiple layers of self-attention and
feed-forward networks. In the self-attention mechanism, each token creates three
learned vectors (queries, keys, and values) that interact to produce a weighted sum-
mary of information from all other tokens. Multi-head attention runs this process in
parallel across several “heads,” enabling the model to capture different types of rela-
tionships at the same time, for instance, one head might focus on syntactic structure
while another captures semantic similarities.

BERT’s pre-training process is key to its capabilities and relies on two comple-
mentary objectives:

• Masked Language Modeling (MLM) – A random subset of tokens (typically
15%) in the input sequence is replaced by a special [MASK] token, while the
model must predict the original values based on surrounding, unmasked to-
kens. Because the missing words can occur anywhere in the sequence, the
model learns to integrate information from both directions. This objective en-
courages a deep understanding of context and co-occurrence patterns, rather
than depending only on local, sequential predictions.

• Next Sentence Prediction (NSP) – Pairs of sentences are fed to the model, which
must predict whether the second sentence naturally follows the first in the
source text. This task encourages comprehension at the discourse level, help-
ing BERT excel in applications where sentence-to-sentence relationships mat-
ter, such as identifying cause–and-effect structures in historical narratives or
following thematic continuity in archival documents.

These pre-training tasks produce a general-purpose language representation, which
can then be adapted (fine-tuned) to specific tasks using relatively small amounts of
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labelled data. Fine-tuning modifies the pre-trained weights slightly to specialise
the model for applications such as extractive question answering, semantic search,
named entity recognition, or document classification. In the cultural heritage do-
main, these capabilities have direct implications:

MLM enables BERT to learn the meaning of rare, domain-specific terms found in
curatorial descriptions, cataloguing records, or historical archives, even when such
terms appear infrequently in general-purpose corpora. NSP helps the model reason
over sequences of related information, such as linking an artifact’s description to its
provenance, or connecting a historical event to contemporary records or scholarly
interpretations. BERT’s ability to model long-range dependencies ensures that ref-
erences spanning multiple sentences, common in historical and academic texts, are
captured accurately without losing coherence. The fact that BERT is open-source
and available in many pre-trained variants makes it an appealing choice seeking
transparency, reproducibility, and independence from proprietary systems. More-
over, the encoder-only architecture avoids the uncontrolled generative behaviours
of decoder-based models, keeping outputs strictly grounded in the provided con-
text which is a quality essential in domains where factual precision and traceability
are critical.

4.2.2 Strengths for Cultural Heritage Applications

BERT is particularly well-suited for cultural heritage projects because it meets not
only technical needs, but also methodological and ethical ones. In this context, the
model acts as a bridge between historical evidence and its digital form, helping peo-
ple access, understand, and explore knowledge in a reliable way. Using BERT means
balancing careful language understanding with factual accuracy and long-term us-
ability, qualities that are essential when working with historical and cultural materi-
als.

1. Contextual Understanding – BERT’s bidirectional encoding allows it to under-
stand each word in the context of the entire surrounding text, which is espe-
cially important when dealing with archival descriptions, historical narratives,
or specialized terminology. Texts in cultural heritage often include complex
sentence structures, old or rare vocabulary, multiple languages, and references
that stretch across long periods or locations. For instance, in a museum cat-
alogue, the meaning of a date or place might only become clear when linked
to an event mentioned several sentences later. BERT’s architecture captures
these connections accurately, helping to interpret relationships between peo-
ple, places, events, and objects, connections that are often essential in history,
archaeology, and art history research.

2. Controlled Responses - As an extractive rather than generative model, BERT is
particularly effective at providing answers that are directly based on the given
text or knowledge base. Instead of inventing information, it retrieves and high-
lights what is relevant, reducing the risk of errors or unverifiable claims. This
feature is especially important in cultural heritage, where accuracy is critical.
For example, a digital archive may be used by scholars or conservators as a
primary research tool, and any misleading output could affect research or con-
servation decisions. BERT’s reliance on explicit, source-linked data ensures
that every response is transparent and traceable, allowing users to verify the
information it provides.
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3. Open-Source Availability - BERT’s release as open source makes both its design
and implementation transparent. Beyond the cost advantages, open-source
access supports long-term digital preservation which is a foundamental as-
pect for public museums, archives, and cultural institutions that need to main-
tain service continuity and manage their data independently of commercial
providers.

Together, these strengths make BERT not just a solid technical choice, but also a
strategically suitable one for cultural heritage applications. Its deep understanding
of context allows it to handle complex, historically rich language accurately, while its
open-source nature promotes transparency, long-term preservation, and collabora-
tive care of knowledge. These values are central to the work of museums, archives,
and cultural institutions.

4.3 Comparison with other Generative Models

While BERT focuses on controlled, source-grounded outputs, more complex models
like ChatGPT and other decoder-only LLMs offer a different set of capabilities. These
generative systems not only understand input text but can also produce extended,
coherent, and sometimes creative responses. Unlike encoder-based models, which
excel at extracting and contextualizing information from a given passage, generative
models are trained to continue language sequences, allowing them to create content
that goes beyond the original source. This shift from understanding to generation
brings impressive expressive power, but also raises challenges in terms of factual
accuracy, computational demands, and control over the outputs.

4.3.1 Generative vs. Extractive Capacities

This distinction has important implications for designing and deploying AI systems.
Generative models excel at producing fluent, contextually rich, and conversational
outputs, making them well-suited for situations where user interaction, storytelling,
or exploratory reasoning is needed (Raffel et al., 2020). For example, in a museum
setting, a generative model could create engaging narratives, simulate dialogues
with historical figures, or offer personalised explanations based on a visitor’s in-
terests. Their ability to go beyond simply repeating information allows them to syn-
thesise knowledge and present it in an accessible and engaging way. However, this
strength also comes with a major risk. Because generative models are not inher-
ently tied to a specific source, they can produce content that sounds plausible but
is not actually grounded in the original data (Ji et al., 2023). In cultural heritage,
where accuracy and provenance are critical, this lack of guaranteed traceability can
threaten reliability and even spread misinformation. By contrast, extractive models
like BERT follow a very different approach. They focus on selecting or reformulating
information that is explicitly present in the source material, ensuring factual trace-
ability and interpretability (Min et al., 2019). This makes them especially suitable
for tasks where transparency, reproducibility, and verifiability are essential. For in-
stance, in digital cataloguing or archival enrichment, an extractive model guarantees
that every response can be traced back to an authoritative document, preserving the
integrity of cultural heritage data while still providing efficient access to informa-
tion.
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4.3.2 Advantages of Generative LLMs

The strengths of ChatGPT-like systems lie in their ability to carry on natural, flowing
conversations, perform complex reasoning that connects seemingly unrelated pieces
of knowledge, and generate engaging, coherent narratives. Unlike extractive mod-
els, which mainly retrieve information that is explicitly stated in the source, genera-
tive systems can synthesize content from multiple contexts, reshape information to
suit the user’s needs, and adjust their style dynamically. This flexibility makes them
particularly powerful in situations where communication must be both accurate and
captivating. In the context of cultural heritage, these capabilities open up a wide
range of applications. For example, interactive museum guides can provide person-
alised responses based on a visitor’s interests, and educational storytelling platforms
can weave historical facts into compelling, memorable narratives (Colucci Cante et
al., 2024). Generative LLMs can also support exploratory search experiences, where
users are not just looking for a single fact but are navigating complex relationships
between artefacts, events, and historical figures. Their ability to engage in open-
ended dialogue enables a more intuitive, human-like interaction, making cultural
content more accessible to non-specialists and creating opportunities for deeper en-
gagement. Additionally, generative models excel at complex inferential reasoning.
They can connect events across different periods or draw thematic parallels between
cultural artefacts that are not explicitly linked in the underlying data. This capacity
to bridge fragmented knowledge sources can enhance curatorial work, support in-
terdisciplinary research, and help discover new interpretative insights in heritage
collections. By combining fluent communication, adaptability, and deep inferential
reasoning, generative LLMs add a layer of interaction that goes well beyond simple
fact retrieval, positioning them as transformative tools for cultural education and
engagement (Trichopoulos, 2023).

4.3.3 Limitations and Risks

The trade-offs of using decoder-only large language models are particularly sig-
nificant in the context of cultural heritage. These models require substantial com-
putational resources for both training and inference. For example, autoregressive
generation in decoder-only architectures depends on extensive parallel corpora and
significant computational power (Qorib, Moon, and Ng, 2024). This can present
practical challenges for institutions with limited budgets or infrastructure, poten-
tially slowing the adoption of these technologies. More critically, these models are
prone to generating hallucinations, outputs that sound plausible but are factually
incorrect. Research shows that LLMs can produce convincing yet inaccurate infor-
mation, particularly when external verification is unavailable. In the field of cultural
heritage, where accuracy and provenance are paramount, this tendency represents a
serious risk. Xu et al. formalize this issue, demonstrating that LLMs cannot learn all
computable functions and will inevitably hallucinate when applied as general prob-
lem solvers (Xu, Jain, and Kankanhalli, 2024). Additionally, the generative nature
of these models makes it difficult to maintain precise control over the boundaries
of contextual responses. This lack of control complicates efforts to ensure that out-
puts align with authoritative sources, a challenge highlighted by Huang et al., who
emphasize the need for robust detection and mitigation strategies to manage hallu-
cinations in LLMs. In summary, while generative LLMs offer advanced and flexible
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capabilities, their limitations, particularly in terms of computational demands, sus-
ceptibility to hallucinations, and challenges in controlling contextual fidelity, high-
light the necessity for careful deployment. In sensitive domains such as cultural
heritage, these constraints suggest that hybrid or complementary approaches may
be preferable to ensure accuracy, reliability, and responsible use of AI.

4.3.4 Extractive vs. Generative Models

For these reasons, while generative LLMs demonstrate remarkable versatility, con-
trolled, extractive models like BERT remain the preferred choice in the cultural her-
itage domain. Their outputs are grounded in verifiable text, ensuring that every
answer can be traced back to trusted documents or curatorial records, thereby safe-
guarding both scholarly integrity and public trust. In contexts where historical ac-
curacy, provenance, and interpretative responsibility are paramount, the balance
clearly favors architectures that prioritize control, reliability, and transparency over
open-ended creativity. Extractive models also offer fine-grained control over the
scope of responses, allowing systems to constrain answers strictly to the input text
or curated datasets. This level of control is especially critical in heritage applications,
where even minor deviations from verified sources could propagate misinformation,
distort historical narratives, or mislead the public. By linking outputs directly to au-
thoritative sources, these models enable reproducibility, auditing, and verification
of each answer against original documents, a requirement essential for scholarly re-
search, digital archiving, and museum information systems. Moreover, the open-
source availability of models like BERT and its derivatives allows institutions to
maintain full control over deployment, adaptation, and data governance. This inde-
pendence ensures long-term sustainability, as institutions are not reliant on propri-
etary APIs or commercial platforms, and can customize models for domain-specific
terminologies, languages, or collection types. It also facilitates cross-institutional
collaboration, interoperability, and the creation of shared NLP tools tailored for her-
itage applications, reinforcing knowledge stewardship and digital preservation. Fi-
nally, while generative LLMs offer advantages in fluency, conversational interac-
tion, and creative synthesis, their potential for hallucination, high computational
demands, and reduced traceability make them less suitable for scenarios where fac-
tual accuracy and provenance are non-negotiable. Extractive models, in contrast,
strike a strategic balance by providing precise, verifiable, and ethically responsible
outputs, aligning closely with the core principles of cultural heritage management
and scholarly communication.

4.3.5 Emerging Multimodal and Generative AI Models for Cultural Her-
itage

Recent developments in Artificial Intelligence have expanded beyond purely text-
based architectures to multimodal and generative systems capable of processing
and producing not only language but also images, sound, and spatial representa-
tions. Models such as GPT-4 (OpenAI, 2024), Gemini (Anil et al., 2024), and open-
source frameworks like LLaVA (Liu et al., 2023) and Kosmos-2 (Peng et al., 2023) can
jointly interpret textual and visual information, thus enabling more fluid and intu-
itive interactions between humans and machines. While GPT-4 and Gemini exem-
plify large-scale proprietary systems capable of reasoning across text, images, and
even code, open frameworks such as LLaVA and Kosmos-2 focus on aligning vision
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encoders with large language models through instruction tuning, enabling open re-
search and domain-specific adaptation. In particular, LLaVA integrates CLIP-based
vision encoders with conversational LLMs to produce detailed visual grounding,
whereas Kosmos-2 extends multimodality toward grounding language in spatial
and referential contexts. This technological evolution marks a significant shift from
the linguistic logic of question answering toward a broader, sensory understanding
of knowledge, a change that resonates deeply with the inherently multimodal nature
of cultural heritage.

In museum and archival contexts, these systems open up new possibilities for
how audiences can explore and interpret cultural artifacts. A multimodal AI agent,
for example, could answer questions about a fresco by considering both its image
and the related curatorial notes, or could automatically link decorative motifs in 3D
scans to iconographic categories described in textual metadata. Similarly, generative
models could assist in reconstructing fragmented artifacts or simulating historical
environments, offering immersive experiences that blend factual data with plausible
reconstructions. Such integration between perception and language may allow for a
more embodied and emotionally engaging experience of heritage, bridging the gap
between digital documentation and human interpretation. In this sense, multimodal
AI systems have the potential to act not only as tools of access but also as mediators
of meaning within immersive cultural environments. Moreover, the convergence of
multimodal AI with technologies such as augmented reality, virtual reality, and hap-
tic interfaces further amplifies the potential for experiential engagement. Imagine a
visitor navigating a virtual reconstruction of a Roman villa, guided by an AI that not
only narrates historical facts but also responds to visual cues, gestures, and spoken
questions in real time. This kind of interaction transforms passive observation into
active dialogue, fostering deeper cognitive and emotional connections with cultural
content.

However, these advances also raise important challenges that extend beyond the
technical domain. While multimodal and generative models can provide highly en-
gaging, context-aware experiences, they inevitably introduce issues of control, trans-
parency, and authorship. Unlike extractive systems such as BERT, which retrieve
information directly from defined sources, generative architectures may synthesize
or even invent details that were not present in the original materials. This capacity
for “creative inference” can enrich storytelling but also risks distorting historical au-
thenticity, a critical concern in heritage communication. Furthermore, the opacity of
large-scale training datasets complicates the tracing of data provenance and the ver-
ification of interpretive claims, two pillars of scholarly practice in cultural heritage
studies. These issues are especially important when cultural stories are sensitive,
disputed, or not well represented. If AI systems are trained on biased or incomplete
data, they can give a narrow view of culture. To prevent this, it is important to de-
sign them in an open and inclusive way, with clear documentation and attention to
cultural diversity.

Technology should always go together with ethical awareness. AI tools for cul-
tural heritage should respect the people and histories they represent, helping to
share culture without changing or simplifying it. The aim is to support understand-
ing and inclusion, not to replace human interpretation.

While these emerging systems point toward exciting future possibilities, the present
research remains focused on BERT-based architectures. This choice ensures method-
ological transparency, reproducibility, and a clear connection between textual data
and retrieved answers. The discussion of multimodal and generative AI is therefore
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intended as a contextual and forward-looking reflection, outlining directions for fu-
ture work rather than components of the implemented system. Within this scope,
extractive models such as BERT continue to provide a reliable foundation for the
controlled exploration of natural language interaction in virtual heritage environ-
ments.

4.4 Implementation in the Cultural Heritage QA System

The integration of BERT into a Question Answering system for cultural heritage
requires careful and precise management of textual context. Each user query is
paired with a segment of text drawn from archives, catalogs, or museum descrip-
tions, which serves as the reference context for the model. By receiving both the
question and the relevant passage as input, BERT acts as a precise extractor: rather
than generating content freely, it identifies and returns only the information explic-
itly present in the provided text. This ensures both traceability and consistency in
responses, which is essential when working with sensitive or scholarly heritage data.
Accurate delivery of context is critical for producing relevant and reliable answers.
One widely adopted approach is semantic retrieval, where the system ranks and
selects the most pertinent documents, paragraphs, or passages based on the user’s
query. This can be achieved using embedding-based similarity measures, TF-IDF
weighting, or hybrid retrieval strategies that combine lexical and semantic features.
Text segmentation and indexing further enhance system performance by isolating
the most informative portions of a corpus, ensuring that BERT focuses on the con-
tent most likely to contain the correct answer.

In more advanced implementations, multiple context sources can be concate-
nated or merged, enabling BERT to extract answers that draw on information from
several documents while still maintaining relevance. Special attention must be given
to input length limitations: long documents are typically split into overlapping
chunks, with each chunk processed independently before the results are aggregated.
Additionally, metadata such as provenance, date, or source type can be appended
to the input, guiding the model and providing additional interpretive cues. By
carefully structuring context and employing retrieval and segmentation techniques,
BERT-based QA systems can deliver highly accurate and contextually grounded an-
swers. This structured approach is especially valuable in cultural heritage applica-
tions, where even subtle misinterpretations can compromise the integrity of histori-
cal, artistic, or curatorial information, and where users, from scholars to the general
public, expect both precision and reliability.

The quality of responses in a cultural heritage QA system is assessed through a
combination of automated metrics and human evaluation, creating a comprehensive
framework that ensures both technical performance and scholarly reliability. Stan-
dard quantitative measures, such as Exact Match (EM) and F1 score, evaluate the
overlap between the model’s predicted answer and the correct reference, provid-
ing an objective measure of accuracy, completeness, and alignment with annotated
data. These metrics are particularly valuable during model training and iterative
fine-tuning, allowing developers to systematically track improvements and identify
areas where the system may struggle with complex queries or nuanced language. In
the context of cultural heritage, relying solely on numerical metrics is never enough.
Historical and cultural texts are full of subtleties, archaic terms, context-dependent
meanings, and implicit references, that automated scores cannot fully capture. This
is why expert review by domain specialists is indispensable. Curators, archivists,
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and historians carefully examine the system’s outputs to ensure factual accuracy,
sound interpretation, and alignment with scholarly standards. They check details
such as dates, attributions, relationships between events, and the correct use of ter-
minology, making sure the QA system does not misrepresent or distort historical
knowledge. In addition, qualitative evaluation makes it possible to assess factors
such as relevance, clarity, and usability. Experts can spot answers that, even if
factually correct, may be incomplete or ambiguously worded, providing guidance
for iterative improvements in context selection, text preprocessing, or model fine-
tuning. Combining automated metrics with expert review creates a feedback loop:
quantitative measures enable rapid benchmarking and optimization, while qualita-
tive assessment ensures that outputs align with the interpretive, ethical, and edu-
cational objectives of cultural heritage institutions. By incorporating both layers of
evaluation, BERT-based QA systems strike a balance between technical efficiency
and domain-specific responsibility. This hybrid framework not only ensures that
responses are accurate and relevant but also builds trust among scholars, museum
professionals, and the public. Ultimately, it guarantees that cultural heritage QA
systems function as reliable, transparent, and ethically grounded tools, capable of
enhancing access to knowledge while respecting the provenance, context, and inter-
pretive complexity of historical and artistic materials.

A concrete example of BERT’s application in the cultural heritage domain is pro-
vided by Md. Mahmud-uz-Zamanet al. (Uz-Zaman, Schaffer, and Scheffler, 2021).
The study involved a dataset of 285 questions related to museum exhibits, classified
into answerable and unanswerable, as well as factoid and open-ended types. The
results illustrate the strengths and limitations of an extractive model like BERT in a
real-world cultural context. For factoid questions, BERT achieved a high accuracy
rate, demonstrating its ability to extract precise information when the relevant con-
text is correctly provided. Conversely, performance on open-ended questions was
more limited, with only 36% correct answers, highlighting the challenges of interpre-
tative or exploratory queries that require reasoning beyond the supplied text. This
example reinforces key principles of implementing BERT in heritage QA systems:
the careful selection and structuring of textual context are essential for ensuring ac-
curate, traceable responses; extractive models excel when the task requires fidelity
to source material; and the combination of automatic metrics and expert evaluation
remains critical to maintaining both factual reliability and cultural interpretative re-
sponsibility. By grounding responses in authoritative sources while acknowledging
the model’s boundaries, such implementations exemplify a controlled yet effective
approach to AI-assisted access to cultural knowledge.

Another example of BERT’s application in the cultural domain is presented by
Bongini et al., 2020, who explore Visual Question Answering (VQA) for cultural her-
itage. In this approach, BERT-based models are combined with neural networks for
image processing, enabling the system to answer questions expressed in natural lan-
guage that also refer to visual content, such as photographs of artworks or images of
museum artefacts. Compared to traditional audio guides, VQA introduces a richer
and more flexible mode of interaction: visitors can ask open-ended questions and re-
ceive relevant answers that integrate textual knowledge with visual interpretation.
In this framework, BERT plays a crucial role in understanding the user’s language
and semantically anchoring the question to the available cultural content, ensuring
coherence between linguistic input and visual information. This type of application
demonstrates how BERT’s adoption is not limited to the management of archival
or cataloguing texts, but can also extend to interactive scenarios that transform the
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museum experience, bringing it closer to personalised and multimodal forms of di-
alogue. Looking ahead, such systems have the potential to evolve into advanced
educational tools, combining accessibility, accuracy, and narrative engagement.
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FIGURE 4.1: The Transformer - model architecture
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FIGURE 4.2: Bert Architecture
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Chapter 5

AI powered virtual guide

This chapter presents the development and implementation of an AI-powered vir-
tual guide for cultural heritage (Farella, Chiazzese, and Lo Bosco, 2022). The sys-
tem integrates a BERT-based Question Answering model, specifically fine-tuned on
the Italian SQuAD-it dataset, with both speech-to-text and text-to-speech technolo-
gies, thereby facilitating fluid spoken interaction. Within a museum setting, users
can directly ask questions about artworks, receiving accurate and context-grounded
answers provided by the virtual guide. To ensure comprehensive monitoring and
ongoing enhancement of the system, all user experiences, both questions and gen-
erated answers, are systematically recorded via the Experience API (xAPI). Answer
quality is assessed through a dual evaluation strategy, combining automatic met-
rics such as EM and F1 scores with contextual and domain-specific evaluation pro-
cedures, ensuring both technical robustness and the reliability of information pro-
vided.

5.1 System architecture

The architecture of the AI-powered virtual guide integrates several components into
a pipeline that allows natural interaction between users and the cultural heritage
(Figure 5.1). The system begins with user input, usually a voice query about a spe-
cific work of art or artifact. This signal is first processed through a speech-to-text
(STT) module, implemented using Wit.ai, which converts the voice input into writ-
ten natural language. The transcribed query is then passed to the Question An-
swering module, which is based on an Italian BERT model. This component plays a
central role. As already mentioned, BERT operates in an extractive way, retrieving
answers directly from specific contextual data sets. This component plays a cen-
tral role. As already mentioned, BERT operates in an extractive manner, retrieving
answers directly from specific contextual data sets. These data sets consist of con-
textual information related to works of art, including descriptive texts and historical
documentation. This design allows the answers to remain accurate and verifiable.
Once the QA system identifies the most relevant part of the context and formulates
the corresponding response, the text is sent to the text-to-speech (TTS) component,
also implemented via Wit.ai. This ensures that the response is provided to the visi-
tor in natural spoken form, maintaining the flow of conversation. The voice output
is embodied by a 3D virtual avatar, which acts as the visible interface of the sys-
tem. The avatar enhances user immersion and engagement, acting as a guide that
provides contextually relevant explanations and answers in real time. The voice
output is embodied by a 3D virtual avatar, which acts as the visible interface of the
system. The avatar enhances user immersion and engagement, acting as a guide
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that provides contextually relevant explanations and answers in real time. To en-
sure that interactions are not only effective but also analysable, all user requests and
system responses are recorded through an xAPI framework. This enables the struc-
tured collection of data related to user behaviour, frequently asked questions, and
system performance. These records form the basis for subsequent evaluation and
iterative improvements. This modular architecture balances natural interaction, a
controlled knowledge base and traceability, creating a reliable and engaging virtual
guide based on artificial intelligence for cultural heritage contexts.

FIGURE 5.1: System architecture

5.2 Training and adaptation of the QA model

The effectiveness of a virtual guide system in the field of cultural heritage depends
largely on the level of detail and flexibility of the question-answering model. The
model must be able to balance two often conflicting objectives: linguistic versatility
and scientific reliability. On the one hand, the system must understand and respond
to questions asked by visitors in natural language, which can be different in style,
complexity, or level of prior knowledge. On the other hand, its answers must be
closely based on authoritative sources, making sure that the information it gives is
verifiable and contextually appropriate. To satisfy this requirement, the model was
trained and optimised through a series of interconnected steps. These include the
use of robust linguistic resources such as large-scale annotated datasets for question-
answering and lightweight implementation strategies, which ensure that the model
can run efficiently within immersive environments without compromising respon-
siveness. This approach allows the system not only to perform well in controlled
evaluations, but also to adapt dynamically to the demands of real-world interac-
tion in museums and historical sites, where user engagement depends on both the
fluidity of dialogue and the accuracy of content.

To improve accuracy and usability within the computational limitations of real-
time interaction in immersive environments, the system was built using Mobile-
BERT (Figure 5.2), a compact yet high-performance transformer architecture opti-
mised specifically for mobile and embedded devices.
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FIGURE 5.2: BERT Model vs. MobileBERT model

Unlike standard BERT models, which contain hundreds of millions of parame-
ters and require substantial computational resources, MobileBERT is designed to re-
tain much of BERT’s representational power while significantly reducing model size
and inference latency. MobileBERT introduces several architectural innovations:

• Bottleneck structures: the model uses smaller intermediate layers, which re-
duce the number of parameters without compromising the expressiveness of
the representations.

• Inverted bottleneck embedding projections: These compress and expand hid-
den states, ensuring information flow is preserved while reducing memory
usage.

• Task-specific distillation: MobileBERT has been pre-trained using a teacher-
student concept, where a larger BERT model transfers knowledge to the smaller
student model. This enables MobileBERT to capture detailed semantic and
syntactic patterns despite its small size.

These characteristics make MobileBERT particularly well-suited for real-time ap-
plications such as virtual museum guides, where the system must process natural
language queries, extract answers, and generate responses with minimal latency.
Furthermore, its low computational impact allows for implementation on resource-
limited platforms, including VR headsets and mobile devices, without the need for
powerful external servers. Thus, MobileBERT enables the system to provide ac-
curate, extractive responses while maintaining the responsiveness necessary for a
seamless visitor experience.

The model was further converted into TensorFlow Lite (TFLite) format, enabling
lightweight deployment while maintaining strong extractive QA capabilities. This
process enables the model to be optimised for execution on devices with limited



58 Chapter 5. AI powered virtual guide

computing power and memory. In fact, the TFLite version reduces both storage foot-
print and inference time without significantly compromising accuracy. This adapta-
tion provides the virtual guide with the ability to process user queries, extract con-
textually relevant information, and generate responses with minimal latency directly
within the device. In practice, the implementation of TFLite means that the avatar
is able to process user queries, extract contextually relevant information, and gen-
erate responses with minimal latency directly within the VR environment. This de-
sign choice was essential to preserving the immersive experience, where even small
delays in response can disrupt the fluidity of interaction and diminish user engage-
ment. By combining the efficiency of MobileBERT with the portability of TensorFlow
Lite, the resulting system achieves a balanced compromise between accuracy, speed,
and deployment, making it particularly suitable for cultural heritage applications
where interactive reactivity is fundamental.

5.2.1 Dataset: SQuAD-it

The training phase was based on SQuAD-it (Croce, Zelenanska, and Basili, 2018),
the Italian adaptation of the Stanford Question Answering Dataset (Rajpurkar et al.,
2016), which has become a reference resource for the evaluation and development
of extractive QA systems in Italian. SQuAD-it contains more than 60,000 question-
answer pairs derived from English Wikipedia articles and then semi-automatically
translated into Italian. Its structure combines factoid questions (e.g., names, dates,
places) with more comprehension-oriented questions that require the model to iden-
tify longer stretches of text or infer meaning from context. In fact, in museum and
archival settings, visitors typically ask questions that are similar to the factoid and
descriptive queries found in SQuAD-it, such as questions about dates, authorship,
stylistic features, or historical significance. To provide a reference point for evaluat-
ing the QA model, the SQuAD-it dataset was benchmarked using the DrQA system
(Chen et al., 2017). DrQA is an extractive question answering framework originally
developed for English that retrieves relevant paragraphs from a knowledge source
and predicts the span containing the answer. For SQuAD-it, DrQA was adapted to
the Italian language, allowing for reliable performance measurement on this dataset.
The evaluation was conducted by calculating two main metrics: Exact Match (EM),
which indicates the percentage of predictions that exactly match the ground truth,
and Macro F1, which measures the token-level overlap between the predicted and
reference answers. On the SQuAD-it test set, the adapted DrQA system achieved an
EM of 56.1 and an F1 score of 65.9. These reference values establish a baseline for QA
in Italian and provide a useful point of comparison for evaluating the performance
of optimised models on the same dataset. The results highlight both the challenge of
adapting QA systems to Italian and the potential for further improvements through
model selection, optimisation strategies, and context management.

5.2.2 MobileBERT Training on SQuAD-it

By combining MobileBERT with training on SQuAD-it, the system strikes a balance
between performance and usability. On the one hand, the model benefits from the
linguistic richness of SQuAD-it, which helps it handle the nuances of questions and
answers in Italian; on the other hand, MobileBERT’s efficiency ensures that these
capabilities can be delivered quickly and smoothly, even in a real-time virtual en-
vironment. This means that the virtual museum guide is accurate in retrieving the
right information, but is also responsive and reliable in practice. In other words, the
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technical foundations translate directly into a more natural and engaging experience
for visitors, where answers seem immediate and reliable.

The decision to use MobileBert as the starting model for fine-tuning on the SQuAD-
it dataset was mainly driven by the availability of MobileBERT in TFLite format, a
feature that, as we have said, makes it particularly suitable for running on mobile
devices and in scenarios with limited computational resources. However, this deci-
sion raises some critical issues. MobileBERT was originally pre-trained on English-
language corpora and uses an English-based vocabulary. Consequently, when fine-
tuning on Italian data, the model must adapt to a language not covered in the pre-
training phase, with possible losses in tokenisation efficiency and therefore in overall
performance. Furthermore, compared to Italian or multilingual models available in
the scientific community, such as UmBERTo (Parisi, Francia, and Magnani, 2020) or
AlBERTo (Polignano et al., 2019), MobileBERT has the advantage of being compati-
ble with TFLite, but does not have a vocabulary optimised for Italian. A possible al-
ternative would be to convert existing Italian models to TFLite, but this is not always
easy and often results in large models that are less efficient on mobile devices. For
these reasons, the use of MobileBERT represents a compromise between the need for
a lightweight, deployable model and the awareness that the linguistic performance
in Italian may be lower than that achievable with models specifically trained on the
language.

5.2.3 Training Results and Computational Setup

The model was trained using a workstation equipped with an Intel Core i7 CPU
and an NVIDIA Titan V GPU. The initial training of the MobileBERT model on the
SQuAD-it dataset required approximately 9 hours and 25 minutes, achieving an F1-
score of 0.60 and an EM of 0.48. For comparison, a BERT-base model trained on
the same dataset required 27 hours and 40 minutes, achieving slightly higher per-
formance metrics, with an F1-score of 0.62 and an EM of 0.51. Further experiments
were conducted to evaluate the impact of increasing the number of training epochs
on MobileBERT. The results are summarised as follows:

• 3 epochs: Execution time ≈ 50,341 seconds (∼14 hours), EM = 0.499, F1 = 0.619

• 4 epochs: Execution time ≈ 67,644 seconds (∼18.8 hours), EM = 0.504, F1 =
0.628

• 5 epochs: Execution time ≈ 84,802 seconds (∼23.6 hours), EM = 0.501, F1 =
0.623

• 6 epochs: Execution time ≈ 101,248 seconds (∼28.1 hours), EM = 0.500, F1 =
0.621

These results show that MobileBERT strikes a good balance between speed and
performance. The F1-score peaks at four epochs, and training for longer doesn’t
bring meaningful improvements, while it takes a lot more time. Compared to BERT-
base, MobileBERT is much faster, though its performance is slightly lower. The EM
staying around 0.50 suggests that the model often gets part of the answer right,
which is reasonable given the complexity of the SQuAD-it dataset. Overall, Mo-
bileBERT appears to be a solid choice when computational efficiency matters.”

Figure 5.3 shows a context passage on the painting The Starry Night, highlight-
ing the answers given by the Bert QA model to the following questions: the name of
the artwork, the year it was painted, and its current location.
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FIGURE 5.3: An example of a QA context related to an artwork, with
the answers highlighted

5.3 Virtual Environment and user interaction

The virtual museum environment has been designed to offer an immersive and in-
teractive experience, in which users can explore cultural heritage by interacting with
a 3D avatar that acts as a tour guide. The environment includes a curated selection
of artworks and historical objects, digitally reconstructed and positioned to simulate
a realistic museum environment. Particular attention was dedicated to the spatial
organisation, lighting and accessibility of the exhibits, in order to ensure an intu-
itive and engaging browsing experience. Within this context, the avatar serves as
the primary interface for information retrieval, responding to users’ questions with
answers generated by the BERT-based Question Answering system. Each artwork
or exhibit is linked to structured contextual data, allowing the avatar to provide
accurate and relevant responses. This integration between the environment, the dig-
ital assets, and the QA system creates a coherent, informative, and interactive tour,
forming the foundation for the subsequent discussion of avatar design, interaction
modalities, and user scenarios.

5.3.1 Avatar design

Once the BERT-based Question Answering model was trained and integrated, a 3D
avatar was developed to act as a virtual guide within the immersive museum tours.
Its role is that of a touristic guide to whom users can pose questions about the art-
works or historical objects they encounter in the virtual environment. The avatar is
not merely a visual placeholder but a central interface for knowledge delivery, capa-
ble of engaging users in a natural and interactive way. An open-source humanoid
model licensed under Creative Commons from Sketchfab, which is a widely used
online repository for sharing and downloading 3D models, was used (Figure 5.4).
The model is provided in T-Pose, which simplifies the rigging and animation pro-
cess. It includes multiple blend shapes for facial expressions, allowing for nuanced
movements such as blinking, subtle eye shifts, and basic mouth animations. These
features make the avatar capable of conveying attention, emotion, and responsive-
ness, which are critical for maintaining user engagement in a virtual environment.
The choice of this specific model was driven by several factors: its high compatibil-
ity with Unity 3D, its readiness for animation without extensive manual rigging, and
the inclusion of facial blend shapes that facilitate synchronization with speech. By
leveraging these existing resources, it was possible to ensure a high level of realism
and expressiveness. The presence of the avatar in the VR environment was designed
to enhance immersion and provide a sense of co-presence, making the educational
experience more engaging.
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FIGURE 5.4: 3D avatar

The avatar was implemented in Unity 3D, with the final development conducted
on Unity version 2022.3.62, targeting the Meta Quest platform. Over the course of
development, several Unity releases were adopted, requiring continuous adapta-
tion of the project to maintain compatibility with updated features and to replace
deprecated functions. This iterative process ensured that the application remained
stable and took advantage of the latest improvements offered by the engine. In ad-
dition, the implementation integrated the official Meta Quest libraries and SDKs,
such as the Meta XR Core SDK package, which provides access to device-specific
functionalities like hand tracking, controller input and VR rendering optimizations.
These resources were essential for achieving a smooth and responsive experience on
a standalone VR headset, allowing the avatar to perform seamlessly in immersive
environments without requiring external computing resources.

To enable natural voice interaction, Speech-to-Text and Text-to-Speech features
were progressively developed and refined during the project. In the initial versions,
IBM Watson’s cloud API was used to manage both STT and TTS, offering reliable
voice output in Italian. However, the service is only free up to a limited number of
characters, after which it becomes expensive to use, making it less sustainable for
large-scale implementation scenarios. Subsequent tests were conducted with Ope-
nAI Whisper (Radford et al., 2023), a neural STT system known for its robustness
across multiple languages and noisy conditions. While Whisper provides excellent
transcription quality, its computational requirements make it less suitable for stan-
dalone VR devices such as the Meta Quest, where real-time performance is crucial.
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In fact, Whisper’s inference introduces noticeable latency on resource-constrained
devices. For these reasons, the system ultimately adopted Wit.ai, a lightweight and
efficient STT/TTS solution that integrates smoothly into Unity-based applications
and offers good latency performance on VR headsets. Wit.ai ensures fast speech
recognition and natural-sounding voice synthesis in Italian, allowing the pipeline
to capture spoken input, transcribe it, process the question through the BERT QA
model, and return the answer in audio form with minimal delay.

For enhanced realism, lip-sync functionality was progressively integrated into
the avatar. In the early development stages, a free Unity3D asset called Lavstar was
employed, which allowed basic lip movement by animating a single blend shape
corresponding to mouth opening and closing. Although relatively simple, this ap-
proach already provided a noticeable improvement in user perception by making
the avatar appear to “speak” when generating audio responses. Over time, more
advanced solutions were tested. Lip-sync techniques vary in complexity: some li-
braries manage only binary mouth opening, while others can approximate viseme-
based animations, synchronizing mouth shapes with specific phonemes for more
natural results. However, these solutions often come with increased computational
costs, which can negatively affect performance on standalone VR devices. In the fi-
nal implementation, the system leveraged the Meta Quest lip-sync libraries, which
natively support blend shape control optimized for the headset’s hardware. This in-
tegration ensures efficient synchronization between generated speech and the avatar’s
facial animation, while maintaining real-time responsiveness. For deployment effi-
ciency, the implementation currently focuses on a simplified open-and-close mouth
animation synchronized with speech output, complemented by idle animations and
eye-blinking scripts to simulate natural presence.

The combination of a fully animated 3D avatar, natural voice interaction, and
real-time QA processing results in an immersive and engaging system that bridges
cultural heritage knowledge and interactive virtual experiences.

5.3.2 Virtual environment design

The virtual environment was designed to simulate a museum-like space where users
could explore artworks in an immersive way. As discussed in previous chapters,
such environments can be created either from 3D scans of real locations or through
computer-generated reconstructions. In the early stages of the project, scanned en-
vironments such as historical churches were used as testbeds (Figure 5.5). Within
these reconstructions, the virtual avatar was placed directly inside the scanned her-
itage sites, allowing it to act as a guide and provide information about the cultural
assets faithfully reproduced in 3D. These preliminary scenarios demonstrated the
potential of combining real-world scans with interactive virtual guides, creating an
engaging way to explore cultural heritage.

Based on this experience, a ready-made 3D museum model was subsequently
selected from Sketchfab, which was then optimised and adapted to ensure compat-
ibility and performance on standalone VR headsets. Optimisation involved mod-
ifications to textures, lighting, and polygon count to balance visual quality with
real-time rendering constraints. The transition to a virtual museum environment of-
fered greater flexibility in curating artworks and organising interactive experiences,
while maintaining the immersive and educational nature of the previously scanned
environments. Within this environment (Figure 5.6), ten representative works of
art were integrated to enrich the user experience: La Passeggiata by Monet, David
by Michelangelo, Mona Lisa by Leonardo da Vinci, The Starry Night by Van Gogh,
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FIGURE 5.5: A 3D avatar inside the SS. Crocifisso al Calvario Church

Nike of Samothrace, The Thinker by Rodin, The Birth of Venus by Botticelli, Girl with
a Pearl Earring by Vermeer, The Scream by Munch, and Cupid and Psyche by Canova.
These artworks were obtained from Sketchfab, which provides both reconstructed
3D models and photogrammetry-based scans. In fact, some of the imported assets
are actual 3D scans, while others are reconstructed models, showing the potential of
combining different sources within a single virtual museum setting.

5.3.3 User interaction

Inside the virtual museum, the user is accompanied by the 3D avatar, which acts
as a virtual guide. As the visitor moves within the environment using the Meta
Quest controllers, the avatar follows and stays close, reinforcing the feeling of being
assisted during the tour. Each artwork included in the environment is associated
with a descriptive context containing information about the title, artist, year, and
cultural significance. When the user approaches a specific artwork, they can initi-
ate an interaction with the avatar by pressing the B button on the controller. This
deliberate activation ensures that the avatar listens only when the user is ready to
ask a question, rather than being in constant listening mode. By requiring the user
to explicitly initiate the avatar’s listening phase, the system avoids unwanted input
and allows interactions to occur at the user’s pace, creating a more controlled and
focused experience.

The user may then naturally ask the avatar questions about the selected artwork.
Once the B button is pressed again, the recorded audio is processed:

1. Speech-to-Text converts spoken input into written text.
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FIGURE 5.6: An example of a 3D avatar within the VR museum envi-
ronment.

2. The BERT-based QA model analyzes the transcribed question and retrieves
the most relevant answer from the descriptive context associated with that art-
work.

3. The answer is converted back into speech through Text-to-Speech and vocal-
ized by the avatar, which simultaneously animates its lips to match the spoken
response.

This interaction pipeline enables a conversational and intuitive experience: in-
stead of reading information panels or navigating menus, the user can engage in a
natural dialogue with the avatar, similar to a real guided museum visit.

5.4 Evaluation strategy

The evaluation of the system has several goals that go beyond simply verifying the
functioning of the technology. The idea is to understand how well the virtual guide
performs its role, both from a technical point of view and from the perspective of
the visitor’s experience inside the museum. The main objective is to measure the
accuracy of the Question Answering model. Since the system was designed to pro-
vide visitors with information about the artworks, it is important to verify that the
answers it gives are correct and precise. If the information was incorrect or incom-
plete, the educational value of the experience would be compromised.

5.4.1 Metrics for evaluating Question Answering Systems

Therefore, to evaluate the model, it is not sufficient to simply check whether an an-
swer is correct or incorrect. The system must be evaluated based on various accuracy
parameters, including partial correctness and semantic proximity. For this reason,
various automatic evaluation parameters can be used (Risch et al., 2021;Chiazzese
and Lo, 2023). The Exact Match metric provides a strict measure: it checks whether
the response returned by the model exactly matches the reference response in the
dataset. While this is useful for measuring accuracy, it can sometimes be overly
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strict, especially if the predicted response is semantically correct but phrased differ-
ently. Formally, Exact Match can be defined as:

EM(ŷ, y) =

{
1, if ŷ = y,
0, otherwise.

where ŷ is the predicted answer and y is the ground truth, the correct reference
answer in the dataset, against which the prediction is evaluated.

To account for partial correctness, the F1 score is used. This metric balances pre-
cision and recall, effectively capturing cases where the model retrieves some of the
correct information but omits certain details. It provides a broader view of perfor-
mance, showing not only whether the response is completely right or wrong, but
also how close it is to the objective truth. F1 is computed as the harmonic mean of
precision and recall:

F1 =
2 · Precision · Recall
Precision + Recall

with

Precision =
|ŷ ∩ y|
|ŷ| , Recall =

|ŷ ∩ y|
|y|

BLEU (Papineni et al., 2002), a metric originally developed for machine transla-
tion, evaluates the similarity between predicted responses and reference responses
based on overlapping n-grams. This provides an indication of whether the model is
producing responses that are formulated similarly to human references. However,
BLEU focuses primarily on surface-level matches and does not fully capture mean-
ing. To address semantic similarity, METEOR (Banerjee and Lavie, 2005) extends
BLEU by including synonym matching and leveraging WordNet. This means that if
the model’s response uses slightly different words but conveys the same meaning, it
will receive a partial score, which is particularly important when dealing with natu-
ral language and the various ways of describing works of art or historical facts. Fi-
nally, BERTScore (Zhang et al., 2019), in both Vanilla and Trained variants, represents
a more recent approach that leverages the embeddings of a pre-trained BERT model
to compare answers. By computing the cosine similarity between the predicted and
reference sentence embeddings, BERTScore captures deeper semantic relationships,
allowing the evaluation to recognize when answers are meaningfully similar even if
the exact words differ. The Vanilla variant uses a standard pre-trained BERT model
without additional task-specific fine-tuning, providing a general measure of seman-
tic similarity based on the knowledge learned during BERT’s pre-training phase.
The Trained variant, on the other hand, can be fine-tuned on a dataset specific to the
domain or task, allowing the embeddings to better reflect the nuances of the target
language, terminology, or context. In the case of cultural heritage QA, this means the
Trained variant may better capture relationships between historical or artistic terms
that might not appear frequently in general corpora. As shown in Table 5.1, differ-
ent evaluation metrics behave differently depending on how the predicted answer
compares to the ground truth. Exact Match requires a perfect match, F1 accounts for
partial correctness, BLEU and METEOR handle wording variations, and BERTScore
captures semantic similarity.

By combining selected metrics, it is possible to obtain a comprehensive view of
the model’s performance. This approach not only highlights where the system gets
answers exactly right, but also where it produces responses that are semantically



66 Chapter 5. AI powered virtual guide

Question Who sculpted The David?
Context The David, a masterpiece of Renaissance sculpture, was created by

Michelangelo between 1501 and 1504.
Metric Example
Exact Match Ground truth: “The David was sculpted by Michelangelo.”

Predicted: “The David was sculpted by Michelangelo.” → perfect
match.

F1 Score Ground truth: “The David was sculpted by Michelangelo in the
early 16th century.”
Predicted: “The David was sculpted by Michelangelo.” → correct
information but incomplete.

BLEU Ground truth: “The statue was created by Michelangelo.”
Predicted: “The sculpture was made by Michelangelo.” → BLEU
penalizes the difference in wording.

METEOR Ground truth: “The statue was created by Michelangelo.”
Predicted: “The sculpture was made by Michelangelo.” → ME-
TEOR recognizes synonyms (statue/sculpture, created/made).

BERTScore Ground truth: “The work was made by Michelangelo.”
Predicted: “Michelangelo is the artist of the work.” → words differ
significantly, but BERTScore captures the semantic equivalence.

TABLE 5.1: Examples of model evaluation using different metrics.

accurate, even if phrased differently, an important consideration in cultural heritage
contexts where descriptions may vary yet still convey correct information.

5.4.2 Design of the pilot study

The pilot study was designed to test the integration of the QA system within the
immersive museum environment and to explore how different interaction strategies
could affect the quality of the responses. Participants were asked to wear the VR
headset and explore the virtual museum, interacting with the avatar guide by ask-
ing questions about the artworks they encountered inside the VR environment. Two
experimental conditions were examined to observe how users interacted with the
QA system in different circumstances. In the first condition, participants entered the
museum and were free to look around, choose the works of art they found interest-
ing, and ask their questions directly to the avatar. The QA model, based on a BERT
architecture, attempted to provide answers based only on information contained in
its contextual input. This meant that if a participant asked a question that was out-
side the scope of the available knowledge or phrased the question in a way that did
not match the encoded data, the system returned an incomplete or simply incorrect
answer. This situation highlighted a critical limitation: without sufficient contextual
background, the model was unable to reliably meet user expectations.

In the second condition, the interaction was slightly different. Before leaving
space for questions, the avatar itself took on a more proactive role by presenting each
work of art through a brief introduction. This storytelling, expressed in natural lan-
guage, outlined the essential information about the work, as if the participant were
taking part in a guided tour. In this way, the avatar did not merely transfer knowl-
edge, but also implicitly suggested the “ limitations” of the available context. After
listening to this description, users were then better prepared to ask focused and rel-
evant questions. On the one hand, participants felt more engaged in the experience,
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while on the other hand, the QA system had a clearer contextual reference point
from which to generate its responses. In practice, this configuration simulated the
cognitive process of “context reading” before starting a dialogue and helped bridge
the gap between the technical limitations of the system and the natural expectations
of human conversation.

The involvement of multiple participants was not primarily aimed at increasing
the statistical representativeness of the study, but rather at enriching the linguistic
diversity of the inputs. When faced with the same work of art, each user tended
to formulate questions in their own way, sometimes with very similar content, but
expressed through different words, syntactic structures, or levels of specificity. This
variability, far from being a marginal detail, proved to be an important element of
the experiment. It highlighted how interaction in natural language is rarely uni-
form: two individuals may ask essentially the same question, but the question-and-
answer system may interpret them differently and produce answers that vary signif-
icantly in terms of accuracy or completeness. In this sense, the variety of participants
worked almost like a stress test for the robustness of the model. To systematically
evaluate the system’s performance, all questions asked by users, along with the an-
swers generated by the QA model, were carefully collected and archived. Each of
these user-generated queries was then reviewed to determine what the correct an-
swer would be in the given context, also asking users themselves what answer they
expected. This process effectively created a “gold answer”, a benchmark against
which to compare the model’s results. By comparing the model’s results with these
answers, it was possible to apply the evaluation framework described in the pre-
vious section. Measures such as METEOR or BERTScore made it possible to detect
cases of partial correctness or semantic proximity. In this way, the evaluation was not
reduced to a binary assessment of right or wrong, but reflected the more nuanced
and interpretive nature of cultural heritage communication.

5.5 User Experience Tracking with xAPI

To gain a deeper understanding of how users interact with the virtual museum and
the AI-powered guide, the system incorporates Experience API tracking. xAPI is a
widely adopted standard for capturing and storing detailed records of user interac-
tions across different platforms, applications, and environments. Unlike traditional
logging systems, which typically record simple events or page views, xAPI allows
for granular and structured tracking of learning experiences. Each recorded action
is stored as a "statement" in the form of “actor – verb – object”:

• Actor identifies who performed the action as the user or participant.

• Verb describes the action taken (for example, “asked”, “answered”, “viewed”).

• Object specifies the target of the action (for example, a specific question, art-
work, or exhibit in the virtual museum).

Beyond this basic triple, statements can include additional optional elements such
as:

• Context that provides information about the environment or situation in which
the action occurred (for example, which virtual room or which artwork was
being observed).
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• Result that captures the outcome of the action, such as whether the answer was
correct or how long it took to respond.

• Timestamp that marks the exact time the action occurred.

• Extensions that allow for custom metadata specific to the application or re-
search questions.

The flexibility and richness of xAPI make it particularly well-suited for immer-
sive environments and interactive educational applications (Farella et al., 2021; Chi-
azzese et al., 2023), such as a virtual museum guided by an AI avatar. In fact, this
structure allows to capture not just what users do, but also how and under what
circumstances. For instance, in the context of the virtual museum, statements can
record when a user asks a question, which artwork the question refers to, the an-
swer returned by the AI model, and the timing of the interaction. This level of detail
enables a comprehensive and structured record of user behavior, which is crucial for
analyzing engagement, learning outcomes, and system effectiveness in immersive
environments.

These statements are stored in a Learning Record Store (LRS), such as Learning
Locker, which serves as a centralized and secure repository for all interaction data
collected via xAPI. Learning Locker is one of the most widely used open-source
LRS solutions and is fully compliant with the xAPI 1.0.3 specification. It can be
installed locally or hosted in the cloud, and it offers RESTful APIs that make it easy
to query, filter, and combine statements for analysis. In addition to storing data,
Learning Locker provides built-in tools to create dashboards and visualizations, and
it integrates seamlessly with platforms such as Moodle. Thanks to these features,
it is well-suited for both research and practical use, allowing users to track user
engagement, evaluate the effectiveness of learning activities, and gain meaningful
insights from interactions within the virtual museum.

The LRS not only stores raw statements, but also ensures they are structured,
searchable, and retrievable for later analysis. By centralizing data from multiple
sources, the LRS enables a unified view of user interactions across sessions, users,
and environments. In the context of the virtual museum, each statement, such as a
question asked to the AI guide, the response provided, and the context in which it
occurred, is recorded in the LRS. This allows to analyze patterns of user behavior, en-
gagement, and learning outcomes, track how users interact with specific artworks or
exhibits, and assess the effectiveness of the AI-powered guide. Additionally, the LRS
supports integration with learning analytics tools, enabling visualization, reporting,
and deeper insights into both individual and aggregate user experiences.

From a Learning Analytics perspective, xAPI enables the systematic analysis of
user behavior and engagement. By aggregating and interpreting xAPI statements,
it is possible to measure not only the accuracy of responses provided by the AI sys-
tem but also patterns of exploration, types of questions asked, response times, and
areas where users may struggle or lose engagement. This information can then be
used to improve both the usability and educational effectiveness of the system, cre-
ating a feedback loop that supports evidence-based design decisions. In short, xAPI
provides a standardized, detailed, and actionable view of user interactions, turning
raw behavior data into meaningful insights for evaluating and enhancing learning
experiences in immersive cultural heritage applications.

To represent the interaction between the user and the AI guide in a structured
way, specific verbs are adopted within the xAPI framework. For instance, the verb
“asked” (defined at https://xapi.elearn.rwth-aachen.de/definitions/generic/verbs/asked)
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is used to indicate that a participant posed a question, while the verb “answered” (de-
fined at https://xapi.elearn.rwth-aachen.de/definitions/generic/activities/answer)
is used when the system provides a response. These verbs make it possible to con-
sistently capture the flow of dialogue, recording not only the presence of a question
or an answer, but also the exact moment in which the action occurred and its relation
to a specific artwork.

Figure 5.7 shows the Learning Locker platform, where the xAPI statements are
stored. Figure 5.8 provides an example of a statement that shows how a user asking
a question about Munch’s Urlo could be represented in xAPI format.

FIGURE 5.7: An example of xAPI statements stored in the Learning
Locker platform

This structure clearly identifies the actor (the user), the verb (the action per-
formed), the object (the artwork involved), the result (the actual content of the ques-
tion) and the timestamp of the interaction.

5.6 Results

The data set analyzed in this study initially consisted of more than 300 questions
related to the artworks in the virtual museum. These questions were collected from
users interacting with an art information system and reflected the natural questions
that a viewer might ask when encountering a work of art for the first time. Dur-
ing an initial analysis, it became evident that many questions were highly repetitive,
particularly those concerning the author, the date of creation, or the title of the art-
work. These standard questions, commonly posed by users immediately after in-
teracting with a work of art, were consolidated and cleaned to avoid redundancy.
The final data set therefore represents a curated selection of meaningful questions,
preserving the diversity of inquiry while ensuring analytical clarity. However, even
after this cleaning process, numerous questions remained similar in intent but were
phrased differently. Interestingly, these variations often elicited different answers,
reflecting subtle distinctions in interpretation or emphasis. For example, questions
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FIGURE 5.8: An example of xAPI statement

about what a work of art “represents” could generate responses focused on formal
aesthetics, symbolic meaning, or emotional impact, depending on the phrasing. This
phenomenon highlights the intrinsic complexity of natural language in art-historical
inquiry, where minor differences in wording can influence the conceptual orienta-
tion of the response. This cleaning process was essential to allow a more precise
examination of the different types of questions, the underlying conceptual clusters,
and the variety of responses. By removing repetitive or trivial questions, the anal-
ysis could focus on both the factual and interpretative dimensions, revealing how
users seek to understand not only the formal and technical aspects of artworks but
also their symbolic, historical, and emotional significance.

5.6.1 Classification of Art-Related Questions

A systematic analysis of the questions posed to the system highlights recurring pat-
terns in both form and content, which can be organized into distinct typological
categories and conceptual clusters. This classification is not only useful for under-
standing how art-historical knowledge is structured in natural language, but also for
identifying areas in which interpretation, ambiguity, or subjectivity play a significant
role. The questions, in general, can be classified into six main categories:

1. Identification questions seek factual information such as authorship, date, or
location (for example, "Who is the author of The Scream and in what year was
the painting created?").

2. Descriptive questions request formal or visual accounts of artworks (for exam-
ple, “How is the central figure represented in the painting?”).
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3. Symbolic questions inquire into meaning, allegory, and interpretative dimen-
sions (for example, “What is the symbolic significance of the kiss between Cu-
pid and Psyche?”).

4. Technical questions concern materials, techniques, and stylistic features (for
example, “What material was used to construct this sculpture?”).

5. Historical-contextual questions situate the artwork within broader cultural and
chronological frameworks (for example, “In which period was the work pro-
duced?”).

6. Comparative questions address multiplicity, alternative versions, or cross-artistic
relationships (for example, “Does a second version of Cupid and Psyche exist,
and if so, where is it located and how does it differ from the original?”).

Beyond typology, the questions naturally converge into broader conceptual clus-
ters:

• Authorship and Historical Context (who, when, where).

• Formal and Technical Description (materials, techniques, use of light, anatom-
ical precision).

• Symbolism and Interpretation (allegory, philosophical meaning, emotional res-
onance).

• Multiplicity and Comparison (versions, reproductions, intertextuality).

• Reception and Impact (influence on the history of art, audience perception).

These groups demonstrate how the investigation of works of art oscillates be-
tween empirical knowledge (date, author, place) and interpretative speculation (mean-
ing, symbolism, cultural resonance).

One of the most notable observations is the coexistence of similar questions with
divergent or heterogeneous answers. For example, the recurring question "What
does the work represent?" elicits highly specific answers that depend entirely on the
work in question: Botticelli’s Birth of Venus emphasizes idealized beauty, Vermeer’s
Girl with a Pearl Earring foregrounds individuality, while Canova’s Cupid and Psy-
che emphasizes allegorical love. This highlights the need for contextualization in
art-historical interpretation: identical linguistic forms conceal highly differentiated
semantic contents. Equally important are cases where questions require open-ended
answers, particularly in the areas of symbolism and meaning. In these cases, the
answers vary in length, depth, and theoretical orientation, reflecting the interpretive
plurality characteristic of art history as a discipline. In contrast, closed questions
about materials, dates, or authorship tend to elicit short, unequivocal, and verifiable
answers.

After the data cleansing process, which eliminated redundant or overly repeti-
tive questions, the refined dataset provided a clearer basis for systematic analysis.
With a consolidated and coherent set of questions, it was possible to examine recur-
ring patterns in both form and content.

For example, in the case of Canova’s sculpture "Cupid and Psyche":

• Q: What does the sculpture represent? → A: “The artwork represents the pin-
nacle of idealized beauty.”
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• Q: Who is depicted in the sculpture? → A: “Cupid awakening Psyche with a
kiss.”

• Q: How does Canova convey beauty in the sculpture? → A: “Through the
gestures of the bodies and the delicacy of the faces.”

In this case, even if all the questions concern the same sculpture, the answers focus
on different aspects: aesthetic ideals, narrative content and expressive technique.

For example, in the case of Munch’s painting “The Scream”:

• Q: Why is the figure anguished? → A: “Due to the death of his mother and
sister.”

• Q: What does the distorted face signify? → A: “It represents existential an-
guish.”

• Q: How is the figure depicted? → A: “A central figure with a distorted face in
an expression of despair.”

Here, small variations in wording lead to responses that emphasize biographical
context, symbolic meaning, or visual description.

In the case of Vermeer’s painting “Girl with a Pearl Earring”:

• Q: Who is the girl in the painting? → A: “Her identity remains unknown.”

• Q: What does the painting depict? → A: “A young woman with a turban and
a large pearl earring.”

• Q: What type of painting is this? → A: “A tronie, depicting a character in exotic
costume or with a particular expression.”

In this example, small variations in the question produce responses that highlight
identity, visual description, or painting type.

Even when questions share the same semantic intent, the system may produce
different answers depending on phrasing, focus, or context. Two representative ex-
amples are reported below:

1. Cupid and Psyche (Canova):

• Q: “Who are the figures represented in the sculpture?” → A: “Cupid
awakens Psyche”

• Q: “Who are the characters in the artwork?” → A: “Cupido and Psiche”

2. The Scream (Munch)

• Q: “Why is the painting called The Scream?” → A: “Profound anguish
experienced by the artist.”

• Q: “What does the painting reflect?” → A: “Profound anguish.”

These examples illustrate that even minor differences in question phrasing can lead
to divergent answers, highlighting the interpretive sensitivity of art-historical in-
quiry.
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5.6.2 Evaluation results

The evaluation of the model’s answers against the gold standard was performed
using BERTScore and METEOR. Although these metrics do not cover every aspect
of answer quality, they provide a robust and interpretable foundation for analysis.
METEOR can sometimes underestimate a correct response if the phrasing differs
from the reference, while BERTScore better reflects the semantic correctness even
when the wording varies. This combination allows us to balance the evaluation
between lexical fidelity and conceptual accuracy.

The analyzed dataset included 272 question–answer pairs, covering all types of
questions without distinction. The BERTScore results show a strong similarity be-
tween the answers generated by the model and the reference answers, with an av-
erage Precision of 0.818, a Recall of 0.799, and an F1-score of 0.807. In other words,
the model generally captures most of the relevant information found in the gold
answers and expresses it in a semantically meaningful way. The slightly higher Pre-
cision compared to Recall suggests that the model tends to provide accurate infor-
mation, though occasionally it may miss some details from the reference answers.
The F1-score confirms that overall, the model performs reliably across a wide range
of questions.

The METEOR metric, which evaluates exact matches, word stems, synonyms,
and word order, gave an average score of 0.474. While this is lower than the BERTScore
F1, it is expected in open-ended question answering tasks. Even when the model
provides a correct answer in meaning, different wording can reduce the METEOR
score. This reflects the natural flexibility of language and shows that measuring
quality purely by word choice can be limiting, especially in art history, where subtle
differences in phrasing can convey similar ideas.

Taken together, these results highlight several important points:

1. The model reliably produces answers that are both accurate and relevant, ad-
dressing factual as well as interpretative questions.

2. Metrics like BERTScore, which focus on meaning, better capture the quality of
responses when multiple wordings are possible. Metrics like METEOR, focus-
ing on exact wording, reveal how variable language use can be.

3. The difference between the metrics shows that evaluating open-ended ques-
tions in art history requires looking at both the meaning and the specific words
used, since small changes in phrasing can influence interpretation.

To show the evaluation of the answers generated by the model, let’s consider
a representative example from the dataset. The question, gold answer, model re-
sponse, and their metric evaluations are reported below.

• Question: Who are the main characters in Monet’s painting?

• Gold Answer: His wife Camille Monet and their son Jean

• Model Answer: Camille Monet and her son Jean

• METEOR Score: 0.677

• BERTScore: Precision = 0.914, Recall = 0.849, F1 = 0.880



74 Chapter 5. AI powered virtual guide

In this case, the model-generated answer captures the main information cor-
rectly, identifying the protagonists of the painting. The METEOR score of 0.677
reflects the partial lexical overlap: minor differences in wording, such as omitting
"His wife" and "their", reduce the score even though the semantic content is pre-
served. METEOR is sensitive to exact matches, stemming, and synonyms, so small
deviations in phrasing can result in lower values.

BERTScore, in contrast, shows a high semantic similarity, with Precision = 0.914,
Recall = 0.849, and F1 = 0.880. This metric evaluates contextual meaning rather than
exact word matching, recognizing that the model answer correctly identifies Camille
Monet and her son Jean. The comparison highlights a key distinction between the
two metrics: while METEOR may penalize lexical differences, BERTScore better cap-
tures the semantic correctness of paraphrased or concise responses.

Consider the following example illustrating differences between METEOR and
BERTScore evaluations:

• Question: What size is the painting?

• Gold Answer: 77 cm high by 53 cm wide

• Model Answer: 77 cm

• METEOR Score: 0.120

• BERTScore: Precision = 0.791, Recall = 0.638, F1 = 0.706

In this case, the model answer provides only a partial response, mentioning the
height but omitting the width. METEOR reflects this lexical mismatch strongly, pro-
ducing a low score of 0.120. This demonstrates METEOR’s sensitivity to exact word
overlap: missing elements drastically reduce the metric even if some of the answer
is correct.

BERTScore, on the other hand, produces higher values (F1 = 0.706), indicating
partial semantic alignment. The metric recognizes that part of the information, the
height, is correctly captured, even though the answer is incomplete. This example
highlights how BERTScore can provide a more nuanced view of model performance,
especially in cases of partial correctness, whereas METEOR is more stringent on lex-
ical matching.

Finally, another interesting case is given by the following example:

• Question: How is Venus depicted in the scene?

• Gold Answer: On a large shell emerging from the waves

• Model Answer: Standing on a large shell emerging from the waves

• METEOR Score: 0.963

• BERTScore: Precision = 0.899, Recall = 0.944, F1 = 0.921

In this instance, the model answer closely matches the gold standard, with the
only difference being the inclusion of “standing”. METEOR reflects this strong lexi-
cal overlap with a very high score of 0.963, while BERTScore also indicates excellent
semantic alignment (F1 = 0.921). This example demonstrates a case where both met-
rics agree that the model has captured the essential content accurately.

Overall, these examples illustrate how both METEOR and BERTScore provide
complementary insights: METEOR is sensitive to exact lexical matches, while BERTScore
captures semantic similarity, highlighting cases where the model produces answers
that are correct in meaning even if phrased differently from the gold standard.
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5.7 Advancing the State of the Art in Digital Cultural Her-
itage

This research is situated within an interdisciplinary context that, in recent years,
has witnessed growing interest in the application of digital technologies to cultural
heritage. However, as highlighted by several studies, most projects have addressed
the dimensions of visualization, artificial intelligence, and interaction as separate
domains, thereby limiting the transformative potential of an integrated approach.

Early contributions in the field of 3D digitization (Stylianidis and Remondino,
2016) highlighted the effectiveness of techniques like photogrammetry and laser
scanning for the accurate documentation of archaeological sites and monuments.
While these approaches are essential for preservation, they have often remained
static and descriptive, focusing on geometric fidelity rather than fostering interpreta-
tion or user interaction. In parallel, projects such as Virtual Rome (Dylla et al., 2008)
have demonstrated the potential of virtual reality for immersive reconstruction of
historical environments. However, the interaction offered was predominantly pas-
sive: users explored the virtual space as spectators, without opportunities for dia-
logue or personalized insight. Similarly, immersive storytelling experiences, as an-
alyzed by Champion, 2021, have sought to emotionally engage audiences through
digital narratives, but often rely on predefined paths, lacking the cognitive flexibility
that only AI-driven systems can provide.

In recent years, several studies have begun to explore the integration of immer-
sive technologies and artificial intelligence. Fabbri, Collina, Barzaghi, et al., 2023 ex-
amines how AI can enhance visitor engagement in museums through personaliza-
tion strategies, such as adaptive content delivery and intelligent recommendation
systems. Their work highlights the potential of chatbots and machine learning to
tailor experiences based on user profiles and behavior. However, the study remains
conceptual and does not present a fully integrated system that merges immersive
VR environments with real-time conversational AI. The emphasis is on personaliza-
tion through data analytics rather than embodied interaction within virtual spaces.
Zhang, Taib, and Taib, 2025 presents a comprehensive framework that leverages
digital twin technology, AI-driven modeling, and blockchain-based authentication
to support cultural heritage conservation. Their approach is innovative in terms of
ensuring data integrity, provenance, and transparency through NFT mechanisms.
Nonetheless, the user experience is secondary to the infrastructural and archival
goals. The framework does not incorporate immersive storytelling or interactive
dialogue, which limits its applicability for public-facing educational or museum
contexts. European projects already mentioned, such as INCEPTION (Commission,
2020) and V-MUST.NET (Commission, 2014), have highlighted the importance of ac-
cessibility and inclusive cultural engagement by introducing virtual environments
designed for users with disabilities. However, the absence of intelligent conversa-
tional components limits the ability of these systems to dynamically adapt to the
cognitive and cultural needs of users.

More recently, generative and multimodal AI systems have begun to enter the
field. Experimental initiatives, such as the EU-funded AI4Culture project (Con-
sortium, 2023), have started to integrate conversational agents and large language
models into heritage contexts, enabling users to query collections or explore nar-
ratives dynamically. Other prototype systems, developed in academic or research
settings, are exploring multimodal interaction in immersive environments. While
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these approaches are promising, they often face the dual challenge of ensuring fac-
tual accuracy and maintaining transparency in source attribution, issues that are
particularly sensitive in heritage communication, where interpretive responsibility
and data provenance are paramount.

In this context, the present thesis offers an original and methodologically innova-
tive contribution. It integrates advanced 3D digitization techniques with immersive
environments developed in Unity3D, alongside the implementation of a question
answering system based on MobileBERT. This represents a significant advancement
over existing approaches. The system not only enables immersive navigation of dig-
itally reconstructed cultural environments but also provides dialogic and context-
aware interaction, allowing users to ask questions and receive relevant answers
tailored to the visualized content. Furthermore, the integration of user experience
tracking through xAPI and Learning Locker enables both qualitative and quantita-
tive evaluation of interaction, generating valuable data to refine experience design
and assess the effectiveness of digital cultural mediation. The pilot study conducted,
which included evaluation metrics and question classification, demonstrates the fea-
sibility and impact of the proposed system. While the literature has produced sub-
stantial contributions in each of the individual domains (3D reconstruction, immer-
sive visualization, and AI-based interaction), this thesis distinguishes itself by inte-
grating them into a coherent, operational system that has been empirically tested. It
offers a replicable model for museums, archaeological sites, and educational envi-
ronments. This approach not only enriches the experience of cultural heritage, but
also opens new perspectives for mediation, accessibility, and experiential learning.
By bridging the gap between technical innovation and interpretive engagement, the
system proposed in this research responds to the growing demand for intelligent, in-
clusive, and emotionally resonant cultural experiences. It contributes to a shift from
static presentation to dynamic dialogue, where users become active participants in
the exploration of heritage, supported by AI-driven tools that adapt to their curiosity
and cognitive needs.

Beyond its methodological contribution, the system developed in this research is
designed with scalability and sustainability in mind. Its modular architecture allows
for flexible deployment across diverse cultural contexts, from small local museums
to large institutional archives. The technical pipeline, from 3D acquisition to im-
mersive visualization and AI-driven interaction, can be adapted to different levels
of infrastructure and expertise, making it accessible to institutions with limited re-
sources. In terms of sustainability, particular attention has been paid to optimizing
hardware requirements. The immersive environments developed in this research
are currently optimized for Meta headsets, ensuring high performance and visual
fidelity. However, the system architecture is designed to be hardware-agnostic and
easily adaptable to other types of VR devices, including tethered and standalone
headsets. This flexibility supports broader accessibility and facilitates deployment
across institutions with varying technological infrastructures. Efforts are also un-
derway to extend portability to CAVE systems, enabling multi-user, room-scale im-
mersive experiences in research centers and museums equipped with projection-
based setups. By supporting both high-end and low-cost configurations, including
mobile-based viewers and desktop simulations, the system reduces the environmen-
tal and financial footprint of implementation. Moreover, the use of open-source de-
velopment tools and lightweight AI models such as MobileBERT contributes to a
more energy-efficient and transparent process. This aligns with current sustainabil-
ity goals in digital heritage and supports long-term maintainability, scalability, and
ethical deployment across diverse cultural contexts.



77

Chapter 6

Conclusion

The work presented in this thesis demonstrates how immersive virtual reality, com-
bined with advanced 3D reconstruction techniques and natural language interfaces,
can become a powerful tool for cultural heritage documentation, dissemination, and
engagement. Starting from a structured digital pipeline, from 3D scanning and pho-
togrammetry to mesh optimization, texturing, and deployment in VR environments,
the research has shown that it is possible to create high-quality, explorable models
of complex sites and artworks. These models are not only accurate from a scientific
perspective but also accessible and engaging for a wide audience.

In parallel, the integration of a QA system based on large language models has
expanded the immersive experience beyond static visualization. Instead of passively
observing virtual reconstructions, users could interact dynamically with an intelli-
gent guide, asking questions about artworks and receiving immediate answers. The
evaluation of this system, based on metrics such as BERTScore and METEOR, high-
lighted both its potential and its limitations. While the model demonstrated a strong
capacity to provide semantically accurate answers, even when phrasing diverged
from the reference, it also revealed the challenges of dealing with ambiguous, in-
complete, or overly generic queries.

A key finding of the pilot study concerns the role of context. The system relies
on the content made available within its knowledge base, which means that when
users posed questions unrelated to the presented material, the responses were of-
ten incorrect or misleading. This limitation became particularly evident in the first
experimental condition, where participants were not given prior contextual informa-
tion and therefore tended to formulate questions with little or no connection to the
artworks. Conversely, in the second condition, where the avatar introduced each art-
work before allowing users to ask questions, the interactions proved more effective.
Users, having been provided with a conceptual framework, formulated more precise
and relevant questions, which in turn improved the reliability and relevance of the
system’s responses. This highlights that, although the QA system is context-based,
the human capacity to situate oneself within the right frame of reference remains
fundamental for meaningful interaction.

However, it is important to acknowledge that the pilot study was conducted
with a relatively small and homogeneous group of participants, primarily university
students and researchers familiar with digital technologies. While this allowed for
a focused technical validation, future evaluations will involve a broader and more
diverse sample, including secondary school students, museum visitors, and cultural
heritage professionals, to ensure more representative and inclusive feedback.

The analysis of the collected dataset further reinforced this observation. Users
frequently asked similar questions in different ways, and even slight variations in
wording could trigger different responses from the system. This phenomenon is
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particularly significant in the domain of art history, where questions often oscil-
late between factual requests and interpretive exploration. On the one hand, factual
queries (for example, author, date, materials) were generally handled well, yielding
concise and accurate answers. On the other hand, interpretive or symbolic questions
led to a greater variability of answers, reflecting the system’s sensitivity to nuances
of formulation and the inherently open-ended nature of cultural interpretation.

Despite these encouraging results, several limitations emerged that must be ac-
knowledged. First, the reliance on speech-to-text systems introduced errors, espe-
cially in the presence of background noise or when participants spoke with varying
accents, intonation, or pronunciation. Such transcription inaccuracies sometimes
are propagated into the QA process, leading to irrelevant or incorrect answers. Sec-
ond, the system struggled with overly generic questions, such as “Tell me about
this painting,” where the expected answer could vary widely in length, focus, and
content. Without a clearly defined scope, the model tended to provide incomplete
or inconsistent responses. Third, the dependency on the availability of contextual
information remains a structural limitation: when the knowledge base does not con-
tain the requested detail, the model cannot invent accurate content, and responses
may default to vague or erroneous formulations. Finally, the real-time nature of in-
teraction in immersive environments requires not only semantic accuracy but also
responsiveness.

In conclusion, this research confirms that combining immersive visualization
with natural language interaction offers a promising direction for cultural heritage
dissemination. The proposed pipeline enables the creation of scientifically accu-
rate and visually compelling virtual environments, while the QA system fosters
engagement through dialogue rather than passive observation. In conclusion, this
research confirms that combining immersive visualization with natural language
interaction offers a promising direction for cultural heritage dissemination. The pro-
posed pipeline enables the creation of scientifically accurate and visually compelling
virtual environments, while the QA system fosters engagement through dialogue
rather than passive observation.

Looking ahead, there are several directions in which this research could natu-
rally evolve. One of the first concerns the integration of more advanced speech-to-
text systems. During the pilot, transcription errors were one of the main sources
of misunderstanding, particularly in noisy environments or with users speaking in
different accents. More robust solutions, possibly fine-tuned on art-related termi-
nology, would greatly improve the fluidity of interaction and the overall reliability
of the system. Equally important is the way the system handles very generic or
open-ended questions. Future developments could make the avatar more proac-
tive, guiding users toward more specific queries or suggesting alternative angles
of exploration when a question is too vague. This would make the interaction feel
less like a static question–answer exchange and more like a real conversation with a
knowledgeable guide. In addition, future studies will adopt more systematic evalu-
ation methods to assess user learning outcomes. These may include pre- and post-
experience questionnaires, task-based assessments, and spatial understanding tests.
Such approaches will help quantify the educational impact of the system and pro-
vide more robust evidence of its effectiveness in cultural mediation.

Another promising line of development lies in the adoption of new generative
AI models that are able to manage context in more flexible ways. Unlike the current
BERT-based approach, which requires a predefined knowledge base, recent large
language models can integrate contextual information dynamically, generating an-
swers that combine stored knowledge with interpretive flexibility. Exploring these
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models, whether fine-tuned on art-historical data or connected to curated knowl-
edge graphs, could open the way to richer, more adaptive dialogues.

On the experiential side, future work should aim at greater platform versatil-
ity. While this study focused primarily on VR headsets, the same system could be
extended to augmented reality applications. This would allow users to experience
cultural content directly in situ, overlaying digital reconstructions or interpretive
narratives onto physical spaces such as archaeological sites or museum galleries.
AR has the potential to complement VR by offering a more seamless integration
between the real and the virtual, enhancing accessibility while preserving the em-
bodied dimension of cultural heritage. At the other end of the spectrum, more ad-
vanced immersive infrastructures such as CAVE environments could be used to test
collaborative exploration, where groups of visitors interact simultaneously with the
artworks and the avatar guide. This would extend the experience beyond individ-
ual immersion, opening up possibilities for collective education and discussion in
museum settings.

Beyond its technical contributions, this research also engages with broader cul-
tural and ethical questions about how digital technologies shape our relationship
with heritage. The integration of AI and immersive visualization should not be
viewed merely as a matter of innovation or efficiency, but as part of an ongoing
reflection on how we perceive, interpret, and share the past. In this sense, digital
heritage is not only a field of technological experimentation but a space of cultural
mediation, a place where knowledge, emotion, and experience converge.

The motivation behind this work lies precisely in exploring how digital tools can
foster accessibility and inclusion without reducing the complexity of cultural narra-
tives. By grounding technological design in transparency, authenticity, and interpre-
tive responsibility, this research aims to demonstrate that innovation and cultural
care are not opposing forces, but complementary dimensions of the same mission:
preserving the past while re-imagining how it is experienced and understood.

The future of this research lies in finding the right balance between technologi-
cal progress and cultural accessibility. With more advanced models capable of un-
derstanding context, and with the possibility of extending the system to different
immersive formats such as augmented reality or collaborative environments, these
tools can go beyond simple digital reconstructions. They can become living spaces
where people can not only observe cultural heritage, but also experience it, interpret
it, and share it in more engaging and meaningful ways.
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