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Summary

Over the past two decades, digital transformation has gained increasing atten-
tion, driven by the convergence of multiple Digital Transformation Technologies
(DTTs) across several sectors. Among them, Virtual Reality (VR) has emerged
as a key technology for creating immersive and interactive Virtual eXperiences
(VXs), often enhanced through integration with other DTTs, such as laser scan-
ning, descriptive CAD tools, and large language models. Despite their potential,
the creation of VXs still faces significant challenges. Current VX design practices
often lack principles for specific target users in various domains, while technical
complexity and interoperability issues frequently hinder the creation of virtual en-
vironments. Although the integration of other DTTs could possibly address these
challenges, several of them remain underexplored in the context of VXs.

This doctoral thesis investigates current challenges in relation to VXs and their
combination with other DTTs, aiming at analyzing their strengths, limitations, and
applicability across various domains. The presented investigations, conducted over
the years of the Ph.D. program, address a wide range of topics, including virtual
design for user accessibility, automated reconstruction of virtual environments for
VX creation, and the use of generative AI-based technologies to develop conversa-
tional agents. In this context, the research explores the convergence of VR with
several DTTs, such as 3D photogrammetry, Building Information Modeling (BIM),
and large language models.

The findings of the thesis contribute to a deeper understanding of key aspects of
VXs, including accessibility, user experience, and usability, while also underlining
the benefits and limitations introduced by the integration of complementary DTTs.
Overall, this thesis highlights both the opportunities and challenges in the VR
and other DTTs domains, outlining promising directions for future research in the
design and development of advanced VXs.

iii





Acknowledgements

I would like to thank all the people I have met and who have supported me
during this long journey.

First and foremost, I would like to thank my supervisor, Prof. Fabrizio Lam-
berti, who had the patience to review, critique, and improve my work for three
years. I am especially grateful to him for providing me with the motivation I
needed to continue my research and for always being available and direct in his
assessments. His approach to work and his experience will always stay with me.

I would also like to thank my colleagues in the laboratory, the members of g10,
from the bottom of my heart. I will always remember these years with them, filled
with hard work and sleepless nights, but also laughter and satisfaction. I would like
to thank Prof. Anna Osello for giving me the opportunity to work on an amazing
project, and all the members of Palazzo Carignano, with whom I spent months
preparing research activities and who were always available to help me on every
occasion. I would like to also thank Massimo Migliorini for supporting me during
my research period at Links Foundation, as well as all the members of the XR
laboratory. I hope I have left something inside each of them, just as they have done
with me.

I would also like to take this opportunity to thank Prof. Ruck Thawonmas, who
guided and supported me during my research in Japan. I am especially grateful to
him for giving me the opportunity to spend six months in Osaka, a period of my
life that profoundly changed me and will remain with me forever. In this regard,
I would like to thank the members of the laboratory at Ritsumeikan University
and all the other people I met in Japan. It would not have been such a unique
experience without them.

I would like to thank my parents, who supported me throughout my journey, and
my friends, who put up with my talk and complaints about my scientific research
for three years. I would like to thank my brother, with whom I can always talk and
who has always supported me in my decisions, and my nephews, who are growing
up faster and faster every year. A deep thank you also goes to my uncle, who has
always cheered me up with his cooking, and my aunt, wherever she may be now.

Finally, I thank myself for persevering through these three years. I could list a
million reasons why I am different now, but I don’t think even all the pages of this

v



thesis would be enough to explain it. So, you’ll have to settle for this...

vi



“We are what we are because we have
been what we have been.”

- Sigmund Freud



Contents

List of Tables x

List of Figures xi

1 Introduction 1

1.1 Context and Motivations . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Thesis Structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 VX Design and Immersive VR 9

2.1 Accessible Virtual Museum Experiences for ASD Individuals . . . . 10
2.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
2.1.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . 20
2.1.4 Use Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.1.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . 45

2.2 Closing Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3 Virtual Environment Reconstruction 59

3.1 HBIM for Virtual Heritage Experiences . . . . . . . . . . . . . . . . 60
3.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.1.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . 72
3.1.4 Use Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.1.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . 89

3.2 Closing Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

4 Generative AI for Conversational Agents 97

4.1 Unified UX Design Across Multiple Virtual Museum Experiences . . 98
4.1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
4.1.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
4.1.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . 101
4.1.4 Results and Discussion . . . . . . . . . . . . . . . . . . . . . 106

4.2 Vision-Language Models for Environment Aware Agents . . . . . . 107

viii



4.2.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107
4.2.2 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.2.3 Materials and Methods . . . . . . . . . . . . . . . . . . . . . 111
4.2.4 Use Case . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
4.2.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . 120

4.3 Closing Remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

5 Conclusions 129

5.1 Summary of Contributions . . . . . . . . . . . . . . . . . . . . . . . 129
5.2 Limitations and Future Works . . . . . . . . . . . . . . . . . . . . . 133

Glossary 135

Bibliography 140

ix



List of Tables

2.1 Structural representation a POI procedure; beyond the interaction
routines, interaction steps and tasks, it is possible to observe in the
last column the default values, in seconds, for the timeouts. . . . . . 38

3.1 Characteristics of existing VHE platforms analyzed in Section 3.1.2,
in comparison with the proposed solution. ✓= Available, - = Not
available, ✓* = Planned as future work, G = Generated, P = Pre-
defined . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

3.2 IFC entities and parameters defined within the HBIM model. . . . . 75
4.1 Detailed list of current agents employed in the state-of-the-art. The

not yet defined acronyms are reported as follows: EK, Environ-
mental Knowledge; GSE, Game System Extracted; VLMG, VLM-
Generated; MM, Memory Management; AP, Action Planning; PSLTY,
Personality; BEX, Body Expressions; FEX, Facial Expressions; UG,
User Guidance; TM, Task Management; . . . . . . . . . . . . . . . 112

4.2 Example of template system prompt for the VLM module . . . . . 116

x



List of Figures

1.1 Some of the current most representative DTTs according to [130,
57]. VR, which is part of the XR technologies, is often combined
with other DTTs across several applications and domains, such as
BIM for architectural projects, robotics for manufacturing, and IoT
for urban planning. . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1 Key points of the analyzed works, including the inclusive immer-
sion principles addressed, the technologies used, the methodologies
adopted, and the ID types considered. . . . . . . . . . . . . . . . . 21

2.2 Example of the proposed approach combining VE modularity, through
progressive enrichment, and application modularity in a VR appli-
cation. At the beginning of the Module Procedure (MP), both the
cultural element (a) and the cultural description (b) are respectively
invisible and inaccessible. After completing a predefined number of
tasks (c), the cultural element becomes visible (d), and the cultural
description (e) can be accessed and explored by the user. . . . . . . 23

2.3 Example of a module procedure (MP) integrating the predictabil-
ity principle. The procedure includes two interaction routines (IRs)
within a single Interaction Pattern (IP), composed of multiple inter-
action steps (IS), a cultural element (a), and a cultural description
(b). Differently from the configuration adopting only modularity
(Figure 2.2), the tasks are embedded within the interactions steps.
Once the final task of the first routine is completed (c), the cultural
element (d) and its description (e) become accessible. . . . . . . . . 25

2.4 Conceptual representation of an interaction routine (IR), composed
of multiple interaction steps (IS1-2-3), each associated with a specific
task and a timeout constraint (a, b, and c). . . . . . . . . . . . . . 26

xi



2.5 Simplified representation of a head-gaze-based interaction routine us-
ing a visual facilitator (VF). The routine includes three interaction
steps (IS1-2-3), each associated with a timeout, and three spatial
positions within the VE (xi, yi, zi). In accordance with the mod-
ularity principle, the cultural element is initially hidden (a). After
completion of the final interaction step, the cultural element becomes
visible (c), while the visual facilitator disappears (d). . . . . . . . . 27

2.6 Overview of the three proposed inclusive immersion principles and
their integration within the design of a VR-based VME. . . . . . . . 28

2.7 Scheme representing the key elements of the proposed methodology,
namely the inclusive immersion principles, the material preparation,
and the co-design refinement. . . . . . . . . . . . . . . . . . . . . . 30

2.8 Picture of the “Hall of Seasons” of Palazzo Carignano, Turin, Italy,
representing the environment to reconstruct for the use case (©MiC
– DRM Piemonte). . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.9 Image of the frescoed vault of the “Hall of Seasons” (©MiC – DRM
Piemonte). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.10 Golden decorations in the “Hall of Seasons” depicting the allegories
in correspondence to the four seasons (©MiC – DRM Piemonte). . . 34

2.11 Tutorial scene. As observable on the floor, the unlocked (blue) and
locked (orange) TPs enable the user’s movement within the VE. . . 34

2.12 The image depicts the digital VE, i.e., the “Hall of Seasons”, as
visualized in the VME scene of the VR application. On the floor,
the pathway and the TPs defining the POIs of the VME are visible. 35

2.13 The images represent the four interaction steps (1/2/3/4) in the first
interaction routine of a POI. Specifically, the example corresponds
to the cultural element linked to the winter season decoration. . . . 39

2.14 Demographic representation of the participants (part 1): age group
(a), level of education (b), gender (c), frequency of use of VR tech-
nology (d), and occupation (e). . . . . . . . . . . . . . . . . . . . . 44

2.15 Percentage breakdown of participant demographics (part 2): specific
syndrome (a), sensory processing difficulties (b), reactions to stress
or overstimulation (c), and ASD trait level (AQ-Short [97]) (d). . . 45

2.16 Overall comparison for the MEEQ [127] (the higher the better). The
baffles were inserted to represent significant differences (p < .050).
Standard deviation is reported with error bars. . . . . . . . . . . . 48

2.17 Overall comparison regarding for the sections of the MEEQ [127] (the
higher the better). The baffles were inserted to represent significant
differences (p < .050). Standard deviation is reported with error bars. 49

2.18 Overall analysis in terms of age for the MEEQ [127] (the higher the
better). The baffles were inserted to represent significant differences
(p < .050). Standard deviation is reported with error bars. . . . . . 50

xii



2.19 Overall analysis in terms of ASD trait level (AQ-Short [97] score) for
the MEEQ [127] (the higher the better). The baffles were inserted
to represent significant differences (p < .050). Standard deviation is
reported with error bars. . . . . . . . . . . . . . . . . . . . . . . . . 52

3.1 Schematic representation of the three automatic stages executed by
the VR platform after the selection of the environment to be generated. 79

3.2 Schematic representation of the handling of POIs and LAOs. In this
example, the i-th POI manages all the LAOs associated with it. As
illustrated, both POIs and LAOs are capable of issuing TTS requests
through the TTS Manager. . . . . . . . . . . . . . . . . . . . . . . . 83

3.3 Examples of UI elements integrated within the application (main
menu UI shown as reference): a) selection of the environment to be
reconstructed and visualization of related information; b) option to
make the 3D miniature of the environment transparent in order to
display POIs or to initiate the virtual visit. . . . . . . . . . . . . . . 84

3.4 Example of a UI panel used to present a LAO within the VHE. . . 85
3.5 Picture of the real-world environment, i.e., the “Hall of Seasons” of

Palazzo Carignano, in comparison to its HBIM model. . . . . . . . 86
3.6 Picture of the three LODs for one of the meshes representing the

“Fall” season. In this case, the number of vertices for the LODs is
∼ 200 (LOD0), ∼ 80k (LOD1), and ∼ 15k (LOD2). . . . . . . . . 88

3.7 Frescoed vault texture UV mapping (a) and visual representation
(b) in Blender. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

3.8 Miniature representation displayed at the end of the VE reconstruc-
tion displayed a) using a flat gray material, and b) in wireframe to
enable the visualization of POIs. . . . . . . . . . . . . . . . . . . . 90

3.9 Representation of the state of the VE during the virtual visit: a)
overview of the hall and of its features, both in terms of graphic and
rendering (e.g. mirror reflections), as well as examples of automatic
handling of textures and UVs for b) the frescoed vault and c) other
meshes (e.g., wall paintings). . . . . . . . . . . . . . . . . . . . . . . 91

3.10 a) The first LAO associated with the initial POI of the virtual tour,
emphasized by the activation of a spotlight. In this instance, the
LAO corresponds to the decorative element symbolizing the Summer
season; b) UI panel shown for the first LAO linked to the initial POI
of the virtual tour, presenting cultural information directly extracted
from the HBIM model. . . . . . . . . . . . . . . . . . . . . . . . . . 92

4.1 Visual representation of the two VEs: the meta-museum experience
(a) and the virtual workshop (b). . . . . . . . . . . . . . . . . . . . 103

4.2 Schematic representation of the ECA architecture; . . . . . . . . . . 104
4.3 Preliminary data for the users’ perception of the ECA . . . . . . . . 107

xiii



4.4 Devised VLM-based environment perception module integrated in
a traditional architecture of an LLM-based ECA. Over both the
VLM module and the Conversational Module, their respective sys-
tem prompts can be observed. . . . . . . . . . . . . . . . . . . . . . 114

4.5 One of the rooms part of the VE within the video game. The four
images represent the frames extracted before passing them to the
VLM module to generate the SG. An NPC is standing within the
room, surrounded by different objects. . . . . . . . . . . . . . . . . 117

4.6 An example of the devised interaction modality with one of the NPCs
within the VE. In the first step (a,b) the player can freely have a
conversation by using a chat interface, while within the second step
(c,d) it can select questions from a UI showing dialogue options.
In the third step (e,f,g), the player can explore the environment in
search of clues, freely interacting again with the NPCs. . . . . . . . 119

4.7 The graphs depict the results obtained from the experimental phase.
Specifically, an overall comparison (a) and a more detailed analysis
on the individual dimensions: PK (b), SPK (c), PI (d), FCTY (e),
and WFI. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121

4.8 The graphs show the results obtained from the experimental phase.
Specifically, an overall comparison (a) and a more detailed analysis
on the individual dimensions of the PMQ: CCD (b), HLC (c), and
CF(d). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123

xiv



Chapter 1

Introduction

1.1 Context and Motivations

Since the definition of Information Technology (IT) in 1958 [125], the concept
of Digital Transformation (DT) has substantially evolved over time. Along with
the digitization of traditional processes started in the 1990’s, this concept has been
initially associated with the conversion of analog data into digital information [118].
However, the advancement in technology reached in the last twenty years has en-
abled a broader interpretation of what actually DT represents. Essentially, if digi-
tization has brought a transition towards digital information, DT has taken a step
further by representing a process in which IT is progressively integrated into exist-
ing organizations (e.g., companies, institutions) [183]. This has eventually implied
an important shift in how these organizations operate and engage with users and
customers [164].

In the last decade, the DT process has become even more relevant, representing
a fundamental driver to improve entities across several fields. This improvement
has been enabled over time by the exponential growth of information and commu-
nication technologies [199], as well as by their employment and combination [214].
Given their importance, these technologies – in this context referred to as Digital
Transformation Technologies (DTTs) – and their applications have been extensively
explored by both industry and academia [130]. The evolution of modern DTTs,
such as Internet of Things (IoT), Artificial Intelligence (AI), and cloud computing,
had a substantial impact on several sectors, such as healthcare [147], education [66]
and tourism [89]. Additionally, a concurrent usage of these technologies to build
innovative tools and systems has been extensively investigated in modern litera-
ture [194, 47]. On the one hand, this combination of DTTs, commonly referred
to as “technological convergence” [23], increased the value of existing technologies
and fostered innovation [141]. On the other hand, it introduced new challenges to
allow this convergence to happen efficiently. This consideration becomes substan-
tially relevant when the involved DTTs are not commonly employed in the same
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scenarios, or they present peculiar hardware requirements.
Currently, the DT process is still ongoing and involves a wide set of rapidly

evolving and converging DTTs (Figure 1.1). Some of the most promising in terms of
innovation fall under the umbrella term of eXtended Reality (XR), namely Virtual
Reality (VR), Augmented Reality (AR), and Mixed Reality (MR). Particularly, VR
has become in recent years a trendy argument in the IT domain. From a general
perspective, VR is a computer simulation aiming at immersing users in a Virtual
Environment (VE) [221]. Fostered by the rising production of affordable Head-
Mounted Displays (HMDs), such as Meta Quest1 and HTC Vive2, this concept has
become popular both in research studies and industrial organizations. From a more
detailed perspective, VR comprises two key elements: presence and immersion
[220]. The former can be associated with the feeling of users being located in a
certain environment [188]. The latter can be defined as the degree to which a
certain VR system can produce a comprehensive, engaging, and realistic sense of
reality [196, 117]. Thus, immersion not only depends on the employed technologies,
i.e., immersive (e.g., HMD) or non-immersive (e.g., LCD screen), but also by the
experience within the VE as perceived by users [220].

With the previously highlighted considerations, VR is among the most relevant
DTTs to create meaningful and effective Virtual eXperiences (VXs). At a global
level, the scientific community has widely explored the topic for numerous appli-
cations. Eventually, the technological convergence trend consisting in combining
multiple DTTs has become a common practice also for the creation of VXs.

From the perspective of Human-Computer Interaction (HCI) and User eXperi-
ence (UX), VXs typically involve one or multiple users interacting with each other
and/or with their surrounding environment. The presence of users into VXs can
be considered as a core aspect, as it assumes the need of key design principles
specifically tailored to the considered individuals and application field. The nature
of these principles ultimately defines most of the core features of a VX, including
the VE, the interaction and locomotion modalities (e.g., hand-gestures and tele-
portation), as well as the DTTs employed. This kind of user-centered design has
been widely explored by the research community, with the common objective of
enhancing UX and HCI in various contexts. For instance, applications employing
immersive VR have been regularly developed for educational and training purposes
[10, 144]. Moreover, the benefits provided by VR technologies of building safe and
secure VEs, as well as simulating real-world tasks safely [155], have enabled the
creation of highly user-specific VR applications, such as for rehabilitation or so-
cial inclusion of individuals with cognitive or physical impairments (i.e., users with
Autism Spectrum Disorder (ASD)) [174, 187].

1Meta Quest: https://www.meta.com/en/quest/

2HTC Vive: https://www.vive.com/us/
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1.1 – Context and Motivations
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Figure 1.1: Some of the current most representative DTTs according to [130, 57].
VR, which is part of the XR technologies, is often combined with other DTTs across
several applications and domains, such as BIM for architectural projects, robotics
for manufacturing, and IoT for urban planning.

Despite the advantages, for some categories of users and application domains,
the employment of effective design principles for VXs is still underexplored. On the
one hand, this lack of adoption is due to the fact that some criteria to define these
principles have not been widely accepted yet. On the other hand, their practical
implementation is often hindered by the long technical process of developing the
VE, which is another core aspect to consider when creating VXs.

The environment of a VX may vary across applications and be characterized by
several static and dynamic elements, such as user-interfaces, 3D meshes, textures,
as well as lighting and reflection systems. Depending on the users involved and
the purpose of the VX, the VE may reach considerably high levels of complexity.
Consequently, this complexity substantially increases the efforts required during
the development phase of a VR application. To partially tackle this challenge,

3



Introduction

workflows adopting DTTs for Environment Reconstruction (ER) have proven to
be really useful [67]. This kind of DTTs (e.g., photogrammetry, descriptive mod-
els) has been widely explored by the research community for mirroring real-world
environments in VXs, e.g., to create educational platforms for the maintenance of
buildings [4], and to design VR applications for accessibility within cultural her-
itage sites (e.g., museums) [34]. However, some challenges still remain. Firstly,
utilizing a specific DTT requires a certain knowledge for building functional and
efficient systems, highlighting the need of competences in both the VR and the
ER domains. Secondly, issues such as the affordability and costs of closed-source
tools for reconstructing environments are not yet fully addressed challenges in this
context.

Further considerations can be made regarding other elements typically presents
in VXs. In both research and commercial VR applications, one method of promot-
ing HCI and improving the UX is the inclusion of embodied agents, such as the
traditional Non-Player Characters (NPCs) found in videogames. When equipped
with conversational capabilities, these entities are named Embodied Conversational
Agents (ECAs), and their design encompasses aspects ranging from mental (e.g.,
personality, perception, reasoning) and embodiment (i.e., external look) character-
istics to those related to the performed actions [225]. These agents may improve
VXs for different reasons: firstly, they enhance the realism of VEs by imitating
human behaviour; secondly, they can provide guidance to users for navigating the
environment, as well as completing certain tasks; finally, they often contribute
positively to user engagement and UX [9]. With advances in generative AI-based
DTTs, ECAs have been greatly enhanced in their conversational abilities and ex-
plored within a wide range of VR applications [218]. Nevertheless, this kind of
DTTs is relatively new in VXs and not yet fully exploited. Some technologies,
such as Large Language Models (LLMs), are widely employed to create interactive
and engaging ECAs, while others, such as Vision Language Models (VLMs) have
received little attention. A deeper exploration of these technologies could be bene-
ficial to improve not only agents’ conversational abilities, but also their reasoning
and perception skills.

To summarize, several challenges still persist within the field of VXs, both when
VR is employed in isolation, and when it is combined with other DTTs. These
challenges, which constitute the focus of this doctoral thesis, can be summarized
as follows:

• The presence of users is a core aspect to consider when creating a VX, as-
suming the need of user-centered design principles specifically tailored to the
target individuals [174, 187]. For some categories of users in certain domains,
this element is often under-explored. In this thesis, a specific population of
overlooked users is taken into account, namely the one with ASD.

• The creation of VEs is another challenge in terms of time and effort, which
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1.2 – Thesis Structure

has been partially addressed by combining ER technologies with VR [67].
However, supporting this convergence of DTTs requires expertise in both VR
and ER; additionally, despite the presence of open-source alternatives, ex-
pensive tools are often employed to efficiently reconstruct the environments.
These considerations indicate the need of applications that can easily mediate
between technologies, adopting workflows possibly based on open-source sys-
tems. Within this thesis, this topic is tackled by taking advantage of Building
Information Modeling (BIM) for the creation of VXs.

• Finally, the integration of generative AI-based DTTs within VXs for creating
ECAs has not yet reached its full potential, suggesting the need of a deeper
exploration on the subject [225]. In this thesis, this challenge is addressed by
exploring the use of LLMs and VLMs for creating and/or enhancing ECAs in
VXs, and their impact on UX and users’ perception.

Building on the previous considerations, this thesis seeks to investigate the above
challenges, aiming at filling the current gaps and enhancing VXs across different
scenarios. To achieve these objectives, the following Macro Research Questions
(MRQs) are formulated:

• MRQ1: How can user-centered design principles tailored to specific target
individuals can be applied in VXs to create accessible experiences across ed-
ucational, entertainment, aesthetic, and usability dimensions?

• MRQ2: To what extent can the convergence of open-source ER-based DTTs
and VR optimize the workflow for reconstructing VEs and developing VXs?

• MRQ3: How can generative AI-based DTTs be leveraged to design and
enhance ECAs in VXs, and how do these approaches impact UX and users’
perception?

The following chapters present a series of investigations that further elaborate
on the above MRQs by declining them into specific research questions and address-
ing the identified challenges. Each investigation focuses on specific aspects of the
devised research questions, providing possible solutions and empirical insights that
collectively contribute to the overall objectives of this thesis. The author strongly
believes that the outcomes of the carried out studies during the years of the Ph.D.
could possibly highlight new paths within this domain, as well as potential devel-
opments in the future.

1.2 Thesis Structure

This thesis is divided into five chapters. Chapter 1 serves as an introduction to
the context in which the thesis is placed, providing an overview of DTTs and their
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combination within VXs. The three following chapters regard the activities carried
out during the years of author’s Ph.D. research. Each chapter is divided in sections
representing one or multiple investigations.

In particular, Chapter 2 includes an investigation set in the context of VX de-
sign employing immersive VR. Specifically, it considers a category of users often
overlooked within certain domains, namely those with ASD. Since these types of
users usually experience discomfort in relation to social presence (e.g., crowds) and
sensory overload (e.g., bright lights, sudden noises), the research explores the cre-
ation of inclusive VXs that leverage immersive VR technologies. By defining a
methodology based on user-centered design principles, a specific emphasis is put
on VXs within the Cultural Heritage (CH) domain. Since most research on ASD
in this context remains theoretical, the methodology was applied to a real-world
use case, developing an immersive virtual visit in a museum specifically tailored
to users with ASD. The workflow for creating the VE of the application involved
manual creation and the adoption of ER technology, specifically 3D photogramme-
try, to digitally reproduce a hall of a real-world museum. Experiments with ASD
users were also conducted, obtaining results that confirmed the efficiency of the
developed methodology. Additionally, although the adoption of ER technology was
not directly the main focus of the investigation, it highlighted the high effort and
time-consuming process required for reconstructing the environment and creating
the experience.

The above considerations have led research activities to focus on workflow au-
tomation for reconstructing VEs in VXs. Chapter 3 addresses this challenge by
describing an investigation involving alternative ER technologies for creating VEs.
More specifically, it investigates the usage of BIM, usually adopted for the plan-
ning and maintenance of buildings, in the scenario of VXs for CH sites. Since
most of the current solutions rely on proprietary tools, the investigation proposed
a semi-automated BIM-to-VR workflow that adopts an open-source file format to
reconstruct the VE and create the experience. The innovative potential of the
workflow is showcased in a real-world use case, leveraging a VR platform that au-
tomatically reconstruct the VE of a museum and build a virtual tour starting from
an enriched BIM file.

Subsequently, to face the third aspect of VXs mentioned in Section 1.1, Chap-
ter 4 presents two investigations exploring the use of DTTs based on generative
AI for the creation of conversational agents. The first is placed in the context
of UX within the CH domain. In order to achieve an optimal design for a uni-
fied UX across multiple VXs, the research takes into account two elements: VE
and ECA. For the latter element in particular, the investigation proposed an ECA
architecture that leverages LLMs and prompt engineering guidelines for building
efficient agents. From this preliminary investigation, the research shifted towards
the enhancements of specific capabilities of ECAs, namely their perception of the
environment. Thus, the second investigation in this chapter regards the creation of
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environment-aware ECAs. Since this capability is often a core feature for improving
interaction and conversation quality between ECAs and users, a possible solution
relying on VLMs is proposed. Therefore, the investigation introduces an approach
to integrate a VLM-based module into traditional ECAs to enable environmental
awareness. The approach was validated within an existing VR application derived
from the state-of-the-art, i.e., a videogame. Additionally, an exploratory testing
phase with users was conducted to evaluate the efficiency of the devised approach
and the potential of VLMs in this context.

Finally, Chapter 5 presents a comprehensive summary of the conducted inves-
tigations and the overall conclusions of the thesis. The chapter also discusses the
main limitations of the proposed approaches and outlines possible future imple-
mentations and research directions.
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Chapter 2

VX Design and Immersive VR

The work described in this chapter has been formerly published in [71].

The design of an immersive VX can be influenced by several factors. Starting
from the general purpose of VR applications, VX design should aim at establishing
a relationship between the user and the VE [157]. To achieve this goal, a user-
centered approach should be adopted for understanding the user’s needs in the
specific context of use [226]. The identification of these needs should be functional to
the definition of key design principles to be later employed in a virtual application.
This aspect gains extreme importance especially in studies related to accessibility
for users with disabilities, whose VR experience may be hindered by physical or
perceptual barriers [95]. Once these principles have been defined, it is then possible
to select the modalities of interaction, locomotion, and devices from the wide range
of VR technologies, as well as the concurrent usage of other DTTs. At the same
time, iterative design and active user participation should be taken into account
during the entire development process of a VX. Over the years, such an approach has
been adopted to develop engaging and effective VXs in several domains. However,
some categories of users in certain contexts are still not sufficiently considered. One
of these categories is represented by users with ASD.

This chapter presents an investigation employing immersive VR to explore the
topic of ASD accessibility within CH sites, mainly focusing on museums. Such
environments are often challenging for users with ASD, who may experience several
discomforts caused by sensory and social elements (e.g., bright lights, crowded
spaces) [85]. The use of immersive VR has often proven to be effective in addressing
these issues [52]. However, a solid methodology for designing VR-based museum
experiences for ASD users seems to be lacking. Thus, the investigation proposes
a structured methodology involving the definition of core VX design principles
specifically tailored to users with ASD. Additionally, it applies these principles in
a use case, creating a VX based on the reconstructed environment of a real-world
museum hall. The reconstruction of the VE was made possible by manually creating
the base structure of the museum hall, and by employing an additional DTT related
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to ER, namely 3D photogrammetry. The outcome of the investigation, finalized
with a series of experiments with ASD users, helped the author understand the
strengths and limitations of the devised methodology, and reflect on the substantial
effort required to build the VE and create the VX.

2.1 Accessible Virtual Museum Experiences for

ASD Individuals

This section describes the said investigation, carried out in the context of CH
accessibility for ASD users employing immersive VR as the main DTT. The fol-
lowing subsections include an overview of the topic, the related research within the
context, the devised methodology and its application in a use case, and a user study
with ASD individuals.

2.1.1 Overview

Over the last twenty years, the notion of accessibility has progressively emerged
as a key topic within the CH field, attracting growing attention from both cul-
tural institutions and academic research. In literature, accessibility is commonly
defined as the capability of a service or product to be effectively used by all individ-
uals, independently of personal attributes such as disability, gender, and age [54].
This increasing awareness has contributed to a profound shift in the objectives of
museums and heritage sites, which have gradually moved from collection-centered
approaches toward approaches that emphasize visitor experience and inclusivity
[69]. Within this perspective, accessibility has come to be recognized as a funda-
mental factor for promoting social inclusion, supporting participation in terms of
individuality, community, and society [187].

Despite this progressive shift toward inclusivity, significant challenges remain in
achieving effective accessibility within CH contexts. Such difficulties are particu-
larly evident for individuals with specific needs, including people with a physical
and/or Intellectual Disability (ID). In this regard, individuals with IDs often en-
counter several obstacles that may hinder learning processes, personal well-being,
and opportunities for social participation [86]. Within this category, individuals on
the autism spectrum, i.e., people with ASD, represent a population with highly het-
erogeneous characteristics. By definition, ASD indicates a wide diagnostic range,
encompassing several challenges that differ considerably across individuals. These
may involve impairments in social communication, the presence of restricted or
repetitive behaviors in terms of physical movements and interests, as well as a
high prevalence of concurrent neurodevelopmental conditions, such as Attention-
Deficit/Hyperactivity Disorder (ADHD) [7].
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In museum environments, the main challenging elements for ASD visitors are
the environmental adaptation and the cultural learning [46, 80]. Specifically, the
former concerns the ability of individuals with ASD to become accustomed to the
physical and sensory characteristics of museum spaces. This process is frequently
hindered by the presence of intense or unpredictable stimuli, such as sudden noises
and bright lighting conditions, as well as by common sensory overload factors (e.g.,
crowded areas, elevated sound levels) [74, 98, 101, 209]. The presence of such el-
ements may result in discomfort for visitors with ASD, along with the increase of
the levels of anxiety, stress, or fatigue [46]. The latter element, cultural learning,
refers to the difficulties that visitors with ASD may experience when engaging with
museum content [80, 145]. Such difficulties are often present when inclusive strate-
gies to present the cultural information are not employed [99]. The combination of
these elements can significantly hinder UX and limit cultural engagement, both of
which are central components of contemporary museum practice [85]. As a result,
improving accessibility for visitors with ASD represents an important challenge for
worldwide cultural institutions.

Over the years, numerous studies have proposed strategies to mitigate the chal-
lenges faced by museum visitors with ASD. The most commonly adopted measures
include the introduction of sensory-friendly activities and specific quiet hours [204],
the development of collaborative initiatives with autism support organizations [140],
and the use of co-design strategies that directly involve individuals on the autism
spectrum in the design process [96]. As an alternative solution, the use of VR
has emerged as a particularly promising approach to support accessibility in CH
contexts. The application of VR technologies for individuals with ASD has been
extensively investigated across different domains, including social skills training [3,
52] and educational settings [40]. However, their adoption in the context of museum
experiences has so far remained more limited [37, 53]. The usage of VR encom-
passes several advantages, such as the creation of immersive, isolated, and safe
VEs, which can help reduce the sensory overload experienced by visitors with ASD
[52]. Additionally, by digitally reconstructing real-world spaces, VR can facilitate
the transfer of acquired skills to physical settings, allowing users either to virtually
explore a museum [77] or effectively prepare for an in-person visit [60]. Lastly, VR
supports the design of controlled and highly customizable simulations centered on
user needs, an aspect that is particularly beneficial for individuals with ASD, who
often prefer predictable environments [156].

Despite the benefits of employing VR, other crucial factors must be taken into
account. Among them, there is the integration of inclusive design and immersion
practices specifically tailored to ASD users [61]. Beyond the CH domain, such
practices have been extensively investigated, aimed at creating ASD-oriented de-
sign guidelines within VXs. For instance, some studies highlight the importance
of enabling task repetition, minimizing unnecessary informational complexity, and
structuring activities around clear and consistent learning routines [26]. Moreover,
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the creation of highly realistic VEs has been identified as a relevant design strategy,
as realism may facilitate faster adaptation to the virtual space and enhance user
motivation to engage with learning activities [45, 135]. Other studies has empha-
sized the role of gaze-based interaction and attention-guidance mechanisms [121],
since individuals with ASD tend to process visual information more effectively than
other sensory modalities [219].

The previously mentioned design guidelines should also be taken into account
within the CH domain, particularly when developing inclusive Virtual Museum
Experiences (VMEs). In function of the ongoing trend toward the digitization of
CH [228], such VMEs, including virtual tours and virtual exhibitions, have seen
widespread adoption by museums worldwide [136, 177, 197]. However, significant
challenges remains within this context. With respect to CH accessibility, most of the
criteria proposed to support ASD users have not yet been universally accepted [158].
This may also be the reason why the topic is currently underexplored. Moreover,
this consideration remains valid also from the perspective of virtual design, where a
generally accepted methodology for designing inclusive VMEs seems to be lacking.

The investigation described in this section aims to overcome the challenges in
the use of VR for individuals with ASD within museum contexts. To this end, a
methodology for designing tailored, accessible, and engaging VMEs is proposed.
Specifically, the methodology is structured into three main phases: the identifica-
tion of several inclusive principles specifically developed for ASD visitors, which
shape the design of a VME; the definition of guidelines for preparing the materials
required to develop the application, such as the selection of cultural contents and
the digital reconstruction of the VE; and finally, the implementation of co-design
sessions to evaluate and refine the VME design, ensuring alignment with the needs
of ASD users and the expectations of all the involved stakeholders.

The developed methodology was employed for a specific scenario, namely the
“Hall of Seasons” in Palazzo Carignano, Turin, Italy. Since the selected scenario
involved an environment characterized by multiple elements potentially hindering
for ASD users, such as decorations and bright lighting, it was deemed suitable
for this investigation. The objective was to develop an inclusive VME, following
the developed design principles, inspired by a real-world visit. Subsequently, co-
design sessions were conducted for the validation of the VME with ASD users and
stakeholders, including museum curators, ASD organizations, a psychologist, and
a psychiatrist. These sessions were essential for refining the VME through iterative
feedback, allowing for targeted adjustments and improvements. Lastly, a testing
phase involving ASD visitors was conducted in order to analytically compare the
developed inclusive VME with its real-world counterpart.
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2.1.2 Background

A substantial body of research has investigated accessibility and inclusive vir-
tual design practices for supporting individuals on the autism spectrum. This
section presents an overview of the current state of the art across CH, VR, and
VMEs specifically related to ASD. Specifically, it highlights key findings, recent
advancements, and unresolved challenges, providing the conceptual context for the
proposed approach.

ASD and Cultural Accessibility

In recent years, increasing attention has been devoted to accessibility within
both scientific research and CH institutions. Historically, museums were conceived
as spaces accessible only to selected groups of visitors; however, contemporary
practice increasingly recognizes the necessity of ensuring that cultural resources
are available and meaningful for all audiences [81]. In order to comprehend this
necessity, it is essential to clearly define the concept of accessibility and to examine
the existing guidelines that support it within museums and cultural institutions.

A comprehensive conceptualization of accessibility in the CH domain has been
introduced by Deffner et al. [54], who distinguished between two primary phases:
physical and perceptual accessibility. Physical accessibility regards the visitor’s
ability to interact with cultural assets through sensory channels, such as vision,
hearing, and touch. Barriers at this level may arise from physical impairments as
well as from external factors (e.g., admissions costs). Perceptual accessibility, by
contrast, relates to the processes of understanding and interpreting cultural con-
tent, which depends on the cognitive abilities and the educational background of
every individual. As discussed in the study, this dimension may present signifi-
cant challenges for visitors with cognitive or learning disabilities. Moreover, the
existence of a third phase is highlighted, namely “appropriational accessibility”,
which integrates physical and perceptual dimensions. This phase enables visitors
to establish a meaningful emotional relationship with a CH site.

Based on these definitions, it is essential for CH institutions to adopt practices
that address all the previous dimensions of accessibility. In particular, physical
accessibility in relation to visitors with ASD has been the focus of several research
investigations.

For example, Hutson and Hutson [99] examined existing best practices and
guidelines aimed at improving accessibility for ASD individuals within CH sites
(e.g., museums). Among these guidelines, the authors highlighted the use of sen-
sory maps designed to inform visitors about potentially challenging elements, such
as crowded areas, intense lighting, or specific smells. In contrast, initiatives such as
sensory-friendly days or special opening hours were found to be negative elements in
terms of social inclusion. The study further proposed additional strategies, includ-
ing the provision of sensory-support tools (e.g., headphones or earplugs), alternative
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instructional materials, such as Picture Exchange Communication System (PECS),
and audio guides. Lastly, the authors emphasized the value of collaboration with
organizations and support groups specialized in ASD to enhance the overall visitor
experience.

Similarly, Lussenhop et al. [140] investigated cultural participation among fam-
ilies with ASD children. Through qualitative interviews, the study explored mu-
seum visit experiences, highlighting both positive aspects and recurring challenges
encountered during real-world visits. A key outcome of the analysis was the identi-
fication of specific environmental features of museum spaces that can significantly
influence the cultural experience of families with ASD children. In line with the
findings of Hutson and Hutson [99], the authors emphasized the importance of es-
tablishing connections with ASD support programs and associations to improve
accessibility. However, the study also reported that environmental barriers, such
as excessive noise levels and overcrowded spaces, could negatively affect museum
experiences, even when mitigation strategies are employed.

Another relevant study was carried out by MacLennan et al. [143], who exam-
ined the sensory experiences of autistic adults in public environments. By utilizing
a focus group methodology, the study analyzed participants’ responses in accor-
dance to a set of evaluative principles. Although museums were perceived as more
accessible than other public spaces, such as restaurants or public transportation,
challenges related to environmental predictability were still reported. In particu-
lar, unpredictability was associated with uncertainty in relation to potential sensory
stressors (e.g., crowd density and noise levels), as well as with inconsistencies, unfa-
miliar settings, and insufficient information to support effective pre-visit planning.

Building on the studies discussed above, the presence of disruptive environ-
mental factors, such as excessive noise, intense lighting, and overcrowded spaces,
appears as a critical aspect regarding accessibility for visitors with ASD. These
elements not only affect visitors’ well-being, but may also interfere with perceptual
accessibility. As a result, several approaches have been proposed to enhance percep-
tual accessibility for visitors with learning and neurodevelopmental impairments,
including individuals on the autism spectrum.

Within this context, Rappolt-Schlichtmann and Daley [182] investigated the
application of Universal Design for Learning (UDL) principles in museum environ-
ments. The set of UDL principles, represented by seven items, have been exten-
sively explored in literature across various fields, aiming at designing products and
environments usable by individuals of all ages and abilities [202]. In the study
of Rappolt-Schlichtmann and Dale, the authors observed that, while traditional
physical accommodations, such as ramps or subtitled videos, have contributed to
improving access to museum spaces, they often were not efficient in supporting
deeper learning and engagement. To address this limitation, the study encour-
aged the adoption of UDL strategies in museums, including the use of multime-
dia resources, interactive elements, and personalized challenges tailored to diverse
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learning needs.
Similarly, Guedes et al. [86] emphasized the importance of actively involving

individuals with IDs in the design of accessible museum technologies. Their work
focused on the development of the ACCESS+ application through an iterative
co-design process, incorporating features such as Augmentative and Alternative
Communication (AAC) pictograms, simplified user interfaces, and text-to-speech
functionalities. The results indicated that participatory design approaches could
possibly enhance both usability and emotional engagement in digital applications
for museums.

ASD and VR

The adoption of VR to support individuals with ASD and other cognitive im-
pairments has been widely investigated, largely due to the advantages offered by
this type of DTT. VR enables users to practice skills within safe and controlled envi-
ronments, allows precise regulation of sensory stimuli, supports adjustable levels of
task complexity, and facilitates the design of highly structured and predictable sce-
narios tailored to individual needs [26]. Thus, VR has been applied across a broad
range of contexts, including rehabilitation [50], the development of real-world social
[90, 186], emotional [17], and safety-related skills [88], as well as special education
settings [24]. Research in this area frequently relies on immersive VR solutions,
often delivered through HMDs, to enhance engagement and learning outcomes.
Furthermore, the adoption of inclusive immersion strategies has been shown to im-
prove accessibility and usability of VR applications for users with diverse sensory
and cognitive profiles [61].

A relevant contribution to the clarification of these concepts was provided by
Dudley et al. [61], who distinguished between inclusive design and inclusive immer-
sion. Inclusive design was described as a set of practices aimed at maximizing acces-
sibility across heterogeneous user groups, whereas inclusive immersion specifically
addresses accessibility challenges within immersive VR experiences. Their anal-
ysis of existing inclusive immersion approaches revealed several open challenges,
including the difficulty of applying universal design principles in practice given the
diversity of user needs, as well as the limitations faced by researchers when relying
on too general guidelines.

Building on the concept of inclusive immersion and the challenges associated
with its practical application, several studies have proposed design principles tai-
lored to specific users. In this direction, Guitton et al. [87] introduced a set of
guidelines for immersive serious games intended for users with cognitive impair-
ments. These principles focused on the design of intuitive interfaces with simple
navigation, careful management of environmental level of detail, the use of clear
visual and auditory cues, and reduced control complexity. The authors also high-
lighted the relevance of providing real-time feedback and adopting inclusive design
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processes that actively involve individuals with cognitive disabilities throughout
the development phase.

A further example is provided by Cai et al. [35], who described the design and
implementation of an immersive and interactive Virtual Dolphinarium. The main
objective was to support children with ASD with respect to learning nonverbal
communication skills. Unlike conventional dolphin-assisted therapy, the proposed
system offered a safe and fully controlled virtual setting in which children assumed
the role of dolphin trainers, interacting with virtual animals through hand gestures.
The experience was supported by a 320-degree curved display, stereoscopic 3D visu-
alization, and gesture-based interaction. While a pilot study involving participants
with ASD was conducted, the results also highlighted limitations, as more than half
of the users experienced sensory overload during the VR session.

In addition to generic VR applications, a substantial portion of research on
inclusive immersion for users with ASD has concentrated on training and educa-
tional scenarios. Within this domain, Lorenzo et al. [135] proposed an immersive
VR system designed to support the development of emotional skills in students on
the autism spectrum. The approach relied on realistic social situations that allowed
participants to practice emotion recognition and appropriate responses. The results
reported significant improvements in emotional competencies, underscoring the im-
portance of realism in VEs to facilitate adaptation and to promote the transfer and
retention of skills acquired during the VX.

From an educational perspective, Cecil et al. [40] investigated the design and
evaluation of Virtual Learning Environments (VLEs) aimed at supporting Science,
Technology, Engineering, and Mathematics (STEM) education for students with
ASD. The study leveraged immersive VR to develop interactive and modular learn-
ing units, each addressing a specific topic such as robotics or manufacturing. By
conducting pre- and post-intervention assessments, the authors demonstrated that
VR-based VLEs can improve both engagement and comprehension in ASD learn-
ers, highlighting the potential of modular immersive tools to enhance accessibility
and effectiveness in STEM education.

Another relevant contribution adopting a modular perspective is the work by
Meins et al. [149], which addressed the treatment of individuals with social im-
pairments through VR-based interventions. The authors highlighted how modular
treatment structures can support personalized approaches by targeting specific dif-
ficulties related to social functioning, such as social anxiety and paranoia. In this
context, they introduced VR-SOAP, a VR-based treatment composed of multiple
independent modules designed to encourage social engagement and participation.
Each module focused on a particular challenge and relied on realistic social sim-
ulations implemented within several VEs. Although the study was presented as
preliminary, its emphasis on modularity suggested promising potential for scalable
and customizable interventions.

Beyond modularity, several studies in the field of VR for ASD have focused on
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visual attention as a key design element. Compared to neurotypical individuals,
users with ASD often show differences in both selective attention, such as diffi-
culties in rapidly shifting focus between visual elements, and sustained attention,
characterized by maintaining focus over time on specific tasks [219, 18, 76]. These
characteristics indicate that the integration of explicit attention-guidance mecha-
nisms may play a crucial role in the design of effective VXs for individuals with
ASD.

With the above considerations, multiple strategies for guiding user attention
within VEs have been proposed. Lee et al. [126], for example, introduced a
diegetic attention guidance system aimed at improving turn-taking in social VR
group meetings. The proposed approach addressed several challenges, such as re-
duced peripheral awareness caused by limited fields of view and the difficulty of
perceiving non-verbal cues, including gestures. The results demonstrated a reduc-
tion in response times, suggesting that such multi-modal guidance techniques may
be beneficial for users with reduced social abilities, including individuals with ASD.

Another relevant study is provided by Amat et al. [6], who developed a system
specifically targeting joint attention skills in children with ASD. In this scenario,
joint attention was defined as the ability to align one’s focus with another individual
toward a specific object or event. With the objective of improving this ability
for autistic children, the proposed desktop-based VR application integrated gaze
tracking to monitor attention toward predefined Region of Interest (ROI), as well
as adaptive gameplay mechanisms. While the findings indicated improvements
in gaze-related behaviors, the authors acknowledged methodological limitations,
including a small sample size and the absence of a control group.

VR and Cultural Accessibility for ASD

Although still relatively under-explored, some research studies have proposed
approaches specifically leveraging VMEs to enhance cultural accessibility. One ex-
ample is the work by Messina et al. [151], which introduced “Social Stories” as a
medium to support museum accessibility for visitors with cognitive impairments.
The authors employed low-cost wearable VR devices to develop an immersive VME
in the form of a virtual tour based on 360° videos. The experience was further en-
riched with visual elements (e.g., geometric shapes and images), auditory cues, and
interactive components to increase engagement. An evaluation of the VME was
conducted through workshops involving domain experts, including educators and
therapists, who recognized the potential of the approach and suggested improve-
ments. In particular, it was emphasized the need for explicit visual “facilitators”,
such as highlighted areas guiding users’ attention toward specific regions of the VE.

Meanwhile, other studies have addressed cultural accessibility through VMEs
with a more specific emphasis on ASD. Giaconi et al. [78], for instance, conducted
a pilot investigation aimed at improving CH accessibility for users on the autism
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spectrum through the adoption of VMEs. Their methodology relied on a co-design
process involving both experts (e.g., psychologists and museum curators) and in-
dividuals with ASD, and was structured into three main phases: identification of
accessibility challenges, on-site data collection (including 360° images and cultural
data), and the prototyping of an inclusive VME. The resulting experience, im-
plemented using the Marzipano web-based tool, incorporated several accessibility
criteria, such as anticipatory exposure to museum spaces, realistic environmental
representation, improved access to cultural content, and clarification of symbols
used within the museum context.

Another contribution is represented by Drageset et al. [60], who presented an
exploratory study on a pre-visit VME designed to support individuals with ASD
and their families. The proposed solution consisted of a non-immersive virtual tour
developed using Matterport and 360° images, with the goal of reducing sensory
overload and increasing familiarity with the museum environment prior to a physical
visit. The VME allowed users to explore exhibits in detail through features such
as zooming on cultural objects and navigation via interactive hotspot or Point of
Interest (POI). The study reported positive outcomes related to the absence of
crowds and audio stimuli, while also identifying limitations concerning POI design
and textual clarity.

Practical Use Cases and Stakeholder Perspectives

Beyond academic research, many of the accessibility practices discussed above
are already adopted by museums worldwide. The British Museum in London, for
example, implements a range of accessibility measures tailored to different visitor
groups, including individuals with ASD. These measures involve offering prepara-
tory resources, such as sensory maps, before the visit, as well as providing sensory
backpacks and other supportive tools during the museum experience. A similar
strategy is employed by the V&A Museum of Childhood (now Young V&A), which
uses sensory kits and PECS-based communication symbols to facilitate cultural
engagement for children with ASD, and also provides quiet rooms and designated
low-stimulation visiting hours. However, as highlighted by Hutson and Hutson [99],
such approaches may not necessarily foster social inclusion.

In recent years, some museums have begun experimenting with VMEs as an
alternative way of improving access to CH. The Solomon R. Guggenheim Museum
in New York, for instance, has incorporated virtual activities into its “Guggenheim
for All” program [208]. As discussed by Di Lello [55], this initiative, launched
in 2014 and grounded in UDL principles, aims to support cultural education for
students with ASD. The program is structured around several principles, such as
offering multiple forms of representation (e.g., text, images), reducing exposure to
potentially overwhelming sensory stimuli (e.g., loud sounds), and promoting on-site
learning within the museum environment as an alternative pedagogical approach.
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A more recent exploratory study at the National Archaeological Museum of
Naples (MAN) investigated the use of an immersive video tour specifically created
for ASD visitors [169]. In this case, the designers intentionally adopted a styl-
ized, non-realistic visual aesthetic to mitigate sensory overload caused by lighting,
shadows, or reflections—factors frequently reported as challenging for individuals
with ASD. However, as noted in other studies, such stylization may limit the user’s
ability to “anticipate” the real-world CH environment.

Despite these efforts, VR-based accessibility initiatives remain relatively rare in
museum contexts, particularly for individuals with perceptual or cognitive disabili-
ties. Some curators express concern about VR, perceiving it either as incompatible
with traditional curatorial principles or just as a trend-driven technological addi-
tion [192]. Moreover, the development of inclusive VR experiences often requires
coordinated work among clinicians, caregivers, technical developers, and museum
professionals, making these projects demanding in terms of resources and organi-
zation.

In any case, existing research indicates that VMEs can provide distinctive ben-
efits compared to in-person visits, especially regarding narrative structuring, inter-
active engagement, and the ability to modulate sensory input [107].

In conclusion, although interest in digital and VR-based accessibility tools is
increasing, their practical implementation within museums is still limited. This
scenario underscores the importance of balancing institutional priorities, user re-
quirements, and interdisciplinary collaboration to enable accessibility within the
CH sector.

Considerations

Figure 2.1 provides an overview of the main findings emerging from the ana-
lyzed literature. Overall, the reviewed works clearly indicate that the adoption of
targeted practices can significantly contribute to improving both physical and per-
ceptual accessibility for ASD users. Several of these practices occur several times
across different studies and application contexts, including the provision of pre-
visit resources (e.g., sensory maps), in-visit support tools (e.g., sensory aids and
quiet rooms), simplified representations of cultural content (e.g., PECS and AAC
systems), and the involvement of individuals with ASD and related support orga-
nizations through co-design and participatory approaches. Despite the adoption
of such strategies, some studies still reported issues related to users’ well-being,
particularly sensory overload. These difficulties appear to be closely linked to the
unpredictability of museum environments, which remains a critical barrier for visi-
tors with ASD.

In response to the challenges posed by real-world unpredictability, numerous
studies have explored alternative solutions based on controlled VR environments.
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Within this research area, a number of design principles and guidelines aimed at in-
clusive and effective immersive VXs have emerged. In particular, studies conducted
in training and educational contexts suggest that VR applications benefiting users
with ASD often rely on structured routines, modular designs, and realistic scenar-
ios. Moreover, research regarding attention has highlighted the role of visual (e.g.,
lighting cues and ROI) and auditory signals in effectively directing users’ focus
within VEs.

With specific regard to VMEs designed for individuals with ASD, the use of
360° imagery represents a widely adopted solution for achieving realistic represen-
tations of museum spaces. This approach enables users to preview environments
and gradually familiarize with them, positively influencing their overall experience.
However, the static nature of 360° images tends to restrict user interaction, thereby
revealing the potential advantages offered by more interactive and immersive 3D
VEs.

Across the literature, predictability is frequently defined in terms of “environ-
mental anticipation,” particularly in relation to VMEs that allow users to explore
a museum before a physical visit. While anticipation supports familiarization with
visual and spatial aspects, such as layouts and exhibits, this interpretation only
partially reflects the broader concept of predictability. Particularly, this concept
also involves the capacity to consistently interpret and navigate an environment
in real time, thus minimizing uncertainty and cognitive stress. This distinction is
crucial for individuals with ASD, who typically benefit from environments charac-
terized by stable and clearly structured cues. Consequently, approaches aimed at
enhancing predictability should extend beyond pre-visit experiences and provide
continuous support throughout the visit itself.

Finally, although an increasing number of studies address accessibility for in-
dividuals with IDs, relatively few contributions specifically focus on ASD within
the context of VMEs. Furthermore, even when inclusive immersion principles are
considered, a lack in terms of standardization and user-specific design seems to be
present. These gaps highlight the need for a more systematic and target-oriented
approach.

2.1.3 Materials and Methods

This section describes the proposed methodology, which is structured around
three main phases: a series of inclusive immersion principles intended to guide the
design of a VR application featuring a VME specifically conceived for visitors with
ASD; a collection of guidelines supporting the preparation of materials required for
the application development, including criteria for selecting cultural contents and
defining the workflow for constructing the VE; and a set of co-design sessions aimed
at evaluating and iteratively refining the proposed solution, ensuring its suitability
for ASD users and stakeholders.
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Figure 2.1: Key points of the analyzed works, including the inclusive immersion
principles addressed, the technologies used, the methodologies adopted, and the ID
types considered.

Inclusive Design Principles

Based on the analysis of the state of the art, in this investigation a set of inclusive
immersion principles specifically tailored to ASD users are introduced, which can be
integrated into the design process of a generic VR application featuring a VME. The
proposed principles, namely modularity, predictability, and attention, are intended
to improve the VR experience of users with ASD while interacting with virtual
elements, like User Interface (UI) components, navigating the VE, and accessing
cultural content.
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Modularity Principle

The first principle, modularity, aims to address potential challenges experienced
by users with ASD, particularly those related to sensory overload and learning. As
highlighted by previous studies, the adoption of structured modules, simplified nav-
igation mechanisms, intuitive controls, and realistic environments can address these
issues [40, 26]. However, these measures alone are often insufficient to fully prevent
sensory overload. This limitation is especially evident in museum contexts, which
typically contain a high density of visual stimuli, as well as in VMEs, where multiple
virtual objects and interactive interfaces may coexist. When presented simultane-
ously or within a short temporal window, these elements may negatively affect
the cultural experience of the target users. To address this problem, the proposed
methodology defines modularity according to two complementary dimensions: VE
modularity and application modularity.

VE modularity refers to the conceptualization of the VE as a collection of sub-
elements, including both 3D components and UI elements (e.g., buttons and pan-
els). This structure enables the sequential presentation of these sub-elements, rather
than exposing users to all elements at once. Accordingly, the VE should initially
not include some of its defining elements, which are then progressively introduced
and enriched as the user advances within the VX. This process is referred to as
“progressive enrichment” of the VE. To support this enrichment, visual techniques
such as fade-in animations can be employed to smoothly reveal new elements.

Application modularity, instead, concerns the capability of a VR application
to offer discrete and structured modules aimed at supporting the presentation of
cultural content. Each module is defined through a task-based process, referred to
as a module procedure, which includes a sequence of user actions (e.g., pressing a
virtual button or moving to a specific location) and associated cultural information
(e.g., historical descriptions). Access to the cultural content should be granted only
upon completion of all the required tasks. In addition, the VR application should
provide clear instructions for task execution, as well as support access to cultural
information (e.g., through textual UI panels or auditory cues).

Given the importance of providing a clear and well-defined routine for users
with ASD, the modules should be arranged sequentially, such that each module
becomes available only after the completion of the previous one. Consequently, in
a typical VR experience, all modules except the first should initially be unavailable,
either hidden or non-interactive, and should be unlocked progressively as the user
proceeds.

Within the proposed methodology, VE modularity and application modularity
are implemented through a linked approach. Each module is defined by a module
procedure, a textual cultural description, and a reference to a specific cultural
element (e.g., an artwork or architectural detail), which represents a sub-element of
the VE. The tasks composing the module procedure are designed to be completed
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Figure 2.2: Example of the proposed approach combining VE modularity, through
progressive enrichment, and application modularity in a VR application. At the
beginning of the Module Procedure (MP), both the cultural element (a) and the
cultural description (b) are respectively invisible and inaccessible. After completing
a predefined number of tasks (c), the cultural element becomes visible (d), and the
cultural description (e) can be accessed and explored by the user.

individually through simple interactions with virtual elements (e.g., UI buttons).
Once a predefined number of tasks has been completed, the associated cultural
description becomes accessible, and the linked cultural element is revealed within
the VE. An example of this approach is illustrated in Figure 2.2, showing how VE
progressive enrichment and application modularity can be implemented within a
VR application.

Finally, task execution within the modules may benefit from the inclusion of
a comprehensive tutorial, particularly when combined with the principle of pre-
dictability, which is discussed in the following subsection.

Predictability Principle

The second principle, predictability, is intended to mitigate the challenges aris-
ing from the dynamic and often unpredictable nature of CH sites. As discussed
in Section 2.1.2, unexpected sensory stimuli, such as sudden noises, bright lighting
conditions, and overcrowded spaces, have been identified as major factors nega-
tively affecting both well-being and learning experiences of individuals with ASD
[140, 143]. Several studies have suggested that VR can partially address these chal-
lenges by providing controlled and predictable VEs. However, predictability within
a VME cannot just rely on environmental control and should also be supported by
inclusive immersion practices.

From a design perspective, fostering predictability requires the adoption of in-
tuitive interaction mechanisms, as widely acknowledged in interface design research
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[20]. At the same time, it should tailor interaction procedures to the specific needs of
users with ASD. In this regard, best practices identified in the literature emphasize
the relevance of structured learning routines and the possibility of repeating tasks.
These considerations suggest that integrating repetitive and consistent interaction
schemes throughout the VME may significantly improve the cultural experience for
the target users.

Based on these premises, the proposed methodology conceptualizes predictabil-
ity as the capability of a VR system to provide two fundamental elements: intuitive
UIs and iterative interaction routines.

Intuitive UIs can be achieved by adopting simple and direct interaction paradigms
with virtual elements (e.g., touching or selecting a UI button), as well as by em-
ploying symbols that are easily interpretable by users with ASD. Examples include
pictograms and icons derived from AAC or PECS-based systems [22, 152]. Inter-
action routines, on the other hand, ensure that users are exposed to consistent
Interaction Patterns (IPs) across the entire VR experience. Each IP consists of a
series of recurring interaction routines, which are in turn composed of a variable
number of interaction steps. To further support learning and reduce frustration,
the VR system should allow task repetition, enabling users to perform the same
interaction routine multiple times if additional attempts are required to master a
given IP [26].

These interaction patterns are designed to be reused across multiple module pro-
cedures, thereby enabling a tight integration between the principles of modularity
and predictability (Figure 2.3). To limit cognitive load and maintain a uniform in-
teraction experience, a particularly critical aspect to consider when users with ASD
are involved [140, 143], the number of distinct IPs should be kept as low as possible.
Each interaction routine is associated with a specific cultural element, while each
interaction step corresponds to a single task within the module procedure and is
regulated by a timeout. The timeout defines the maximum duration allowed for
completing a task. If the timeout expires before task completion, the interaction
routine resets to its initial interaction step, reinforcing repetition and consistency.
This mechanism is intended to establish a stable and repetitive interaction flow,
facilitating task learning for users with ASD. A conceptual representation of such
an interaction routine is illustrated in Figure 2.4.

Attention Principle

The third and final principle is attention, which plays a fundamental role in
directing users’ visual focus toward specific spatial locations or elements within a
VE. As discussed in Section 2.1.2, individuals with ASD may experience difficulties
both in shifting attention between different objects or events of interest and in
maintaining focus on externally imposed activities. Such difficulties can negatively
affect cultural engagement, particularly with respect to perceptual accessibility and
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Figure 2.3: Example of a module procedure (MP) integrating the predictability
principle. The procedure includes two interaction routines (IRs) within a single
Interaction Pattern (IP), composed of multiple interaction steps (IS), a cultural
element (a), and a cultural description (b). Differently from the configuration
adopting only modularity (Figure 2.2), the tasks are embedded within the interac-
tions steps. Once the final task of the first routine is completed (c), the cultural
element (d) and its description (e) become accessible.

learning processes. Prior research in VR indicates that the use of visual cues (e.g.,
UI elements, highlights), ROIs, and gaze-based interactions can effectively support
attention guidance within VEs [6]. Moreover, in the context of VMEs, additional
guidelines tailored to CH scenarios have been proposed, including the adoption of
visual facilitators [77] and zoom-based mechanisms to emphasize specific cultural
elements. While these approaches have been mostly applied to VMEs based on
360° images or videos with limited interactivity, adapting them to fully 3D-VEs
appears particularly promising.

Based on these considerations, the principle of attention is defined here as the
ability of a VR system to effectively guide users’ focus toward specific regions
or elements of interest within a VE. To further support attention, the involved
virtual elements should dynamically adapt to user interactions and be presented
in visually accessible ways. Within the proposed methodology, this principle can
be implemented through two complementary modalities, which may be employed
either independently or simultaneously:
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Figure 2.4: Conceptual representation of an interaction routine (IR), composed
of multiple interaction steps (IS1-2-3), each associated with a specific task and a
timeout constraint (a, b, and c).

• The adoption of a head-gaze-based interaction paradigm, in which the user’s
head orientation defines the gaze direction and enables interaction, combined
with visual facilitators to direct attention toward a cultural element;

• The spatial repositioning of cultural elements toward visually accessible areas
of the VE.

In coherence with the principles of modularity and predictability, both modali-
ties can be formalized as interaction routines embedded within a module procedure.
An illustrative example is reported below.

1. Head-gaze-based interaction routine: this interaction routine relies on
the use of a visual facilitator, such as a UI panel, which dynamically moves
within the VE according to the user’s head-gaze direction, detected through
the HMD sensors. The interaction steps require the user to visually follow
the facilitator as it shifts across predefined spatial positions. To sustain en-
gagement and progressively orient attention, multiple interaction steps are
employed, gradually leading the user toward the target cultural element. Af-
ter a predefined number of interaction steps, the visual facilitator stops at a
specific position, then disappears, revealing the cultural element located at
that position. In line with the predictability principle, each interaction step
is associated with a timeout; if the timeout expires, the interaction routine
resets, allowing the user to repeat the sequence if necessary. A conceptual
example of this routine is shown in Figure 2.5.

2. Visually accessible positioning: once the cultural element becomes vis-
ible, a secondary interaction routine composed of a single interaction step
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Figure 2.5: Simplified representation of a head-gaze-based interaction routine using
a visual facilitator (VF). The routine includes three interaction steps (IS1-2-3), each
associated with a timeout, and three spatial positions within the VE (xi, yi, zi). In
accordance with the modularity principle, the cultural element is initially hidden
(a). After completion of the final interaction step, the cultural element becomes
visible (c), while the visual facilitator disappears (d).

can be used to reposition the element within the VE, ensuring optimal visual
accessibility. Although this routine may not be required for all modules, it
becomes particularly relevant when cultural elements are initially placed in
positions that hinder effective observation. The interaction task associated
with this step can be implemented through a simple and intuitive action, such
as pressing a UI button, allowing the cultural element to automatically move
to a predefined accessible location.

A summary diagram illustrating the proposed inclusive immersion principles,
modularity, predictability, and attention, and their application to the design of
VR-based VMEs is provided in Figure 2.6.

Material Preparation

Defining which design principles should be adopted and how they can be uti-
lized through interaction mechanics represents a core component of the proposed
methodology. Additionally, equally important is the preparation of the materials
required to build a VME tailored to users with ASD. This phase focuses on the
digital reconstruction of a suitable museum environment and on the definition of
a structured virtual visit. These aspects are considered essential to support both
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Figure 2.6: Overview of the three proposed inclusive immersion principles and their
integration within the design of a VR-based VME.

physical and perceptual accessibility, with the aim of mitigating common issues ex-
perienced by individuals with ASD during museum visits, such as sensory overload.

Since the methodology targets VMEs inspired by real-world museums, it is cru-
cial to ensure coherence between the virtual and physical experiences in terms of
cultural contents, including artworks and historical information. To this end, within
a generic museum environment (e.g., a museum hall), a set of POIs should be iden-
tified in collaboration with museum curators. In accordance with the modularity
principle, these POIs represent the modules of the VME. Each POI corresponds
to a specific spatial location where visitors can access cultural information and ob-
serve selected elements. Furthermore, particularly in the case of guided visits, the
definition of a clear and well-structured pathway through the museum environment
is strongly recommended. Pathway design plays a critical role, as unclear or am-
biguous navigation may severely disrupt the experience of users with ASD, limiting
their engagement with cultural contents.

Once the cultural elements and the pathway have been established, the work-
flow for creating the VE can be defined. This workflow aims to digitally reconstruct
the museum environment in 3D, resulting in an architectural model of the space
and a collection of 3D meshes representing the cultural elements associated with
the POIs. This process can leverage widely adopted 3D reconstruction DTTs, such
as laser scanning and photogrammetry, as well as mesh modeling and processing
tools, including Maya, Blender, and Meshlab. For the 3D meshes representing
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cultural elements, the management of the Level of Detail (LOD) is highly recom-
mended. This practice is particularly important for optimizing performance in VR
applications, ensuring smooth interaction and efficient rendering during the VME
experience [190].

Notably, the material preparation phase does not strictly depend on the appli-
cation design phase and can be carried out either before or after it. Two alternative
approaches can be followed. In the first approach, material preparation is performed
in advance, collecting all data related to the museum environment and the virtual
visit. These data shape the subsequent design and development of the VME, en-
suring the implementation of modularity, predictability, and attention principles
utilizing the prepared materials.

In the second approach, the application design precedes the material preparation
phase. In this case, the initial focus is on defining how the three principles will be
implemented through specific interaction mechanics and design choices. Once the
design framework is established, the material preparation phase follows, gathering
the required data to develop the VME in alignment with the predefined design
objectives.

Co-Design Refinement

As emerged from the analysis of the state of the art, co-design involving all rele-
vant stakeholders is a key component of inclusive design processes. Accordingly, af-
ter the development of an initial application prototype, a series of co-design sessions
should be conducted to evaluate and refine the system. These sessions may benefit
from the involvement of museum curators, individuals with ASD, and representa-
tives of ASD associations, as well as healthcare professionals such as psychiatrists,
psychologists, and ASD specialists, in order to comprehensively address user needs
and well-being.

During these sessions, each design iteration should be systematically evaluated
by engaging ASD users for testing the VR application. Standardized assessment
tools, such as the System Usability Scale (SUS) [28], can be employed to quantita-
tively measure usability and guide further refinements. After a sufficient number
of iterative cycles, the resulting application can be considered mature enough for
deployment within a real museum context.

2.1.4 Use Case

To validate the effectiveness of the previously explained methodology, whose
overall structure is illustrated in Figure 2.7, this investigation presents a use case
centered on the design and implementation of a VME. Specifically, the use case
concerns a virtual visit tailored for individuals with ASD within the “Hall of Sea-
sons” of Palazzo Carignano, a historical building and museum located in the city
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Figure 2.7: Scheme representing the key elements of the proposed methodology,
namely the inclusive immersion principles, the material preparation, and the co-
design refinement.

center of Turin, Italy (Figure 2.8). As previously mentioned, the selected scenario
featured an environment characterized by multiple elements that may be poten-
tially hindering for ASD users (e.g., golden decorations, bright lights); therefore, it
was considered suitable for this investigation.

The resulting VR application, named Palazzo Carignano VR, was developed in
accordance with the inclusive immersion principles introduced in this investigation
and was conceived as an integrated component of the museum experience rather
than as a standalone application. To assess the outcomes of the proposed approach,
a user study involving participants with ASD was conducted, comparing the VR-
based experience with a traditional in-person visit to the same exhibition space.

Palazzo Carignano VR

In line with the selected use case, the development process followed the stages
defined by the proposed methodology. First, a material preparation phase was
carried out through iterative interactions with the museum curators. Afterwards,
the three inclusive immersion principles were applied to design and develop the VR
application. Finally, the system was refined through a co-design phase conducted in
collaboration with both museum professionals and ASD support associations (i.e.,
caregivers and psychiatrists), ensuring alignment with curatorial objectives and the
needs of the target users.
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Figure 2.8: Picture of the “Hall of Seasons” of Palazzo Carignano, Turin, Italy, rep-
resenting the environment to reconstruct for the use case (©MiC – DRM Piemonte).

Material Preparation Phase

The material preparation phase was carried out in close collaboration with the
museum staff and focused on the selection and digital reconstruction of an exhibi-
tion space suitable for evaluating the proposed methodology. The “Hall of Seasons”
was chosen as the target environment, as it presents characteristics that may pose
challenges for visitors with ASD, particularly due to the numerous and complex
visual decorative elements.

To support the identification of culturally relevant contents, the curators pro-
vided documentation routinely used during on-site guided visits, including descrip-
tive brochures and interpretative materials. Based on this information, a set of
cultural elements was selected to structure the virtual visit. Specifically, seven el-
ements were identified as particularly significant: the frescoed vault (Figure 2.9),
two paintings portraying historical figures, and four golden sculptural decorations
symbolizing the allegories of the seasons, namely summer, autumn, winter, and
spring (Figure 2.10). Given their spatial proximity and their unified interpretative
role within traditional narratives, the two paintings were treated as a single cultural
entity. Consequently, six distinct POIs were defined along a predetermined pathway
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inside the hall, each associated with one cultural element. For each POI, concise
and accessible descriptions were defined with the museum staff to ensure consis-
tency with the curatorial perspective. The geometric data required for the digital
reconstruction were then acquired through on-site surveys. These surveys aimed at
acquiring high-quality textures for several architectural elements (e.g., floor, ceil-
ing) and at performing detailed 3D scans of the decorative sculptures representing
the four seasons. Data collection was performed using an F6 Smart Handheld 3D
scanner, producing point clouds that were imported in Echo software to generate
meshes with millimetric accuracy. Mesh processing and export operations were
performed using MeshLab version 2022.02, an open-source software widely adopted
for point cloud and mesh generation. Each point cloud was processed three times
to generate three distinct LODs by progressively reducing the number of vertices.
Mesh reconstruction was performed using MeshLab’s “Screened Poisson Surface
Reconstruction” algorithm, based on the method proposed by Kazhdan and Hoppe
[110]. The resulting meshes were further refined in Blender to improve visual qual-
ity and usability within a real-time VR application, and exported as FBX files.
In parallel, a simplified architectural model of the hall was created in Revit and
integrated with the reconstructed meshes to provide a coherent spatial structure.

The resulting VE was designed to closely resemble the physical exhibition space
while incorporating two minor simplifications. In particular, the chandelier and the
central table present in the real hall were replaced with less detailed representations.
This decision, made in agreement with the curators, was motivated by accessibility
considerations, as these elements were not essential to the cultural narrative of the
visit. Additionally, they were identified as potential sources of unnecessary and
possibly hindering sensory stimulation for users with ASD.

Design and Development: Adopting the Principles

Once the material preparation phase was completed, the methodological focus
moved to the design of interaction mechanics and to the technical development
of the VR application. This phase aimed at applying the three inclusive immer-
sion principles, modularity, predictability, and attention, within a coherent system
tailored to users with ASD. The application was developed using Unity1 2021.3, in-
tegrating the SteamVR framework to provide immersive VR support. This choice
ensured compatibility with a broad range of HMDs and enabled access to a consol-
idated set of interaction and tracking functionalities.

Regarding locomotion, teleportation was selected as the primary navigation
technique, as it represents a widely adopted compromise between usability, com-
fort, and accessibility [25]. Although controller-based locomotion can introduce

1Unity Engine: https://unity.com/
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Figure 2.9: Image of the frescoed vault of the “Hall of Seasons” (©MiC – DRM
Piemonte).

additional cognitive and motor demands for users with ASD, alternative solutions
present notable issues: smooth locomotion is often associated with cybersickness
and still requires controller use, while real walking necessitates large physical track-
ing spaces that are rarely available in standard museum setups [38]. To guarantee
stable performance and high visual fidelity, the system was designed for PC-based
VR platforms rather than standalone headsets.

To enhance perceptual accessibility, the user interface of the application was
designed using symbols from AAC systems [41], which are commonly employed in
applications targeting users with ASD. This design choice was intended to improve
the clarity and immediate comprehensibility of UI elements such as buttons and
panels, thereby supporting both usability and learning. In addition, a pre-recorded
audio guide was integrated to provide verbal instructions and guidance throughout
the experience, further supporting user orientation and task understanding.

From a structural perspective, the application was organized into three distinct
scenes: a main menu, a tutorial, and a VME. Since the system was conceived as
a supervised experience rather than a standalone application, the virtual environ-
ment is simultaneously rendered on the HMD worn by the user and on a desktop
monitor used by a supporting operator. The desktop interface includes dedicated
UI components, such as clickable buttons, not visible within the immersive view.
These elements allow the operator to manage the session, monitor user progres-
sion, and intervene when necessary. Importantly, a persistent desktop UI button
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Figure 2.10: Golden decorations in the “Hall of Seasons” depicting the allegories in
correspondence to the four seasons (©MiC – DRM Piemonte).

enables the immediate termination of the experience in case the user shows signs
of discomfort or distress.

Figure 2.11: Tutorial scene. As observable on the floor, the unlocked (blue) and
locked (orange) TPs enable the user’s movement within the VE.
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Figure 2.12: The image depicts the digital VE, i.e., the “Hall of Seasons”, as
visualized in the VME scene of the VR application. On the floor, the pathway and
the TPs defining the POIs of the VME are visible.

The main menu, accessible exclusively from the desktop interface, allows the
operator to configure several parameters prior to starting the experience. Among
these, the user’s height can be either manually specified or automatically retrieved
from HMD tracking data via a dedicated control. This information is used to
dynamically adapt the positioning of virtual UI elements to accommodate users
with different statures. In accordance with the modularity principle, each POI
corresponds to an independent module; therefore, additional settings are provided
to manage several parameters, such as the timeout associated with each interaction
step and the activation or deactivation of particle effects used to reinforce visual
feedback. Once the configuration is completed, the operator can initiate the VR
session.

At the start of the session, the user is placed within a tutorial scene (Fig-
ure 2.11), designed to facilitate a gradual familiarization with the VE. The tutorial
comprises multiple POIs, each equipped with a Teleport Point (TP) to support
movement within the scene. At each POI, the user is introduced to the fundamental
interaction mechanisms of the application, including teleportation and interaction
with virtual UI elements, with guidance provided through the audio narration. The
tutorial also presents contextual information about the museum hall featured in the
experience, such as its location within the building and a brief historical overview.
Upon completion of all tutorial POIs, the user is smoothly transitioned to the VME
scene to begin the main virtual visit.

The VME scene represents the inclusive virtual visit itself (Figure 2.12) and is
organized around the six POIs previously identified during the material preparation
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phase. These POIs define a structured visit path that becomes incrementally visi-
ble through directional UI arrows displayed on the floor after each completed POI.
Furthermore, a module procedure consistent with the proposed inclusive immer-
sion principles is embedded within each POI. In the current implementation, each
interaction step of a procedure is uniquely associated with a single POI, thereby
reinforcing modularity at both the spatial and interaction levels. These procedures
are hereafter referred to as POI Procedures, and their structure is detailed in the
following subsection.

POI Procedure

At the beginning of the virtual visit, the user is positioned at the first POI, where
an introductory narration about the hall is delivered through the audio guide. Fol-
lowing this initial contextualization, the POI Procedure associated with the selected
module is activated. This procedure governs the sequence of interaction routines
and interaction steps that the user must complete in order to progress within the
experience. As discussed in Section 2.1.3, each interaction step is formally char-
acterized by a specific task and an associated timeout, while task instructions are
conveyed verbally via the audio guide.

To clarify how a POI Procedure is concretely implemented within the VR ap-
plication, a representative example is outlined below.

• Interaction routine 1 – Cultural element appearance

– Interaction step 1 – POI activation: a UI button featuring an AAC-
based icon is presented to the user and functions as an initial visual
facilitator. At this stage, the button is positioned in front of the user
and dynamically adjusts its placement based on head orientation and
user position, maintaining a consistent distance and orientation. The
audio guide instructs the user to activate the button by reaching out
and pressing it using the controller.

– Interaction steps 1/2/3 – Head-gaze guidance: once the activation
task is completed, the behavior of the UI button transitions to a head-
gaze-based interaction paradigm, consistent with the attention principle
described in Section 2.1.3. The button is augmented with a particle sys-
tem to reinforce its role as a visual facilitator. The user is required to
visually track the movement of the button within the VE across a prede-
fined number of interaction steps (three in the present implementation).
Each successful gaze detection triggers visual feedback, i.e., a tempo-
rary color change to green, and causes the button to relocate to a new
position in the environment. Upon completion of the final interaction
step, the button disappears and the cultural element associated with
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the POI becomes visible. In the case of the four seasonal decorations,
an additional particle effect, thematically customized for each season, is
employed to further draw attention to the revealed element.

• Interaction routine 2 – Cultural element learning

– Interaction step 1 – Observation trigger: the audio guide intro-
duces the cultural element and explains the subsequent task. A second
UI button then appears, allowing the user to initiate an automatic repo-
sitioning of the cultural element to a predefined location within the VE
that offers improved visual accessibility. Once the button is pressed,
it disappears, and the cultural element moves accordingly. This step
corresponds to the visually accessible positioning strategy discussed in
Section 2.1.3.

– Interaction step 2 – Return control: while the audio narration
provides detailed information about the cultural element, the user can
observe it from a close and visually optimal perspective. A final UI
button is then displayed, enabling the user to return the cultural element
to its original position within the VE.

• Interaction routine 3 – Transition to the next POI

– Interaction step 1 – Teleportation: after the learning phase is com-
pleted, the TP associated with the subsequent POI is unlocked. The
audio guide encourages the user to use teleportation to reach the next
location, also providing spatial cues (i.e., position of the TP on the floor)
to facilitate navigation. Once the teleportation is performed, the current
POI Procedure is considered concluded.

Table 2.1 summarizes the general structure of a POI Procedure. Within the
developed VR application, this procedural structure is fully adopted for the POIs
associated with the four seasonal decorations, which are positioned at elevated
locations and therefore present greater observational challenges. Consequently, all
three interaction routines are employed for these POIs. Unlike the latter ones, the
remaining two POIs rely solely on the first and third interaction routines. Timeout
values associated with interaction steps can be configured through the main menu
scene, allowing the operator to adapt the experience to the specific learning pace
and needs of individual users.

Figure 2.13 illustrates an example of the first interaction routine of a POI, shown
from the perspective of a user immersed in the VR environment.
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Interaction Routine Interaction step Task Timeout (s)

1 - Cultural element appearance

POI activation Press UI button 30
Head-gaze guidance 1 Follow UI button 15
Head-gaze guidance 2 Follow UI button 15
Head-gaze guidance 3 Follow UI button 15

2 - Cultural element learning
Observation trigger Press UI button 45
Return control Press UI button 60

3 - Transition to the next POI Teleportation Press, point and release 30

Table 2.1: Structural representation a POI procedure; beyond the interaction rou-
tines, interaction steps and tasks, it is possible to observe in the last column the
default values, in seconds, for the timeouts.

Co-Design Refinement with Museum Curators and ASD Associations

In accordance with the proposed methodology, once a functional prototype of
the VR application was developed, a structured co-design process was carried out to
assess and iteratively refine the system. The refinement process was organized into
two distinct rounds of sessions, each involving different categories of stakeholders
and targeting complementary evaluation objectives.

The first round involved domain experts, namely a psychologist, a psychiatrist
specialized in ASD, and three museum curators from Palazzo Carignano. Their
contribution focused on evaluating the prototype with respect to accessibility re-
quirements, cognitive load, and the accuracy and appropriateness of the cultural
contents presented within the VE. Specifically, the psychologist and the psychi-
atrist assessed the usability of the prototype based on their expertise and expe-
rience, ensuring that no discomfort would arise for ASD users engaging with the
VR experience. In contrast, the museum curators were responsible for verifying
the correctness of the content, including the audio guide narration and the visual
representation of the elements within the museum hall.

The second round of co-design sessions targeted end users and included 17 adults
with ASD (14 males and 3 females), aged between 18 and 60 years (M = 24.17,
SD = 10.85), characterized by heterogeneous backgrounds and different levels of
familiarity with VR technologies. Participants were accompanied, when required,
by caregivers, tutors, or parents.

All sessions were conducted in a controlled laboratory environment, consisting
of a medium-sized room arranged for immersive VR experimentation. During each
session, participants experienced both the tutorial scene and the VME scene of the
application. The immersive setup relied on an HTC Vive Pro 2 HMD connected to
a desktop PC running the application through SteamVR. Each experimental session
lasted approximately 35-40 minutes and followed a structured protocol comprising:
an initial welcome and procedural briefing by the research team (approximately
10 minutes); a hands-on interaction with the VR prototype (approximately 15
minutes); and completion of the SUS questionnaire, complemented by open-ended
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(a) IR1-IS1 (b) IR1-IS2

(c) IR1-IS3 (d) IR1-IS4

(e) Fall season appearance

Figure 2.13: The images represent the four interaction steps (1/2/3/4) in the first
interaction routine of a POI. Specifically, the example corresponds to the cultural
element linked to the winter season decoration.

questions aimed at collecting qualitative feedback.
Participant safety and comfort were treated as primary concerns throughout

the experimental process. Users were explicitly informed that they could interrupt

39



VX Design and Immersive VR

the experience at any time and were encouraged to report any discomfort. A
human operator continuously supervised the session from the desktop interface and
retained the ability to immediately terminate the VR experience if necessary.

Feedback gathered during the first round of co-design sessions led to several
refinements of the application. In particular, unnecessary textual UI elements were
removed (i.e., descriptions of the cultural objects), as the psychiatrist identified
them as potentially distracting and unsuitable for certain ASD users with reading-
related perceptual difficulties. Additionally, suggestions provided by the museum
curators resulted in revisions of some cultural descriptions narrated by the audio
guide to ensure consistency with the real-world museum narratives. Specifically,
the descriptions regarding the ceiling and one of the paintings in the hall, which
were initially based on publicly available online data, were updated based on the
feedback of the museum curators.

Results from the second round of sessions, involving ASD users, showed that
participants were able to complete the entire virtual visit and reach all POIs. How-
ever, the usability evaluation resulted in a mean SUS score of 66.62 (SD = 22.72),
slightly below the acceptability threshold of 70 defined by the adjective ratings
proposed by Bangor et al. [14]. Observations highlighted specific usability issues:
participants with concomitant upper-limb motor impairments encountered difficul-
ties in interacting with UI buttons using controllers, while other users reported
discomfort caused by the sudden appearance of UI elements at close visual dis-
tances.

To address these issues, the UI appearance mechanism was redesigned. In the
updated version, UI buttons initially appear at a greater distance from the user and
then smoothly transition to an ergonomically reachable position after a short in-
terval. Furthermore, additional configuration options were introduced in the main
menu to allow operators to adjust UI distances based on individual motor ca-
pabilities. Moreover, one participant presenting short-term memory impairments
experienced difficulties in retaining the cultural information conveyed during the
experience. To support this aspect of accessibility, a recap UI panel was added at
the end of the virtual visit, displaying a summary video of the cultural contents
explored.

As a result of the iterative co-design process and the subsequent refinements,
the Palazzo Carignano VR application was validated by museum curators and
progressively adapted based on feedback from ASD users and their caregivers, and
was therefore deemed suitable for the experimental phase. In particular, a final
co-design session involving 10 more ASD users (7 males and 3 females) resulted
in a SUS score corresponding to a “Good” level of usability (M = 76.47, SD =

17.22), according to the classification proposed by Bangor et al. [14]. Despite these
improvements, a limited number of usability issues still emerged during the main
experiment, as discussed later in relation to the results. These findings further
underline the importance of carefully refining attention-guidance mechanisms and
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spatial UI layouts when designing VR-based VMEs for users with ASD.

Experimental Procedure

To assess the effectiveness of the VR application developed according to the
proposed methodology, a between-subjects user study was designed and conducted.
The experimental protocol involved a total of 34 participants diagnosed with ASD
(28 males and 6 females), with ages ranging from 19 to 67 years (M = 27.24, SD =

9.00). Participants presented heterogeneous levels of familiarity with immersive VR
technologies, ranging from no prior experience to regular use. All the participants
were selected to ensure no overlap with the co-design groups.

The study was conducted in compliance with the “Carignano VR” experimental
protocol (ID: 101072/2022), which received approval from the Ethics Committee of
the Politecnico di Torino, Italy. All experimental activities were carried out under
the supervision of the research team and in accordance with ethical guidelines for
research involving human participants.

Participants were welcomed in small groups of five to six individuals by the
research staff. Each group was accompanied by caregivers and/or representatives
from ASD associations. During this introductory phase, the objectives of the study
and the overall experimental procedure were explained in accessible terms, after
which written informed consent was obtained. Following this initial briefing, par-
ticipants completed the experimental experience individually.

Prior to the VR experience, each participant was asked to complete a pre-
experience questionnaire aimed at collecting demographic and background infor-
mation. The questionnaire included items related to age, gender, education level,
occupation, self-identification as being on the autism spectrum, self-reported or
clinically diagnosed ASD level (when available), and frequency of VR usage. Ad-
ditionally, the abridged version of the Autism-Spectrum Quotient (AQ-Short) [97]
was administered to provide a standardized estimate of autistic traits.

Age information was subsequently used to categorize participants into four age
groups: Young Adults (18–25), Adults (26–40), Middle-aged Adults (41–60), and
Seniors (61+). Given that self-assessed or clinically diagnosed ASD levels were
unavailable for more than 50% of the sample, AQ-Short scores were adopted as
a proxy measure to characterize participants. Based on the thresholds validated
through ROC analysis by Hoekstra et al. [97], scores below 65 were classified as
low, scores between 65 and 69 as moderate, and scores equal to or above 70 as high.
These categories are hereafter referred to as ASD trait levels.

An overview of the demographic characteristics of the participant sample, in-
cluding age distribution and ASD trait levels, is reported through percentage-based
charts in Figure 2.14 and Figure 2.15.

The user study was guided by two main research questions:

• RQ1: Is a VME developed according to the methodology proposed in this
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investigation, and explicitly tailored to the needs of individuals with ASD,
capable of delivering a more educational, entertaining, visually appealing and
comfortable museum experience than a traditional in-person visit featuring
the same cultural contents?

• RQ2: Do participants’ age and level of autistic traits significantly affect the
perceived quality of the VME and its potential benefits in terms of educa-
tion, entertainment, esthetics and museum experience when compared to a
traditional museum visit?

Given that the primary goal of the study was to compare two different visit
modalities, namely, a traditional museum visit and a virtual one, participants were
equally divided into two groups, each composed of 17 individuals. The first group,
hereafter referred to as the Control Group (CG), took part in a conventional guided
visit inside the “Hall of Seasons” of Palazzo Carignano, led by a professional mu-
seum guide from the institution’s staff. The second group, referred to as the VR
Group (VG), experienced the same visit through the proposed VR application led
by the virtual audio guide.

The experimental sessions for the VG were conducted using an HTC Vive Pro 2
HMD, tethered to a desktop PC running the VR application. Throughout each ses-
sion, an experimenter supervised the experience via the PC monitor, which allowed
both the configuration of application parameters (e.g., registering the participant’s
height) and the immediate interruption of the experience in case of discomfort.
Considering the involvement of individuals with ASD, caregivers were allowed to
be present during the sessions for participants in both groups.

The traditional visit was designed in close collaboration with the museum cu-
rators to ensure full correspondence with the contents presented in the VME. This
alignment in terms of cultural elements, visit structure, and overall experience was
considered essential to enable a fair comparison between the two conditions. The
CG sessions were conducted with small groups of approximately two to three ASD
visitors, accompanied by a museum guide. After an initial introduction to the
museum, participants followed the same predefined pathway adopted in the VR
experience, reaching the same locations identified as POIs in the VME. At each
POI, visitors were presented with the same cultural contents established during
the material preparation phase and implemented in the VR application. Explana-
tions were provided verbally by the museum guide, who accompanied participants
throughout the visit.

To further ensure consistency between the two modalities, the AAC icons used
in the VR application to represent cultural elements were printed on A4 sheets
and employed as supporting materials by the guide during the traditional visit.
Each experimental session lasted approximately 45 minutes and was structured as
follows:
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1. Welcome and introduction to the experience (approximately 10 minutes);

2. Administration of a demographic questionnaire, signing of the informed con-
sent form, and delivery of an information sheet describing the study (approx-
imately 10 minutes);

3. Participation in the museum visit, either traditional (CG) or virtual (VG),
with comparable durations (approximately 15 minutes);

4. Administration of a post-experience questionnaire.

The post-experience questionnaire was designed to assess the overall quality of
the museum experience for participants in both groups. Due to the absence of stan-
dardized and validated instruments specifically targeting UX in immersive museum
contexts, which is a limitation also highlighted by recent literature reviews [15],
an existing questionnaire previously adopted in similar research scenarios was se-
lected to ensure methodological coherence and comparability. In particular, the
instrument proposed by Lee et al. [127] was adapted to fit the scope of the present
study.

This questionnaire builds upon established evaluation tools and is grounded in
the 4E framework (Education, Entertainment, Esthetics, Escapism) derived from
the Experience Economy model by Pine and Gilmore [176]. Differently from other
applications of this framework, the instrument by Lee et al. was explicitly de-
signed to evaluate VMEs conceived as digital counterparts of existing physical ex-
hibitions [127]. Owing to its structure, it has also been shown to be suitable for
adaptation to real-world museum contexts [198], such as traditional guided visits.

Within the current study, the sections related to Education (defined as the
absorption of unfolding events at a CH site through active and interactive partic-
ipation [163]), Entertainment, Esthetics, Overall museum experience, and Offline
museum visit intention were retained. Conversely, the Escapism dimension, since
it was specific to immersive VR experiences, was excluded. Moreover, the original
Offline museum visit intention construct, which assessed the extent to which a VX
encourage a real-world visit, was adapted to measure participants’ intention to ex-
plore the entire museum (Palazzo Carignano) associated with the exhibition area
of the “Hall of Seasons.” Accordingly, this dimension was renamed Entire museum
visit intention. Hereafter, the adapted instrument is referred to as the Museum
Experience Evaluation Questionnaire (MEEQ).

Finally, an open-ended feedback section was included at the end of the ques-
tionnaire to allow participants to freely report additional comments or observations
regarding their experience.
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55,88%
38,24%

2,94% 2,94%

Young Adult Adult Middle-aged Adult Senior

(a) Age group

82,35%

17,65%

Male Female

(b) Gender

21,88%

71,88%

12,50%

Middle school diploma
High school diploma
Other (lower)

(c) Level of education

47,06%

26,47%

8,82%

2,94% 11,76%

Never Rarely Sometimes Often Always

(d) Frequency of use of VR

6,25% 6,25%
3,13%
3,13%

6,25%

6,25%68,75%

Creative / Media / Communication Office Work
Sales / Retail Skilled Trades / Manual Work
Technology / IT Student
Unemployed

(e) Occupation

Figure 2.14: Demographic representation of the participants (part 1): age group
(a), level of education (b), gender (c), frequency of use of VR technology (d), and
occupation (e).
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Figure 2.15: Percentage breakdown of participant demographics (part 2): specific
syndrome (a), sensory processing difficulties (b), reactions to stress or overstimula-
tion (c), and ASD trait level (AQ-Short [97]) (d).

2.1.5 Results and Discussion

The data analysis followed a three-step procedure. First, an overall comparison
between the VG and the CG was performed by considering the entire participant
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sample. Subsequently, to investigate the presence of potential moderating elements,
participants were stratified according to age and ASD trait levels, and the compar-
ison between the VR and traditional conditions was repeated within each resulting
subgroup. These two variables were selected for stratified analysis not only due
to their relevance from a demographic and clinical perspective, but also because
they were the only factors that allowed the formation of sufficiently balanced and
comparable groups, as shown in Figure 2.14 and Figure 2.15. Other variables,
such as gender or self-reported ASD severity classifications, did not provide an ad-
equate distribution of participants across categories, thus preventing statistically
meaningful comparisons.

To ensure group comparability, it was necessary to merge certain categories.
This approach was adopted both to remove categories characterized by very small
sample sizes and to avoid three-group comparisons, which would have required the
use of ANOVA procedures and subsequent post hoc adjustments. In all cases, cat-
egory merging was also supported by conceptual considerations. With respect to
age, for instance, the “middle-aged adult” and “senior” categories (each accounting
for only 2.94% of the sample) were combined with the “adult” category (38.24%).
This resulted in a binary division between participants aged 18–25 and those older
than 25 years, with balanced group proportions (44.12% vs 55.88%). A similar
strategy was applied to ASD trait levels, where the moderate (14.71%) and high
(41.17%) categories were merged into a single “high” trait level group. This pro-
vided a well-balanced split in terms of both sample size (53.88% vs 44.12%) and
score ranges between the “low” (AQ-Short scores 28–64) and “high” (AQ-Short
scores 65–112) ASD trait levels [97].

Data normality was assessed using the Shapiro–Wilk test. As the distribu-
tions deviated from normality, non-parametric statistical analyses were employed.
Specifically, the Mann-Whitney U test was used for all comparisons, adopting a
significance level of 5% (p < .050).

VR vs Control: Overall Comparison

The first set of analyses focused on the overall comparison between the VG and
CG across the full participant sample. The results obtained using the MEEQ [127],
summarized in Figure 2.16 and Figure 2.17, indicate that the museum experience
delivered through the VR application significantly outperformed the traditional
visit in several dimensions, namely Education, Entertainment, Esthetics, and Over-
all museum experience.

Examining the individual items within each questionnaire section, starting from
Education, defined as the active and interactive absorption of unfolding events dur-
ing the visit (Figure 2.17a), it emerges that participants in the VG reported higher
levels of perceived learning compared to those in the CG. In particular, the VR
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visit was more effective in fostering the acquisition of new knowledge and in stim-
ulating curiosity toward further learning. These findings suggest that the applica-
tion of the proposed design principles, especially the attention-related mechanisms,
contributed to a more effective transmission of cultural content than traditional
approaches. Nevertheless, the absence of statistically significant differences in the
items assessing whether participants felt more knowledgeable overall or considered
the visit a good learning experience indicates that both visit modalities were rea-
sonably aligned in achieving these outcomes.

Turning to the Entertainment dimension (Figure 2.17b), the VR-based visit was
perceived as more enjoyable and fun by participants in the VG compared to those in
the CG. Although no statistically significant differences were observed for captiva-
tion and overall entertainment, the associated p-values approached the significance
threshold (p = .067 and p = .057), suggesting that these effects might reach signifi-
cance with a larger sample size. These results further support the suitability of VR
for delivering experiences in contexts where the real-world counterpart may lack an
inherent entertainment component. This advantage can be attributed to the possi-
bility of integrating gamified elements and enabling interactions that are not feasible
in physical environments. Importantly, the application of the predictability prin-
ciple, resulting in more repetitive interaction mechanics compared to conventional
VR applications, did not appear to negatively affect entertainment. Likewise, the
attention principle, which often requires longer interaction times than traditional
paradigms (e.g., maintaining gaze on a UI element until it reaches a target loca-
tion), did not reduce perceived enjoyment. This aspect is particularly relevant, as
such mechanisms could have been perceived as tedious by participants used to to
the variability typical of commercial VR games and interactive applications.

With respect to Esthetics (Figure 2.17c), participants in the VG rated the visit
as more visually appealing and pleasant than those in the CG, confirming the ef-
fectiveness of the VR experience from a visual design standpoint. However, no
significant differences were observed in terms of perceived attention to detail, indi-
cating that both the virtual and traditional visits were considered adequate in this
regard.

Considering the Overall museum experience dimension (Figure 2.17d), the re-
sults show that the virtual visit contributed more positively to participants’ overall
experience at Palazzo Carignano compared to the contribution of the traditional
visit for the CG. Additionally, the VR condition resulted in a more enjoyable per-
ception of the museum as a whole. It is important to note that both the virtual and
traditional visits took place within the museum setting. This suggests that the VR
application, developed according to the proposed methodology, was able to enhance
the museum experience in a way that better accommodated the specific needs of
the target audience, namely individuals with ASD traits. At the same time, no sig-
nificant differences were found between the two conditions regarding the perceived
meaningfulness of the museum experience, indicating that the traditional visit was
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Education Entertainment Esthetics
Overall

museum
experience

Entire museum
visit intention

VG 6,32 6,30 6,50 6,45 6,19
CG 5,10 5,15 5,54 5,10 4,64

1,00

2,00

3,00

4,00

5,00

6,00

7,00

p=.045p=.020p=.009 p=.003

Figure 2.16: Overall comparison for the MEEQ [127] (the higher the better). The
baffles were inserted to represent significant differences (p < .050). Standard devi-
ation is reported with error bars.

also regarded as highly meaningful.
Finally, for the Entire museum visit intention section, as well as for the ag-

gregated score, no statistically significant differences emerged across any of the
individual items. This finding indicates that replacing a traditional visit with a
VME did not negatively affect participants’ intention to visit other areas of the
museum in the future. From the perspective of museum curators, this result is par-
ticularly relevant, as it suggests that the adoption of VR-based solutions is unlikely
to discourage this audience from engaging with the physical museum. During ques-
tionnaire administration, it was explicitly clarified that the expression “the rest of
the museum” referred exclusively to areas accessible through traditional visits, and
not to additional VR experiences.

Overall, these findings provide strong support for RQ1, which investigated
whether a VR-based museum experience developed following the proposed method-
ology could improve the perceived quality of the visit for individuals with ASD
traits when compared to a traditional guided visit. The significant advantages ob-
served across multiple dimensions, namely Education, Entertainment, Esthetics,
and Overall museum experience, demonstrate the effectiveness of the VR appli-
cation in engaging users holistically. Moreover, the absence of detrimental effects
on participants’ intention to explore the rest of the museum further highlights the
potential of VR technologies to complement, rather than substitute, conventional
museum offerings.
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Figure 2.17: Overall comparison regarding for the sections of the MEEQ [127] (the
higher the better). The baffles were inserted to represent significant differences
(p < .050). Standard deviation is reported with error bars.

VR vs Control: Age-Based Analysis

A second set of analyses was conducted by stratifying participants according to
age, with the aim of investigating whether the impact of the VR museum experi-
ence differed across age groups. As described earlier, due to the limited number of
participants in some categories, age groups were merged, resulting in two balanced
cohorts: participants aged 18–25 and participants older than 25 years. The com-
parison between the VG and the CG was then performed separately within each
age group.

The MEEQ results for the age-based analysis, reported in Figure 2.18, reveal a
marked divergence in outcomes between the two age groups.

Contrary to expectations, within the younger group, where greater openness to-
ward immersive technologies, lower technological barriers, and a potentially weaker
appreciation for traditional museum visits might reasonably be assumed, the sig-
nificant differences observed in the overall analysis were no longer present. In
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(b) Adults (>=26)

Figure 2.18: Overall analysis in terms of age for the MEEQ [127] (the higher the
better). The baffles were inserted to represent significant differences (p < .050).
Standard deviation is reported with error bars.

contrast, among adult participants, who could be expected to exhibit higher levels
of skepticism toward novel technologies and a stronger preference for conventional
cultural experiences, not only were the overall significant differences preserved, but
they were in some cases more pronounced. Notably, this included a statistically
significant difference in the Entire museum visit intention indicator, as illustrated
in Figure 2.18.
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A more detailed examination of the adult subgroup highlights that participants
who experienced the VR visit reported significantly higher levels of perceived knowl-
edge acquisition compared to those who took part in the traditional visit (6.80 vs
5.10, p = .013), and judged the experience as more effective from a learning per-
spective (6.80 vs 4.70, p = .028). Additionally, the VR experience was rated as
more captivating (7.00 vs 5.50, p = .013), and participants expressed a stronger in-
tention to visit the museum in its entirety when given the opportunity (6.60 vs 4.40,
p = .040). At the same time, several differences identified in the overall comparison
were not replicated within this age group. These include items related to curiosity
stimulation, perceived fun, visual attractiveness, and overall meaningfulness of the
experience; however, it is worth noting that the corresponding p-values for these
measures were only marginally above the conventional significance threshold of .050.

These findings can be further interpreted in light of both the demographic in-
formation collected and the qualitative feedback provided by participants. In par-
ticular, a relationship emerged between younger age and greater familiarity with
VR technologies, with several younger participants reporting frequent prior use.
This observation suggests two complementary explanations. First, adult partici-
pants, being less accustomed to immersive VR, may have been more susceptible
to a novelty effect associated with the technology. Second, younger participants,
already exposed to more sophisticated and varied interactive experiences that are
not specifically tailored to the needs of individuals with ASD, may have perceived
the VME, designed according to the proposed methodology, as overly constrained
or simplified. This perception may have reduced engagement and, consequently, at-
tenuated the difference between the virtual and traditional visit conditions within
this age group.

VR vs Control: ASD Trait Level Analysis

The final set of analyses examined whether the level of ASD traits moderated
the effects of the VR-based museum experience. Participants were classified into
two groups, namely low and high ASD trait levels, according to their AQ-Short
scores, as previously described. Within each trait level category, comparisons were
then carried out between the VG and the CG.

The MEEQ results for this analysis, illustrated in Figure 2.19, reveal a pattern of
outcome differentiation similar to that observed in the age-based analysis (although
with a lower overall magnitude).

In the overall comparison, conducted without stratification, statistically signifi-
cant differences between the VG and CG were observed across all major indicators,
with the exception of the Entire museum visit intention. However, once the sample
was divided according to ASD trait level, more pronounced trends emerged. In the
low-trait subgroup, nearly all previously significant differences vanished, with the
sole exception of the Education indicator, which remained statistically significant.
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Education Entertaiment Esthetics Overall museum
experience

Entire museum
visit intention

VG 6,68 6,61 6,57 6,67 6,57
CG 5,50 5,56 5,79 5,58 5,00

1,00

2,00

3,00

4,00

5,00

6,00

7,00

p=.029

(a) Low (28-64)

Education Entertaiment Esthetics
Overall

museum
experience

Entire museum
visit intention

VG 6,08 6,18 6,37 6,44 6,04
CG 4,75 4,50 4,96 4,21 4,46

1,00

2,00

3,00

4,00

5,00

6,00

7,00

p=.015p=.043p=.022

(b) High (65-112)

Figure 2.19: Overall analysis in terms of ASD trait level (AQ-Short [97] score) for
the MEEQ [127] (the higher the better). The baffles were inserted to represent
significant differences (p < .050). Standard deviation is reported with error bars.

Conversely, in the high-trait subgroup, most of the significant effects identified in
the overall analysis were preserved. An exception was again represented by the
Education section, for which neither the individual items nor the aggregated score
reached statistical significance. This outcome may be interpreted in relation to
the broader learning difficulties often associated with higher ASD trait severity.
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In addition, differences related to the perceived amusement and visual attractive-
ness of the visit were no longer significant within this subgroup, suggesting that
these dimensions may have been partially driven by a technology-related bias in
the aggregated analysis.

Notably, participants with higher ASD trait levels who experienced the VR
visit reported a significantly stronger intention, given the opportunity, to visit
Palazzo Carignano in its entirety compared to their counterparts in the CG (6.00
vs 4.13, p = .036), even though the aggregated indicator for this section remained
marginally above the conventional significance threshold (p = .059).

Overall, these findings provide partial support for RQ2. While the VR-based
experience appeared to yield a stronger positive effect for participants with higher
ASD trait levels, its impact was considerably attenuated among those with lower
trait levels, for whom most of the significant differences observed in the overall
analysis were no longer present. This pattern suggests that the proposed method-
ology may be particularly effective in supporting users who encounter greater cog-
nitive or perceptual barriers during traditional museum visits, while offering more
limited benefits for individuals with lower ASD traits. Rather than producing uni-
form advantages across the entire autism spectrum, the results indicate that ASD
trait severity acts as a moderating factor in shaping the effectiveness of the VME,
underscoring the importance of further refinement and personalization to better
accommodate the diversity of ASD users.

Limitations and Future Developments

Despite the encouraging outcomes, several limitations of the present study must
be acknowledged. During the experimental phase, a subset of ASD participants
with particularly severe levels of disability had to be excluded for different reasons.
Some participants reported discomfort when wearing the HMD and were there-
fore unable to experience the VR application, while others, despite completing the
VME successfully, were not able to provide reliable responses when completing the
questionnaires. When comparing these issues with previous works in the literature,
similar challenges related to immersive technologies emerge, including discomfort
associated with HMD usage [169] and excessive levels of immersion [35]. These
observations suggest that future VR studies targeting ASD users should more care-
fully account for differences in disability severity. One possible direction would be
to adopt multiple levels of immersion, for instance by combining immersive VR
with desktop-based VR solutions, as well as tailoring evaluation methods to the
specific needs and capabilities associated with different disability levels.

Additional limitations emerged in relation to interaction. Some participants
experienced difficulties when interacting with virtual UI buttons, identifying their
spatial position within the VE, or using the controllers to teleport between POIs.
Notably, these issues only became evident during the experimental phase, further
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emphasizing the importance of iterative testing when designing experiences for this
user group. A potential strategy to mitigate these difficulties would be the intro-
duction of varying degrees of automation in the management of POI procedures. In
this way, users with greater difficulties in performing specific actions could benefit
from more automated procedures while still accessing the experience, whereas more
autonomous users could retain a higher degree of interaction freedom. Furthermore,
alternative interaction modalities, such as eye tracking or gesture-based interaction
systems, may represent promising avenues for addressing these challenges.

From a methodological perspective, another limitation concerns the relatively
small sample size, comprising 34 participants in the user study and 17 in the co-
design phase. While recruiting larger and more homogeneous samples of ASD
participants remains challenging due to ethical and practical constraints, it must
be recognized that the limited sample size and the wide age range (19–67 years)
reduce the generalizability of the findings. Although stratified analyses based on age
and ASD trait level were performed to partially address this issue, future research
should aim to involve larger and more controlled groups.

A further limitation relates to the scope of the evaluation, which was confined
to a single CH setting, namely the Hall of Seasons at Palazzo Carignano. Although
this context provided a realistic and well-controlled use case, the specificity of the
architectural layout and exhibition content restricts the extent to which the results
can be generalized to other museums or CH environments. Consequently, future
work should seek to replicate the proposed methodology across different museums
and cultural contexts in order to assess its broader applicability. In addition, the
present methodology and prototype primarily focused on visual attention guid-
ance, while other sensory channels, such as auditory and haptic feedback, were not
systematically investigated. Given that multisensory overload represents a major
challenge for many ASD individuals in real museum environments, future studies
should incorporate auditory and tactile dimensions to develop a more comprehen-
sive accessibility framework.

Further considerations concern the application of the inclusive immersion prin-
ciples. The progressive enrichment process related to VE modularity was only
partially implemented in the present use case, as the modular sub-elements corre-
sponded exclusively to the cultural elements associated with the POIs, rather than
to other components of the VE. On the one hand, this design choice assumes that
modularity is sufficiently handled through independent POIs, without requiring ad-
ditional mechanisms to control the appearance of cultural elements. On the other
hand, it implies that other elements of the VE are not included in the progressive
enrichment process, which may be suboptimal in scenarios where ASD users are
exposed to environments with a high density of visual stimuli. A more comprehen-
sive application of VE modularity would require additional strategies to regulate
the appearance and interaction of all environmental sub-elements, as well as ex-
perimentation with different degrees of modularity. To date, this aspect has not
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been extensively explored in ASD-related VR research, which has predominantly
focused on application-level modularity [40, 149]. However, in the field of theory of
mind, the existence of varying degrees of modularity within the human brain has
been hypothesized [2]. Adopting this perspective could inform the design of more
effective VXs for ASD users by also considering cognitive and sensory modules (e.g.,
vision, hearing, touch).

With respect to the attention principle, several participants experienced difficul-
ties in noticing certain cultural elements. As described in the material preparation
phase, two paintings within the VE were grouped into a single POI because they
belonged to the same wall. Participants of the VG, however, unlike the ones of the
CG, often focused on only one of the two paintings, perceiving the wall as a single
cultural element associated with the POI. This observation further supports the
need to explore different levels of VE modularity, such as grouping or separating
cultural elements, and highlights the close relationship between modularity and
attention. An alternative approach could involve the use of multimodal attention-
guidance strategies, as suggested by existing literature [126], or the development of
independent mechanisms to support selective and sustained attention [219]. These
solutions should be systematically evaluated through additional co-design sessions
with ASD users. As observed during the sessions conducted for this study, certain
elements, such as the sudden appearance of UI buttons, may disrupt the experience
and cause discomfort. This again underlines the importance of carefully calibrating
attention-guidance mechanisms in future iterations to minimize potential sources
of sensory overload.

Regarding the predictability principle, the current implementation primarily
focused on intuitive UI design and repetitive interaction routines. However, pre-
vious studies have also interpreted predictability as the ability of VR applications
to prepare or “anticipate” cultural environments for ASD users. Exploring this di-
mension of predictability could be particularly valuable, for example by developing
VR tools aimed at preparing users for real-world museum visits. Such tools may
help mitigate common challenges faced by ASD individuals, including anxiety or
panic triggered by environmental factors such as sudden noises or intense light-
ing. Preliminary work in this direction already exists [60], and could be further
extended through the application of the inclusive immersion principles proposed in
this research.

Finally, it should be noted that the present study focused on immediate usability
and museum experience, without assessing whether repeated exposure to the VR
application could improve long-term accessibility in physical museums or enhance
the retention of cultural knowledge. These aspects remain open questions and
represent important directions for future investigation, particularly in light of the
potential role of VR as a preparatory tool for real-world cultural experiences.

Future research may also explore alternative interaction techniques and addi-
tional accessibility features to be integrated into VMEs. For example, reliance on
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handheld controllers may be perceived as restrictive or unnatural by some users,
compared to controller-free solutions such as hand tracking or VR gloves. Similarly,
teleportation-based locomotion may be less intuitive than room-scale navigation,
which allows users to physically explore the environment and may improve their
perception of spatial relationships within the VE. Moreover, the integration of 3D
avatars and conversational agents within VMEs represents a promising research
direction. Although these solutions are widely adopted in social VR applications
[135, 6], their use in CH contexts for ASD users remains relatively underexplored.
Investigating how avatars and agents could support communication, provide guid-
ance, or enhance engagement within VMEs could contribute to the development of
more inclusive and effective VR experiences tailored to the needs of individuals on
the autism spectrum.

2.2 Closing Remarks

This chapter explored the adoption of VX design principles and immersive VR
to enhance the creation of user-centered VR experiences.

The presented investigation introduced a structured methodology for the design
of VR-based VMEs specifically addressing the needs of individuals with ASD. The
methodology was grounded on three core design principles, i.e., modularity, pre-
dictability, and attention, identified through a systematic analysis of the existing
literature. These principles were designed to support the creation of accessible and
engaging VMEs, preserving the educational and experiential value of real-world
museum visits while reducing potential sensory and cognitive overload.

The proposed methodology was applied in a real-world context through the
development of a VR experience of the Hall of Seasons at Palazzo Carignano (Turin,
Italy), designed in close collaboration with museum curators and ASD associations.
To create the VE, manual creation was supported by 3D photogrammetry, employed
to transpose some of the elements within the real-world environment into their
digital correspondents. The obtained environment was enhanced with the proposed
VX design principles tailored to ASD individuals, thus providing to the users an
isolated and secure VE. The resulting application, Palazzo Carignano VR, was
evaluated through a between-subjects user study comparing the VR-based visit
with a traditional, in-person museum experience. The study aimed to investigate
whether the proposed VME could foster a more positive and comfortable museum
experience for users with ASD (RQ1), and to explore the influence of age and
autism severity on the observed outcomes (RQ2). While a within-subjects design
might have allowed for tighter control over individual differences, a between-subjects
approach was intentionally adopted to limit participant fatigue and stress, which
are particularly relevant considerations when working with ASD populations. This
methodological trade-off is acknowledged as a limitation of the study.
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The obtained findings provided empirical support for the effectiveness of the
proposed VR-based VME methodology in enhancing the museum experience of
individuals with ASD, thus addressing RQ1. The VR application was positively
received and was perceived as more engaging, accessible, and enjoyable than the tra-
ditional visit across several dimensions, including interactive absorption, entertain-
ment, esthetics, and overall museum experience. Participants reported increased
learning, heightened curiosity, and appreciation for the visual quality of the envi-
ronment. Notably, the interaction mechanics introduced to promote predictability
and attentional guidance did not negatively affect the perceived enjoyment of the
experience. This result suggests that accessibility-oriented design choices, when
carefully implemented, can coexist with engaging interaction paradigms, even for
users familiar with the more dynamic conventions of commercial VR applications.
In relation to RQ2, results indicated an influence of ASD trait levels on the method-
ology effectiveness. Participants with a higher ASD severity were observed to gain
more benefits from the experience than those with lower ASD traits. These re-
sults should still be interpreted with caution, as the assessment tool used for ASD
traits evaluation (AQ Short [97]) cannot replace a full clinical diagnosis. Further
studies should be direct towards the involvement of fully diagnosed ASD users for
strengthening the value of the results.

Overall, the investigation described in this chapter contributed to the MRQ1
of this thesis by proposing several user-centered design principles tailored to ASD
users for enhancing VXs in the context of CH. The outcomes showed that the
VME developed for the user study following the devised principles was successful
in providing a more engaging and accessible experience across several dimensions, in
comparison to its real-world counterpart. Future developments should be directed
toward the application of the proposed user-centered design principles in contexts
beyond CH, such as social training (e.g., public transportation) or formal education
(e.g., in school) scenarios. The exploration of such contexts might enhance the
scalability of the principles and their value for creating accessible VXs for ASD
users.

Beyond the discussed limitations in the previous section, additional considera-
tions for further research were made:

• Effort and Interoperability: the workflow to put the proposed methodol-
ogy in practice, comprising the reconstruction of the VE, the creation of the
VX, and the iterative refinement phases, represented a significant challenge in
terms of human effort and invested time. Moreover, it was noted the consid-
erable technical knowledge required for both employing techniques related to
the ER domain to create the VE and manually designing the VR application
for the VX. These issues led the research of the this thesis towards considering
other methods for possibly automating the workflows to create VXs, while
simultaneously fostering interoperability between VR and ER technologies.
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• User’s Guidance: another relevant consideration emerged in relation to
user’s guidance during the VX, which in the presented investigation was
mainly achieved by utilizing a narrative audio guide without any embodied
entity within the environment. This lack was also noticed by some partici-
pants during the experimental phase, who initially experienced some discom-
fort with being alone in the VE. Thus, the research of this thesis was further
extended by considering the integration of embodied entities within VXs, pos-
sibly capable of providing users’ guidance and in parallel simulating human
behavior.

Building on the above considerations, further investigations were initiated by
considering the integration of other DTTs in VXs to address the above concerns.
The next chapter is focused on the use of one of these DTTs from the ER cate-
gory, namely BIM, with the specific objective of fostering interoperability and the
automation of workflows to create VXs.
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Chapter 3

Virtual Environment
Reconstruction

The work described in this chapter has been formerly published in [72].

The employment of ER technologies within VXs is not a new practice. Typically,
this kind of DTTs enable the creation of VEs that mirror real-world environments.
As described in the previous chapter, the advantages of the latter possibility are
extremely valuable in scenarios involving CH sites (e.g., museums, historical build-
ings), where these DTTs are usually employed to create VXs for heritage preser-
vation or accessibility purposes. By utilizing 3D reconstruction techniques, these
real-world locations can be digitally transposed in order to create the VE of a Vir-
tual Heritage Experience (VHE) (e.g., a virtual visit in a museum). Furthermore,
the digitization of built heritage has been enhanced through the use of management
technologies, such as BIM, also fostering the understanding of CH sites. However,
challenges within this context are still present. As seen in Chapter 2, the VX cre-
ation process is often time consuming and requires extended knowledge of both VR
and environment reconstruction DTTs. Although BIM-based DTTs could possibly
address this issue, they are mainly used for the maintenance of CH sites and have
very little consideration regarding the creation of VHEs. Moreover, current BIM-to-
VR tools (e.g., software applications, plugins, file formats) to ease the transposition
of VEs in VR platforms are often unavailable given their proprietary nature and/or
high costs.

This chapter presents an investigation aiming aiming to address the previous
challenges by employing ER technologies for the creation of VXs. Specifically, it
investigate the usage of BIM in the context of CH, which in literature is called
Heritage Building Information Modeling (HBIM). Since the process of transfer-
ring HBIM models into VR applications, named HBIM-to-VR, is usually mediated
by restrictive and proprietary tools, the investigation proposes a semi-automated
workflow based on an open-source BIM format file and a VR platform. More-
over, the devised VR platform generates a VHE (i.e., a virtual visit) leveraging the
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reconstructed VE.

3.1 HBIM for Virtual Heritage Experiences

This section describes an investigation conducted in the context of CH for cre-
ating VHEs employing HBIM-based DTTs in combination with VR. The following
subsections provide an overview of the topic, the related research within the con-
text, the devised methodology and its application in a real-world use case.

3.1.1 Overview

The rapid evolution of digital technologies has increasingly highlighted the role
of digitization as a strategic means to enhance the value of built heritage. In
this context, BIM has emerged as a central DTT, commonly defined as “a dig-
ital representation of physical and functional characteristics of a facility” [161].
BIM functions as a shared and structured repository of information related to a
built asset, supporting informed decision-making throughout its entire life cycle,
from early conception to operation and maintenance [161]. Although BIM was ini-
tially introduced for design-related purposes by Nederveen and Tolman in the early
1990s [162], its widespread adoption only gained momentum from the 2010s onward
[139]. BIM-based workflows integrate heterogeneous data acquired during construc-
tion and documentation processes, enabling the creation of information-rich digital
models for the management of built artifacts [5].

While BIM tools are primarily employed within the Architectural, Engineering,
and Construction (AEC) sector, their application to heritage contexts has led to
the development of HBIM [159]. This concept extends the advantages of BIM by
supporting interoperability, structured data storage and updating, and the repre-
sentation of complex and irregular geometries typical of historical buildings [139].
Over time, HBIM has become a widely adopted approach for the documentation,
preservation, and valorization of CH sites.

In parallel with the advancement of HBIM, immersive technologies have in-
creasingly been explored as a means to activate and experience digital heritage
models. Among these technologies, VR has attracted particular interest due to
its ability to support interactive and immersive experiences [5]. Within the CH
domain, VR has been extensively employed to create VHEs, a broad category en-
compassing applications such as virtual tours and exhibitions aimed at supporting
education [171], improving accessibility and inclusion [189], and assisting heritage
conservation efforts [195].

VR-based VHEs share several characteristics with commercial VR applications,
including the use of advanced information visualization techniques [148]. These
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typically involve UIs based on text, images, or videos, attention-guidance mecha-
nisms [138], and detailed 3D representations of heritage assets within the VE [44].
Such experiences may be designed for stationary usage (seated or standing), allow-
ing users to freely look around [108], or may exploit room-scale VR configurations
combined with artificial locomotion techniques such as continuous movement [177]
or teleportation [197, 207]. Interaction with the VE is commonly supported through
hand-held controllers, enabling manipulation of UI elements (e.g., buttons [16]) and
virtual cultural objects [201]. Audio narration is also frequently integrated, either
through pre-recorded guides [136] or real-time Text-To-Speech (TTS) solutions [16],
to enhance accessibility and adaptability.

In some instances, VHEs are developed by directly exploiting BIM platforms
and their associated tools [222]. More frequently, however, general-purpose real-
time graphics engines such as Unity or Unreal Engine are adopted, leveraging tech-
nologies originally conceived for video games and interactive applications [109].

Within this latter approach, a major challenge lies in the data exchange between
BIM platforms and VR engines. BIM-to-VR workflows often involve multiple con-
version steps and require a combination of modeling and programming expertise.
Furthermore, these pipelines frequently depend on proprietary plugins or add-ons,
which can limit transparency and interoperability. Similar challenges characterize
HBIM-to-VR workflows, where several preparatory operations and tools are typi-
cally required even to achieve basic visualization of heritage sites in VR [21].

To address these issues, recent research efforts have explored the automation of
BIM-to-VR workflows by leveraging the Industry Foundation Classes (IFC) stan-
dard [160]. IFC is an open and internationally recognized format (ISO 16739-1:2024
[104]) that defines a comprehensive schema for representing not only geometric in-
formation, but also semantic data such as object identities, attributes (e.g., mate-
rials, colors), and relationships among building components [113].

Within BIM-to-VR applications, IFC data are commonly exploited to support
tasks related to construction, restoration, and facility management. In the context
of HBIM-to-VR, however, the structured retrieval of semantic information asso-
ciated with heritage elements opens additional opportunities. For example, such
data can be leveraged to enhance storytelling and educational narratives, thereby
increasing the cultural value of CH sites [167]. These considerations suggest that
enriched IFC models could serve not only as a basis for navigable VEs, but also as
a foundation for fully interactive VHEs, including virtual visits and exhibitions.

Despite this potential, the use of IFC-based HBIM models for the automatic
generation of VHEs remains largely underexplored. Existing VR platforms specifi-
cally designed to generate VHEs, such as those proposed by Hayashi et al. [93] and
Kiourt et al. [116], typically rely on external sources for geometric and semantic
data rather than directly exploiting HBIM models.

This limited adoption may be attributed, on the one hand, to the requirement
for specialized expertise in both HBIM modeling and VR development, which can
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represent a significant barrier for non-technical users [173]. On the other hand,
technical limitations persist in IFC-based HBIM-to-VR workflows, including po-
tential information loss during data import into game engines [68] and the ab-
sence of standardized practices for encoding CH-specific data within HBIM models
[203]. Moreover, to the best of the author’s knowledge, no established methodology
currently exists for embedding all the information required for generating a VHE
directly into an IFC file.

Building on these considerations, the investigation presented in this section
aims to exploit the potential of HBIM models and the IFC standard to support the
generation of VHEs for cultural heritage sites. To this end, a novel semi-automated
HBIM-to-VR workflow is introduced, structured into two main phases:

• A first phase focused on the manual enrichment of an IFC file associated with
an HBIM model, with the aim of supporting the generation of a virtual visit.
The required features were identified through an analysis of the state of the
art in VHE creation workflows and platforms, and include the definition of
points of interest with descriptive content, the planning of visitor routes, and
the control of locomotion within the VE;

• A second phase based on a Unity-powered VR platform specifically designed
to automate key steps of the HBIM-to-VR pipeline. This platform processes
the enriched IFC file and related external resources, reconstructs the VE and
its object hierarchy, and dynamically generates the interactive experience,
enabling the creation of a complete virtual visit entirely at runtime.

The proposed workflow seeks to advance the state of the art in VHE development
by simplifying the transition from HBIM to VR, while improving accessibility and
scalability. Based on the definition of the devised workflow, the investigation seeks
to answer the following research question:

• RQ: To what extent is the proposed semi-automated HBIM-to-VR workflow
capable of reconstructing the VE of a CH site and generating a VHE starting
from an enriched IFC file?

To answer this research question, also building on the considerations at the end
of Chapter 2, the applicability of the workflow was demonstrated by leveraging the
same environment of the previous investigation, namely the “Hall of Seasons” at
Palazzo Carignano in Turin, Italy.

3.1.2 Background

This section reviews the current state of the art in the field, outlining the main
research directions and methodological approaches related to BIM, HBIM, and
openBIM, HBIM-to-VR workflows, VR-based VHEs integrated with museum con-
texts, and both academic and commercial VHE authoring platforms.
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BIM, HBIM, and openBIM

As discussed in Section 3.1.1, the BIM methodology has proven to be an effective
approach for the digitization and systematic archiving of the physical and functional
information of buildings. As highlighted by Babalola et al. [12], BIM has led to
substantial improvements in process management within the AEC industry over
the past years and is now widely adopted at a global scale.

Although BIM was originally conceived and predominantly employed for new
construction projects, its application has progressively extended to historic build-
ings and, more broadly, to the CH domain. In this context, the term HBIM is
commonly adopted. HBIM differs from conventional BIM in that it must address
specific requirements related to historic assets, aiming to produce 3D digital mod-
els that faithfully represent not only the geometry of heritage structures, but also
their material characteristics and historical attributes. These models are typically
generated by integrating data acquired through photogrammetric surveys and laser
scanning, ensuring a high level of geometric and semantic accuracy [137].

As reported in [1], BIM authoring tools primarily focus on information man-
agement and are often limited in their ability to handle the complex and irregular
geometries that characterize historic buildings. As a consequence, the creation of
HBIM models frequently relies on the combined use of BIM software and dedi-
cated 3D modeling tools, such as Blender or Rhinoceros, which are better suited
for processing point clouds obtained from survey campaigns.

The enrichment of BIM models to support different phases of a building’s life
cycle is regulated by standards and norms, such as EN ISO 7817-1:2024 [64] in
European Union countries. These standards define the required geometric and in-
formation levels to enable the use of BIM models across design, construction, and
operational phases. However, as discussed by Bianchini et al. [19], the peculiar chal-
lenges posed by HBIM modeling are often not fully addressed by existing standards,
thus necessitating the adoption of customized solutions.

Given the frequent need for data exchange across heterogeneous software envi-
ronments, both during modeling activities and application development, interop-
erability remains a central topic in BIM and HBIM research. A widely adopted
strategy to mitigate interoperability issues is the use of the openBIM methodology,
which promotes a collaborative and vendor-neutral workflow aimed at ensuring in-
teroperability throughout the entire life cycle of buildings and assets [31]. In prac-
tice, openBIM relies on standardized, non-proprietary formats, such as the BIM
Collaboration Format for issue management during modeling phases, CityGML
for city-scale representations, and the IFC format for the exchange of BIM model
data [30]. The IFC standard, developed and maintained by buildingSMART1, en-
ables the structured representation of both geometric and semantic information and

1buildingSMART: https://www.buildingsmart.org/
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is formally defined in the ISO 16739-1:2024 international standard.
The advantages of adopting open-BIM approaches for data exchange and inter-

operability have been extensively documented in the literature, including the work
by Oostwegel et al. [165].

HBIM-to-VR

In the last years, the integration of HBIM models with VR technologies for the
development of VHEs has attracted increasing attention in the literature.

A widespread strategy adopted by HBIM-to-VR workflows relies on the use of
commercial game engines, such as Unity or Unreal Engine, as target platforms for
immersive visualization. For example, Graham et al. [84] investigated the transi-
tion from BIM to VR by introducing a system based on multiple LODs, referred to
as LODIA. In their study, the authors designed a narrative-driven VR experience in
which areas characterized by higher geometric and visual fidelity were used to con-
vey increased heritage relevance. A key challenge identified in this work concerned
the difficulty of transforming highly detailed BIM models into VR-ready assets
while preserving visual quality, a process that demands careful data handling and
advanced technical expertise. Comparable conclusions were drawn by Banfi et al.
[13], who analyzed the evolution of interactivity, immersion, and interoperability in
HBIM-based workflows. Their findings emphasized that the technical complexity
of these pipelines, together with the requirement for substantial resources and spe-
cialized skills, often represents a barrier to the widespread adoption of VR solutions
in the heritage domain.

A comprehensive HBIM-to-VR pipeline was proposed by Pybus et al. [179], who
focused on the digital reconstruction of the Parliament Hill site in Canada. Their
workflow comprised multiple stages, including data acquisition, geometric refine-
ment of the HBIM model through external modeling software (e.g., Rhinoceros),
and the optimization of materials and textures for real-time rendering. The primary
objective was to deliver a high-fidelity VR experience suitable for public dissemi-
nation, while maintaining acceptable performance levels. Although the approach
proved effective from a visual standpoint, it remained highly resource-demanding
and relied heavily on manual operations, thus underscoring the challenges asso-
ciated with managing large HBIM datasets and ensuring interoperability across
heterogeneous software environments.

Interoperability issues have also been addressed by studies adopting IFC-based
strategies for importing HBIM models into game engines. For instance, Ferretti et
al. [68] developed a semantically enriched HBIM model of Palazzo Ducale in Urbino,
Italy, featuring intelligent object parametrization. The authors employed Unity to
implement a VR application aimed at digital curation and storytelling of cultural
heritage contents. The HBIM model included detailed semantic information related
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to interior elements, such as artworks’ catalogue identifiers, authorship, and spa-
tial localization. Nevertheless, the study highlighted several technical limitations,
notably the difficulty of importing IFC-based HBIM models into Unity without
incurring information loss, as well as the considerable computational overhead re-
quired to visualize highly detailed heritage models in immersive VR environments.

In addition to geometric complexity, materials and textures defined within BIM
models are generally not suitable for real-time VR applications. Aiming to address
this issue, Mahecha et al. [63] explored the graphical capabilities of IFC by propos-
ing a user interface for reassigning textures in IFC-based VR workflows. Their
solution was built upon the IfcOpenShell library2, an open-source toolkit for IFC
processing and geometry generation, and enabled users to associate custom image
files with materials defined in the IFC schema. The resulting output consisted of
a DAE model and a corresponding texture repository. However, the proposed in-
terface supported only basic texture transformations, such as scaling and rotation,
with textures being repetitively mapped onto surfaces without explicit consider-
ation of UV coordinates. Moreover, the import process led to the loss of most
BIM-related properties within the VR environment, driving the research toward
the introduction of an additional XML export to preserve semantic information.

Overall, existing HBIM-to-VR workflows provide effective solutions for transfer-
ring HBIM models into VR development environments. Nevertheless, as discussed
in the following section, VR-based VHEs typically require a broader set of in-
teractive and experiential features that go beyond mere geometric visualization.
Such functionalities cannot be fully addressed either at the BIM modeling stage or
through the standard IFC format alone.

VHEs Integrated with Museum Environments

In recent years, museums have increasingly explored the integration of VR-based
experiences within their exhibition spaces, with the objective of extending their
educational, cultural, and experiential roles through immersive technologies [201].
Despite this growing interest, the prevailing practice still consists in commissioning
bespoke VR applications developed ad hoc for specific exhibitions or installations.
As a result, museums often face the challenge of achieving outcomes comparable, in
terms of quality and functionality, to those produced by professional VR developers.
An analysis of representative use cases can therefore help identify a baseline set of
features that characterize effective museum-oriented VHEs.

An early example of VR adoption in a real museum context is reported by Jung
et al. [108], who selected the Geevor Tin Mine Museum in Eastern Cornwall as a
case study due to its emphasis on technological innovation for visitor engagement.

2IfcOpenShell: https://ifcopenshell.org/
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In their experiment, visitors experienced an immersive VR application delivered
through a Samsung Gear headset hosting a smartphone, which simulated the de-
scent into a mining shaft and narrated the miners’ first encounter with their working
environment. Experiences of this kind typically provide a limited degree of inter-
activity, as user input is restricted to head rotations exploiting the three Degrees
of Freedom (DOF) system supported by mobile-based HMDs. Furthermore, the
computational constraints of mobile devices limit real-time rendering quality, of-
ten necessitating the use of pre-rendered and non-interactive 360° imagery or video
content.

A more articulated approach is described by Puig et al. [178], who reported
on the development of two immersive experiences conceived as extensions of a
museum exhibition: a 360° video delivered via Samsung Gear and a fully interac-
tive, gamified VR experience implemented using the HTC Vive system, including
head-mounted display and hand controllers. Both experiences were designed in the
context of an exhibition dedicated to the Neolithic settlement of La Draga at the
Museu d’Arqueologia de Catalunya in Barcelona. To assess the contribution of VR
to the overall museum visit, the authors recruited volunteers among museum vis-
itors, who accessed the VR experiences after attending an introductory workshop
conducted by an archaeologist specialized in the Neolithic period. The findings in-
dicated that UX was strongly influenced by participants’ prior familiarity with VR
technologies, underlining the importance of designing museum-oriented VHEs that
account for potential usability barriers. The use of an advanced, tethered VR sys-
tem such as the HTC Vive addressed several limitations associated with mobile VR,
enabling room-scale, six DOF tracking and richer graphical rendering. This config-
uration allowed users to navigate the VE either through physical movement within
the tracking area or by means of artificial locomotion techniques implemented via
hand controllers, including teleportation and continuous movement. Additionally,
the controllers supported interaction with virtual objects and UIs through both
direct manipulation and ray-casting mechanisms.

A prominent example of a large-scale museum VHE is represented by the project
“Mona Lisa: Beyond the Glass”, developed by the Louvre Museum [136]. This ex-
perience was conceived to allow visitors to metaphorically enter the world of the
famous painting, offering an alternative mode of access and engagement. The VHE
is characterized by high-resolution digital reconstructions and interactive compo-
nents that promote a multisensory form of exploration. An audio guide based on
pre-recorded narration is also included to accompany users throughout the experi-
ence. While the use of pre-recorded audio contributes to narrative consistency and
user immersion, it introduces limitations in terms of flexibility, as any modifica-
tion to the content requires re-recording the associated audio clips. This contrasts
with alternative approaches based on TTS technologies, which allow for dynamic
generation of spoken content.

More recently, Shahab et al. [191] investigated the impact of VR installations
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in museum settings with respect to visitor enjoyment and learning outcomes. Their
study, conducted at the VRlab of the Deutsches Museum in Munich, Germany, in-
volved four VR experiences centered on historically significant machines, including
the Apollo lunar roving vehicle, the Sulzer brothers’ steam engine, Otto von Lilien-
thal’s glider, and Carl Benz’s Patentmotorwagen. These artifacts were digitally
reconstructed using laser scanning and satellite imagery to exploit the photore-
alistic rendering capabilities of VR. The experiences also incorporated interactive
elements, such as a lunar golf simulation. The results suggested that carefully de-
signed VHEs, which balance entertainment and educational content while fostering
a strong sense of presence, can substantially enhance visitor engagement and learn-
ing. Nonetheless, the authors noted that museums must continuously adapt their
VR installations to keep pace with rapid technological evolution and shifting user
expectations.

Another recent deployment of VR in a museum context is described by Restivo
et al. [184], who presented a VHE exhibited at the Kings’ Gallery of the Museo
Egizio in Turin, Italy. In this experience, visitors are invited to interact directly
with virtual representations of museum artifacts within a controlled VE. The setup
resembles a cultural center environment, where users are seated opposite a digital
curator. Virtual remains are placed on a table, and interaction is enabled through
hand controllers, allowing detailed inspection of the objects. The experience de-
liberately avoids artificial locomotion, focusing instead on seated interaction, and
features a virtual agent equipped with TTS capabilities to provide contextualized
explanations. Feedback from both visitors and museum staff was largely positive,
highlighting the effectiveness of VR as a complementary tool that enhances, rather
than replaces, traditional museum visits.

Overall, the reviewed works illustrate that VR applications integrated into mu-
seum environments differ substantially in terms of features, interaction paradigms,
and technological sophistication. This heterogeneity complicates the standardiza-
tion of development pipelines and makes the creation and maintenance of VHEs
dependent on a broad set of specialized competencies. Within this context, plat-
forms specifically designed for authoring VHEs may play a crucial role in simplifying
and partially standardizing the production of VR-based CH experiences.

VHE Authoring Platforms

Beyond the scope of BIM and HBIM-based workflows, several research efforts
have explicitly addressed the need to lower the technical barrier associated with the
creation of VHEs. These works typically rely on VR authoring platforms specifically
conceived to support the design and deployment of virtual exhibitions and visits.
Such platforms are generally conceived with usability and accessibility in mind, and
aim to provide end users with flexible tools to manage the structure, contents, and
interaction mechanisms of the intended experiences with minimal technical effort.
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Over time, different strategies have been explored to pursue this objective. An
early example is represented by the VIRTUE system proposed by Giangreco et
al. [79], a VR platform designed to support the creation of customizable and
immersive virtual museum exhibitions. The system enabled museum curators to
assemble exhibitions composed of both static and dynamic 2D and 3D artifacts,
and to configure exhibition spaces through adjustable textures, lighting conditions,
and soundscapes. End users could then explore the resulting VEs using VR de-
vices. Despite these capabilities, the authors acknowledged the lack of automated
mechanisms for artifact placement as a major limitation of the system.

More recently, Korkut and Surer [120] introduced a framework for the creation
of PC, VR, and MR 3D environments grounded in the concept of heterotopias,
defined as spaces in which multiple layers of reality coexist to support knowledge
organization and exploration. Their work focused in particular on virtual museums,
adopting procedural generation techniques to manage both spatial layouts and con-
tent layers. The framework supports multiple content types, including text, images,
audio, video, and 3D models, and introduces object parametrization to identify core
architectural elements (e.g., walls, floors, roofs) required for constructing the digital
environment. Along similar lines, Zidianakis et al. proposed the Invisible Museum
platform [230], a web-based solution aimed at democratizing the creation of virtual
exhibitions through an accessible tool named Exhibition Designer. The platform
is characterized by a high degree of flexibility, offering predefined templates, cus-
tomizable floor plans, and tools for configuring spatial layouts, exhibits, and lighting
conditions.

Other studies have investigated alternative paradigms for VHE creation, pro-
gressively shifting from user-driven authoring tools toward approaches characterized
by a higher degree of automation. One of the earliest contributions in this direction
is Minerva, proposed by Amigoni and Schiaffonati [8], a system conceived to assist
museum curators by automating several phases of exhibition preparation and arti-
fact allocation. During its evaluation, Minerva was employed by curators to classify
and arrange artworks within a virtual reconstruction of the Caserma Napoleonica
in Milan, Italy. While the system demonstrated its potential to support the gen-
eration of effective VHEs and received positive feedback from domain experts, the
authors also acknowledged the need to extend its applicability to a broader range
of users.

A comparable level of automation is found in the work by Goto et al. [82], who
developed a system capable of automatically generating multiple virtual museum
scenes. Their approach leveraged a database query language to retrieve 3D models
and related metadata, while Unity was used as the underlying VR platform for
rendering the generated environments. Hayashi et al. [93] proposed a system
focused on the creation of personalized virtual museum visits, allowing users to
curate exhibitions by selecting artifacts from online repositories such as Wikimedia
Commons. However, this approach was limited to textual and image-based content.

68



3.1 – HBIM for Virtual Heritage Experiences

An earlier framework, Dynamus, introduced by Kiourt et al. [116], adopted a user-
centric design philosophy to simplify the creation of VHEs, and included features
such as runtime retrieval of 2D and 3D assets, as well as basic management of
lighting and shadows.

Beyond academic research, a number of commercial authoring platforms have
emerged to support the creation and dissemination of VHEs. These solutions sim-
ilarly aim to simplify planning and development processes, often targeting non-
expert users [114]. Nevertheless, the quality and expressive power of the resulting
experiences are strongly dependent on the specific features offered by each platform.
The following platforms were selected for analysis based on their relevance within
the CH domain, their feature sets, and their presence in prior comparative studies
[114, 215, 205].

Kunstmatrix [124], for example, is an online platform dedicated to the creation
and curation of professional 3D virtual galleries and exhibitions. It allows artists,
curators, and galleries to present artworks, sculptures, and multimedia elements
within customizable virtual spaces, and supports immersive exploration through
VR headsets such as Meta Quest and HTC Vive. The platform also enables the
definition of guided tours through the specification of guiding points. While this
facilitates the rapid creation of VHEs, users are constrained to a set of predefined
exhibition spaces, and content uploads appear to be limited primarily to image-
based artworks, without native support for 3D models or other advanced media.

Another platform oriented toward virtual exhibition creation is ArtPlacer [11],
which primarily targets artists interested in showcasing and selling their works. In
addition to predefined environments, the platform offers the possibility to create
custom virtual spaces, together with basic customization options such as wall, floor,
and ceiling textures and colors. At present, however, the platform does not seem
to support immersive exploration using VR headsets.

A broader range of features is provided by the web-based desktop VR platform
New Art City [58]. This platform enables users to design immersive experiences
within customizable VEs, supporting the upload of 3D models, audio, images, and
video content. Users can also adjust several environmental parameters, such as
sky color and floor type, and introduce interactive elements into the scene. The
platform includes a feature for defining reflection behavior on reflective materials,
although it does not offer full control over lighting settings. Unlike other solutions,
it does not provide predefined environments, requiring users to import external 3D
models to define the exhibition space.

One of the most widely adopted platforms for creating VHEs is Artsteps [51],
which is specifically designed to support the construction, exploration, and shar-
ing of interactive 3D virtual exhibitions. Users can start from an empty virtual
space and progressively shape the exhibition area using built-in tools, as well as
by importing 3D models, images, audio, and textual descriptions. Alternatively,
predefined environments can be purchased directly from the platform, reducing the
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effort required to build a VE from scratch. Artsteps also supports the definition of
narrative structures through guiding points positioned at specific locations within
the environment. Immersive exploration via VR headsets is available, along with
a limited set of object interaction capabilities. However, advanced control over
lighting and reflections is not supported, which may restrict the realism achievable
within the VE.

A further alternative is VR-All-Art [216], a platform aimed at supporting virtual
exhibition creation for galleries, artists, and museums. The platform allows the
development of both public and private exhibitions, which can be accessed globally
via VR headsets or mobile devices. VEs can be derived from real-world spaces and
enriched with externally created 3D models. In contrast to several other platforms,
VR-All-Art provides tools for managing lighting within the VE, although reflection
handling is not supported. At present, the platform is not freely available and
appears to be primarily targeted at professional or expert users.

Overall, the approaches and platforms discussed in this section share the com-
mon objective of enabling the creation of VR-based VHEs. Nevertheless, as sum-
marized in Table 3.1, each solution is characterized by a specific combination of
features and constraints. Moreover, none of the examined platforms is currently
capable of generating a VR application that fully matches the functional richness
and quality of bespoke VR experiences developed specifically for museum contexts.

[116] [120] [8] [79] [93] [230] [82] [51] [11] [124] [216] [58] This work

VR type
Immersive VR ✓ ✓ - ✓ - ✓ ✓ ✓ - ✓ ✓ - ✓

Desktop VR ✓ ✓ ✓ - ✓ ✓ - ✓ ✓ ✓ ✓ ✓ ✓*

External data
retrieval

Text descriptions ✓ ✓ ✓ - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Images ✓ ✓ - ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

Videos - ✓ - ✓ - ✓ - ✓ - - ✓ ✓ ✓

Audio descriptions - P - P - P - P - P P P G

3D models ✓ ✓ ✓ ✓ - ✓ ✓ ✓ - ✓ ✓ ✓ ✓

BIM information - - - - - - - - - - - - ✓

Graphics and
rendering

Lighting management G G - G P G - - P - G G G/P

Reflections management - - - - P - - - - - P - G

LODs handling - - - - - - - - - - - - ✓

Locomotion
system

Teleport points - - ✓ ✓ ✓ ✓ - ✓ ✓ ✓ - - ✓

Teleport areas - ✓ - ✓ - - - ✓ - ✓ ✓ ✓ ✓

Continuous movement ✓ ✓ ✓ - ✓ ✓ - ✓ ✓ ✓ ✓ ✓ ✓

User
Interface (UI)

UI panels ✓ ✓ - - ✓ ✓ - ✓ ✓ ✓ - ✓ ✓

UI buttons - ✓ - - ✓ ✓ - - - ✓ ✓ ✓ ✓

Table 3.1: Characteristics of existing VHE platforms analyzed in Section 3.1.2, in
comparison with the proposed solution. ✓= Available, - = Not available, ✓* =
Planned as future work, G = Generated, P = Predefined
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Considerations

The analysis of the state of the art highlights that the integration of BIM,
HBIM, and VR technologies holds considerable promise for the development of ef-
fective VHEs. Nevertheless, existing workflows are still largely characterized by
manual procedures, the combined use of heterogeneous tools, and the requirement
for advanced technical skills. These factors significantly hinder the widespread
adoption of such solutions. At the same time, platforms designed to simplify or
automate the creation of VHEs and make them accessible to less experienced users
continue to present notable limitations, often producing results that are qualita-
tively inferior to the bespoke VR applications currently developed by professional
teams within the museum sector.

One of the most critical challenges concerns the creation of visually realistic
virtual environments. While many platforms provide basic customization options,
such as texture assignment and simple lighting controls, these features are fre-
quently insufficient to achieve a convincing level of realism. The absence of more
advanced rendering capabilities, including dynamic lighting, reflections, and LOD
management, can severely constrain both immersion and performance optimization.
This issue is particularly evident in VHE authoring platforms, which tend to prior-
itize simplicity and ease of use at the expense of expressive power. Such limitations
can directly affect user engagement, especially in virtual museum applications or
experiences that rely heavily on narrative depth and visual authenticity.

Another relevant aspect relates to the dependence on predefined VEs or exter-
nally sourced assets. Many authoring platforms either provide a set of predefined
templates or allow users to populate empty spaces by importing 3D models from
external repositories. While this strategy lowers the entry barrier for non-expert
users, it also introduces potential drawbacks. In particular, the reliance on propri-
etary formats and platform-specific workflows may generate interoperability issues
for professional users. Moreover, cultural data associated with the VHE are often
either embedded within the platform itself (e.g., predefined environments) or man-
ually uploaded by users (e.g., 3D models, images, videos), which raises concerns
from the perspective of data standardization and long-term reuse.

With respect to HBIM-based approaches, prior studies have identified addi-
tional challenges. Many works focusing on VHE creation require the import of
HBIM models into game engines, a process that must handle both geometric and
semantic information. To address this complexity, several approaches have moved
toward automated data import pipelines, which facilitate model updates and allow
modifications to geometry and semantics without repeated manual re-import op-
erations. Despite these advances, the automation of the VHE deployment process
itself remains largely underexplored, even though it represents a key opportunity
to improve scalability and reduce development time and resource consumption.

Furthermore, although several platforms incorporate interaction and guidance
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mechanisms to support user engagement and navigation, these systems are often rel-
atively basic. Advanced features such as automated audio generation through TTS
technologies or adaptive and context-aware user interfaces are rarely supported. In
addition, cultural information, such as artwork descriptions, is frequently entered
manually within the platform, which can further limit interoperability and hinder
the adoption of standardized data representations.

Taken together, these observations underline the need for interoperable and
standardized data formats capable of encompassing not only the information re-
quired to construct realistic and interactive VEs (e.g., geometry and material pa-
rameters), but also semantic content (e.g., cultural descriptions) and experience-
related settings (e.g., guiding point locations). Such formats are essential to support
the creation of engaging, immersive, and reusable VHEs.

In this context, the workflow proposed in the present investigation aims to
address several of the identified limitations by substantially simplifying the gen-
eration of VHEs starting from HBIM-related IFC files. By leveraging IFC as a
unified and extensible data container, the proposed approach enables the definition
of structured data relationships and supports the reconstruction of high-fidelity
VEs enriched with interaction capabilities. Moreover, the adoption of a dedicated
VR platform allows the semi-automatic generation of VHEs directly from enriched
IFC files, thereby streamlining the development pipeline and making it accessible
also to non-expert users.

3.1.3 Materials and Methods

As discussed in the previous sections, existing approaches for generating VHEs
from HBIM data are affected by several limitations, including restricted interop-
erability, highly manual workflows, and a lack of standardized data management
strategies. To address these issues, the workflow proposed in this investigation
introduces a streamlined approach for the creation of immersive and interactive
VHEs, structured around two main phases: preparation and deployment. The
preparation phase focuses on data export, enrichment of the HBIM model at the
IFC level, and the organization of related external resources. The deployment
phase, instead, relies on a VR platform that dynamically reconstructs and gener-
ates the virtual tour at runtime by leveraging the enriched IFC file together with
its associated external data, ultimately delivering a fully immersive VHE.

The proposed VR platform has been developed using the Unity3 game engine
and is designed to support a broad range of functionalities specifically tailored to
VHE creation. In particular, the platform adopts a runtime-oriented approach for
data retrieval, external file loading, and the reconstruction of both geometric and

3Unity Engine: https://unity.com/
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semantic information encoded within the IFC file, enabling the procedural genera-
tion of the VE. The reconstruction of the HBIM model is performed through the
use of IfcConvert4, a tool provided by the IfcOpenShell framework. In addition
to model reconstruction, the platform supports several advanced features aimed at
enhancing realism and performance, including space-adaptive lighting and reflec-
tions, LOD management for high-polygon meshes, and real-time audio generation
through TTS services based on the ElevenLabs API5.

Preparation Phase

This subsection describes the data preparation and export procedures, including
the enrichment of the HBIM model at the IFC level and the organization of the
associated external resources. In particular, the external data considered within the
workflow include environment textures and UV coordinates, as well as additional 3D
meshes semantically linked to the HBIM model and required for VR visualization.

Multiple software tools are involved in this phase. Specifically, the Autodesk
Revit6 suite is used for HBIM model development and IFC file export. Texturing
operations and the export of model-related data are handled through the Blender
3D modeling software, supported by a custom Python script.

From the HBIM Model to the Enriched IFC File

The proposed workflow starts with the definition of the contents that need
to be embedded within the HBIM model. A crucial step in this process is the
identification and specification of the IFC entities, namely the objects to which
geometries and parameters are associated. This step is fundamental for generating
an enriched IFC file capable of storing all the information required for the creation
of the VHE.

The VHE is conceived as a virtual visit structured around a set of POIs. These
POIs represent conceptual observation points within the VE, corresponding to lo-
cations where users can access information related to the CH site [200]. In addition
to POIs, another essential category of elements to be identified within the HBIM
model is represented by the Look-At Objects (LAOs), such as decorations, art-
works, and architectural components. Each LAO is associated with a specific POI
through the definition of Property Sets (Psets), enabling the semantic linkage be-
tween observation points and related objects.

The specification of these elements is achieved through the enrichment of the
HBIM model with a set of custom parameters, summarized in Table 3.2.

4IfcConvert: https://docs.ifcopenshell.org/ifcconvert.html

5ElevenLabs API: https://elevenlabs.io/api

6Autodesk Revit: https://www.autodesk.com/it/products/revit/overview
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In detail, POIs are equipped with a custom Property Set named Pset_POI,
which includes the following three parameters:

• ID: an integer value used to uniquely identify the POI during the virtual visit;

• Sequential: a boolean value indicating whether the POI follows a sequen-
tial visualization of the associated LAOs (alternatively, free exploration is
allowed);

• Description: an optional textual description of the POI, which can be used to
provide contextual information related to the specific spatial position (e.g., an
introductory message welcoming the user at the beginning of the experience).

Similarly, LAOs are associated with a dedicated Property Set named Pset_LookAt,
which contains the following parameters:

• ID: a string used to uniquely identify the LAO within the VE;

• View_Point: the identifier of the POI representing the observer’s position;
this parameter establishes the association between a POI and one or more
LAOs;

• ImageURI : a text value specifying the path to an image associated with the
LAO, which is displayed to the user upon activation;

• VideoURI : an optional text value specifying the path to a video associated
with the LAO, which can be visualized through a dedicated interaction;

• Order_Index: an integer value defining the visualization order of the LAO
when it belongs to a sequential POI;

• Description: a textual description of the LAO, presented to the user both
visually and through audio narration.

As a final step of the preparation phase, the HBIM model is further enriched by
assigning a Pset named Pset_Material_Rendering_Properties to each IfcMaterial.
This Pset stores rendering-related parameters required to accurately reconstruct
material appearance within the VR platform. Specifically, the following properties
are defined:

• IsTriplanar : a boolean value indicating whether the material relies on tripla-
nar mapping (true) or UV mapping (false);

• Roughness: a floating-point value representing surface roughness, ranging
from 0.0 (perfectly smooth) to 1.0 (completely rough);
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• Metallic: a floating-point value indicating the metallic nature of the material,
where 0.0 corresponds to a non-metallic surface and 1.0 to a fully metallic
one;

• Transparency: a floating-point value defining the material transparency, rang-
ing from 0.0 (fully opaque) to 1.0 (fully transparent);

• Tiling_X : a floating-point value specifying the horizontal texture tiling factor,
expressed as the number of texture repetitions per meter along the X axis;

• Tiling_Y : a floating-point value specifying the vertical texture tiling factor,
expressed as the number of texture repetitions per meter along the Y axis.

Object Class Type Pset
Parameter

name
Parameter

type

Point of
Interest

IfcBuilding
Element
Proxy

POI Pset_POI

ID Int

Sequential Bool

Description Text

Look-at
Object

General General Pset_LookAt

ID Text

View_Point Int

ImageURI Int

Order_Index Int

Description Text

Material IfcMaterial NA

Pset
_Material
Rendering
Properties

IsTriplanar Bool

Roughness Float

Metallic Float

Transparency Float

Tiling_X Float

Tiling_Y Float

Table 3.2: IFC entities and parameters defined within the HBIM model.

Texturing and UV Mapping

To enhance the geometric information provided by the HBIM model, the pro-
posed workflow includes a dedicated texturing and UV mapping step carried out
using Blender. This step is particularly relevant for real-time graphics applications,
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where high visual fidelity cannot be achieved by relying exclusively on the geometric
primitives and basic material attributes typically stored in BIM data (e.g., vertices
and generic material properties).

During this phase, image-based textures (e.g., PNG files) are assigned to the 3D
models, and UV coordinates are explicitly defined for each mesh. While textures
convey the visual appearance of the surfaces, UV mapping determines how these
textures are projected onto the geometry. This combination represents the primary
technique for depicting fine-grained visual details that are characteristic of VHEs,
such as paintings, photographic materials, and textual transcriptions.

The operations are performed using Blender version 4.1, together with the If-
cOpenShell Blender-BIM add-on, which provides a set of tools for importing, edit-
ing, and exporting BIM models in the IFC format. Blender also enables manual
UV unwrapping on individual meshes and supports the assignment of multiple ma-
terials to different portions of the same geometry. This capability is particularly
important, as several IFC-related features, especially those concerning texture han-
dling and UV coordinates, are not consistently or fully supported by conventional
BIM authoring platforms. Nonetheless, these features are crucial to achieving a
level of visual quality suitable for virtual visits.

Within the IFC schema, texture support is primarily managed through the Ifc-
SurfaceStyle entity, which can include sub-entities such as IfcSurfaceStyleWithTex-
tures. This entity references IfcImageTexture, which in turn points to an external
image resource (e.g., JPG or PNG) via a URI or embeds the image directly within
the IFC file as a pixel array. UV mapping information is similarly represented
through entities such as IfcTextureCoordinates and IfcTextureMap [32]. However,
texture-related entities are often not prioritized in BIM software implementations,
making the export of fully textured IFC files a complex and error-prone process.
Furthermore, workflows involving game engines typically rely on proprietary and
sometimes costly plug-ins to correctly import textured IFC data.

To overcome these limitations, the proposed workflow adopts an alternative
strategy that enables a custom export and import of texture and UV mapping
data from Blender to Unity.

Once texturing and UV mapping are completed, texture-related information is
exported to a local directory named “TextureData” by executing a custom Python
script directly within Blender. Specifically, UV mapping data are stored in a JSON
file that contains, for each mesh, the vertex coordinates and their corresponding UV
coordinates, uniquely identified through the GlobalId associated with each element
in the HBIM model. In addition, the script exports all texture assets used by the
materials of the HBIM model as PNG files, placing them in the same directory for
subsequent use during the deployment phase.
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High-Definition Models

To preserve the lightweight nature of the enriched IFC file, the proposed work-
flow supports the integration of high-polygon 3D assets, hereafter referred to as
High-Definition Models (HDMs), without embedding them directly into the HBIM
model as geometric data. Instead, HDMs are referenced within the IFC file through
textual identifiers, which can be resolved at runtime to retrieve the corresponding
external assets when required (e.g., during the VHE execution).

Each HDM is linked to a specific LAO defined in the HBIM model by means
of a unique identifier (ID) stored within the corresponding LAO Pset. Within the
HBIM environment, these LAOs are represented by simplified placeholder geome-
tries, referred to as dummy meshes, whose primary purpose is to act as spatial and
semantic anchors for the high-resolution assets.

All HDMs are stored externally in a dedicated local directory named “HDMod-
els”, where each model is placed in a subdirectory associated with the corresponding
HBIM object. Given that the developed VR platform supports multiple LODs for
each asset, these subdirectories may include several mesh files representing different
resolutions of the same object.

In the use case addressed in the present work, all HDMs were authored using the
GLB file format, an open and widely adopted standard for 3D content distribution.
This choice facilitates efficient runtime loading and straightforward integration of
the HDMs within the VR platform, allowing each high-definition asset to be dy-
namically instantiated in place of its corresponding dummy mesh in the VE.

Deployment Phase

The deployment phase leverages the developed VR platform to generate an im-
mersive and visually coherent VHE starting from the enriched IFC file and the
associated external data. As discussed in the review presented in Section 3.1.2,
several of the functionalities required for such a platform, such as data parametriza-
tion, semantic data retrieval, and configuration management, naturally align with
BIM-based approaches, as both configuration parameters and cultural information
are explicitly encoded within the HBIM model.

The VHE generated by the platform is conceived as a guided virtual visit.
Throughout the experience, visitors receive both visual and auditory guidance to
navigate between predefined spatial locations within the VE. At each of these lo-
cations, the platform supports the exploration and understanding of specific visual
and interactive elements present in the scene (e.g., museum artworks), providing
contextual information and narrative cues. The individual components of this pro-
cess are described in detail in the following subsections.
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VR Deployment Platform

The deployment platform was implemented using the Unity game engine (ver-
sion 2021.3). Nevertheless, the proposed workflow is not inherently tied to a specific
game engine, as any development environment capable of automatically parsing and
processing the information encoded within the enriched IFC file could, in principle,
be adopted.

Immersive VR support was implemented through the SteamVR library, which
provides the core functionalities required for user interaction within the VE. Alter-
native solutions, such as OpenXR, offering comparable levels of functionality, could
also have been employed. Support for non-immersive VR modalities is currently
under development.

To mitigate potential cybersickness effects [36], teleportation was selected as
the primary locomotion technique, given its widespread adoption in immersive VR
applications within the CH domain [201]. In addition, continuous movement, also
referred to as smooth or joystick-based locomotion, was implemented, as it repre-
sents the de facto standard interaction paradigm in commercial VR applications
[38].

In the current implementation, all data are retrieved from local directories.
However, the platform architecture has been conceived to allow the substitution
of local storage with cloud-based data retrieval mechanisms. Furthermore, the
platform was deployed as a PC-based VR application rather than as a standalone
solution to allow higher graphical fidelity and stable frame rates.

From an operational perspective, the platform execution consists of multiple
stages, including IFC data acquisition, HBIM model reconstruction, management
of graphical features (e.g., materials, textures, lighting), rendering, and the initial-
ization and control of the resulting VHE.

Data Gathering

Once the user selects the environment to be generated, all required data are
automatically retrieved from a local directory named “IFCFiles”, which contains a
dedicated subfolder for each available HBIM model. Each subfolder includes the
corresponding IFC file, along with the “TextureData” and “HDModels” directories
generated during the preparation phase.

After the selection, the user can trigger the VHE generation process, which is
fully automated and structured into three main stages: HBIM Model Reconstruc-
tion, Graphics and Rendering Management, and Visit Initialization. A schematic
overview of these stages is illustrated in Figure 3.1.
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Figure 3.1: Schematic representation of the three automatic stages executed by the
VR platform after the selection of the environment to be generated.

HBIM Model Reconstruction

The objective of this stage is to retrieve the HBIM-related data from the pre-
viously selected IFC file, together with the HDMs semantically associated with it,
and to load them into the VE while managing the corresponding LODs.

As a first step, the platform automatically extracts both geometric and semantic
information from the IFC file. This process exploits the capabilities of IfcConvert
v.0.7.0, which supports the conversion of generic IFC files into multiple output
formats [100]. In the proposed workflow, geometric data are converted into a GLB
file, whereas semantic information is extracted and stored in an XML file. Upon
completion of the conversion, both files are saved in a temporary local directory
that acts as a cache.

Subsequently, the generated files are loaded into the Unity environment. In par-
ticular, the GLB model is imported into the active scene of the VR platform using
the GLTFast v.6.7 module, which is natively available in Unity [212]. The XML
file, instead, is parsed through LINQ to XML, a component of the Microsoft .NET
framework that enables efficient manipulation of XML data structures [217]. Once
both files are successfully loaded, the platform proceeds with the reconstruction of
the object hierarchy and the reassignment of the HBIM semantic data.

After the BIM data are fully initialized and the hierarchy reconstruction is
completed, the platform retrieves the HDMs associated with the HBIM model. At
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the current stage, HDMs are loaded only for elements that are relevant for the
virtual visit (e.g., decorations, statues, and other heritage-related objects), with
the aim of enhancing their perceived cultural value through high visual fidelity.
When available, multiple versions of each HDM with different levels of detail are
loaded to enable LOD management within the virtual scene.

Upon completion of HDM retrieval, the HBIM Model Reconstruction stage con-
cludes. The output of this phase consists of a fully reconstructed 3D representation
of the environment.

Graphics and Rendering Management

Once the HBIM model has been reconstructed, the platform initiates the Graph-
ics and Rendering Management stage. The goal of this phase is to achieve a realistic
visual representation of the virtual environment by assigning UV coordinates and
textures, configuring material parameters, and managing lighting and reflections.

The first operation concerns the assignment of UV coordinates to the meshes
composing the HBIM model. UV data are retrieved from a local JSON file gen-
erated during the preparation phase and processed through a custom platform
component. This component iterates over the meshes of the reconstructed model,
matching their GlobalId values with those stored in the JSON file and reassigning
the corresponding UV coordinates whenever a match is found.

The next step involves texture reassignment. Using the same local directory
that contains the JSON file, a custom component retrieves the texture files asso-
ciated with each mesh by analyzing their file naming conventions. In particular,
it searches for matching GlobalId values within the “TextureData” folder. When a
match is identified, the texture is loaded and assigned to the appropriate material.
Each texture is further labeled according to its type, allowing it to be correctly
mapped to the corresponding material property. For instance, a texture named
“3dx9421_01_NORMAL” is associated with the normal map of the first material
of the object whose GlobalId is “3dx9421”.

After textures have been applied, the platform assigns the material properties
extracted from the IFC file during the HBIM Model Reconstruction phase. Specif-
ically, values corresponding to parameters such as Triplanar, Roughness, Metallic,
Transparency, Tiling_X, and Tiling_Y are set for each material, based on the
information contained in the Pset_Material_Rendering_Properties property set
defined within the HBIM model.

The final operation of this stage concerns the management of lighting and re-
flections. Lighting is handled through a combination of predefined and dynamically
generated light sources. The virtual environment includes a directional light that
acts as a sun-like illumination source, following a real-time approach to adapt to
different spatial configurations. In addition, the platform generates a spotlight po-
sitioned in front of each LAO identified in the HBIM model. These real-time lights
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are intended to guide the user’s attention toward relevant heritage elements and to
emphasize their visual details.

With respect to reflections, the platform exploits the semantic structure of the
HBIM model to identify all objects classified as IfcWall. A bounding box enclosing
all IfcWall elements is then computed to define the spatial extent of reflection
influence. Based on this bounding box, a Unity reflection probe component is
added to the scene to enable reflective effects on materials that require them (e.g.,
mirrors or metallic surfaces). The position and dimensions of the reflection probe
are automatically adjusted to match the center and size of the computed bounding
box.

The output of this stage is a VE that is fully configured in terms of graphics
and rendering, and ready for user interaction.

Visit Initialization

After completing the Graphics and Rendering Management stage, the VR plat-
form proceeds with the initialization of the VHE. This phase is responsible for
instantiating the virtual visit itself, as well as for configuring the components that
enable user locomotion and interaction within the VE.

The initialization process revolves around two core entities: the POIs and the
LAOs. As a first operation, the platform retrieves all POIs defined in the IFC model.
Each POI is then augmented with a TP component provided by the SteamVR
toolkit, enabling users to reach the corresponding location within the VE through
teleportation. When this locomotion technique is employed, teleporting to a specific
TP triggers the activation of the contents associated with that POI, such as the
playback of audio narration or the visualization of UI panels containing textual and
visual information.

When continuous movement (i.e., smooth locomotion) is enabled, the same
triggering mechanism is activated through the physical interaction between the
user and the collider associated with the TP. This strategy allows the platform to
emphasize specific spatial locations within the VE, potentially improving user focus
and perceptual engagement. At the same time, it may constrain the user’s freedom
of movement.

To mitigate this limitation, the platform also supports the automatic generation
of SteamVR Teleport Areas (TAs). These areas allow users to teleport freely to
any position within predefined regions of the environment. TAs are generated by
identifying all entities classified as IfcFloor in the HBIM model and using them to
define navigable surfaces.

In parallel, the platform retrieves all LAOs and their associated properties. Each
LAO is then assigned to its corresponding POI based on the information encoded
in the View_Point parameter of the Pset_LookAt property set. This association
enables the correct activation and presentation of cultural contents when a given
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POI becomes active during the visit.
The outcome of this phase is a fully initialized environment, ready to support

a structured and interactive virtual visit.

Visit Management

After the completion of all the previous phases, the VR platform presents the
user with an initial preview of the reconstructed environment, which serves as an
introduction to the VHE. In this preliminary stage, the environment is visualized
as a reduced-scale 3D miniature of the real space, rendered using a neutral grey
material. This visualization is intended to support the verification of the correct
loading of the HBIM model and of all the associated external data. Additionally,
the platform allows switching from a solid rendering mode to a wireframe visualiza-
tion, enabling the inspection of internal elements, such as POIs, without occlusions
caused by structural components (e.g., walls).

Once the generation process has been successfully validated, the user can initiate
the virtual visit. At this point, the environment is displayed at full scale and the
user is positioned at the first POI. The orchestration of the visit is managed by
a custom component referred to as the Visit Manager, which is responsible for
controlling the progression of the experience. In particular, the VM handles the
activation of POIs and their associated TPs, as well as the enabling of the TAs
available within the environment.

Throughout the experience, the VR user is guided by a synthetic voice generated
through the ElevenLabs API, which performs the TTS conversion. The textual
content used for speech synthesis is either predefined or dynamically retrieved from
the semantic information encoded in the reconstructed HBIM model. The handling
of TTS requests and the communication with the ElevenLabs API are delegated to
a dedicated custom component, referred to as the TTS Manager.

At the beginning of the visit, the visit manager unlocks the first POI. When
a POI becomes active, the following sequence of operations is executed (see Fig-
ure 3.2):

• A first TTS request is issued using the text contained in the Description
parameter of the POI, providing a vocal introduction to the user about the
current spatial location;

• After a short delay, a second TTS request announces the number of LAOs
associated with the active POI;

• Depending on the value of the Sequential parameter defined for the POI, one
of the following interaction strategies is adopted:

– Sequential POI
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Figure 3.2: Schematic representation of the handling of POIs and LAOs. In this
example, the i-th POI manages all the LAOs associated with it. As illustrated, both
POIs and LAOs are capable of issuing TTS requests through the TTS Manager.

◦ The list of LAOs associated with the POI is ordered according to
the Order_Index parameter defined for each LAO;

◦ For each LAO, a UI panel is instantiated following the defined order,
displaying relevant information such as title, descriptive text, and
images;

◦ In parallel, a TTS request is generated using the Description pa-
rameter of the LAO, providing a vocal explanation to the user;

◦ Once the narration ends, a UI button becomes available, allowing
the user to proceed to the next LAO in the sequence;

◦ This procedure is iterated until all LAOs associated with the POI
have been presented.

– Non-sequential POI

◦ The LAOs are not ordered according to any predefined sequence;

◦ A UI panel corresponding to the first LAO is instantiated, and the
user can navigate between LAOs through a dedicated UI button;

◦ In this case, TTS requests are not automatically triggered, but are
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instead activated by the user, allowing for self-paced exploration of
the contents.

• Once the interaction with the current POI is completed, the subsequent POI
is unlocked and a TTS notification informs the user that the next location is
available.

This procedure is iteratively applied to each POI encountered by the user
throughout the virtual visit.

UI Elements

As discussed in the previous subsections, user interaction within the VR envi-
ronment is mediated through a set of UI elements, including UI buttons and UI
panels (Figure 3.3a). These elements are designed to be interacted with via a laser-
based pointing mechanism, which represents a widely adopted interaction technique
in VR applications. This approach enables precise selection and activation of in-
terface components while supporting a wide range of interaction paradigms within
immersive environments.

(a) (b)

Figure 3.3: Examples of UI elements integrated within the application (main menu
UI shown as reference): a) selection of the environment to be reconstructed and
visualization of related information; b) option to make the 3D miniature of the
environment transparent in order to display POIs or to initiate the virtual visit.

The cultural and informational contents associated with the visit are delivered
to the VR user through UI panels that are instantiated at runtime whenever a LAO
becomes active (Figure 3.4).

Each UI panel includes the following elements:

• A UI panel (denoted as a in the figure) equipped with a render texture com-
ponent, displaying a video that visually indicates the position of the LAO
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Figure 3.4: Example of a UI panel used to present a LAO within the VHE.

within the environment. The render texture shows the point of view of a
virtual camera initially positioned at the center of the VE and framing the
current POI; after a short interval, the camera shifts to frame the target LAO.
This mechanism facilitates spatial understanding and allows the user to easily
locate the LAO within the VE;

• Two textual UI elements (b and c) presenting the name and the descriptive
text of the LAO, respectively;

• An additional UI panel (d) that dynamically loads and displays an image
using the URI specified in the ImageURI parameter of the LAO;

• Three UI buttons (e, f, and g): one allows the user to dismiss the current LAO
panel and proceed to the next available LAO; another triggers a TTS request
to vocally reproduce the LAO description; the last one opens an additional
UI panel that loads and plays a video using the URI stored in the VideoURI
parameter of the LAO.

Overall, this UI configuration supports an informative and guided virtual visit,
enabling users to explore the VE while seamlessly accessing and interacting with
the associated cultural contents.

3.1.4 Use Case

To demonstrate the effectiveness and capabilities of the proposed workflow, it
was applied to a use case focused on the creation of a virtual visit for a relevant
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and iconic italian CH site: Palazzo Carignano, located in Turin. The HBIM model
of the entire palace was developed using Autodesk Revit and consisted of mul-
tiple federated models, coherently coordinated within a comprehensive reference
model. However, not all the federated models composing the complete HBIM were
considered for this investigation. The use case specifically focused on the “Hall
of Seasons,” a room belonging to the Princely Apartments and a representative
example of Piedmontese Baroque architecture [42] (Figure 3.5).

Notably, the same real-world environment selected for this use case was also
employed in the investigation presented in Section 2.1. In the present one, however,
the approach differs substantially: while the previous investigation relied on a fully
manual design of both the environment and the experience, the current VE is
generated from an enriched HBIM model, and the VX is automatically created
within the VR platform.

Figure 3.5a shows a photograph of the Hall of Seasons, highlighting the deco-
rative richness and architectural details typical of the Piedmontese Baroque style.
Figure 3.5b, instead, illustrates the corresponding HBIM model reconstructed from
survey data and historical documentation; in this representation, POIs and LAOs
are explicitly highlighted in green and blue, respectively.

(a) Actual hall (b) BIM model

Figure 3.5: Picture of the real-world environment, i.e., the “Hall of Seasons” of
Palazzo Carignano, in comparison to its HBIM model.

The proposed workflow was applied by using an IFC BIM file as input to gen-
erate a virtual visit of the hall, enabling the identification and management of the
decorative elements typically included in a real guided visit. To this end, the HBIM
model was enriched in Revit by introducing the parameters required to identify
LAOs within the VE. Additionally, six POIs were placed within the hall to define
the observer’s viewpoints in the exported IFC model.

The export of the enriched HBIM model in IFC format was performed through
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the definition of a Model View Definition [33]. This element specified both the
subset of the model to be exported and the Psets containing the custom parame-
ters defined in Revit to be associated with the IFC entities. The export followed
the IFC4 specification. In particular, the elements introduced to represent the ob-
server’s position within the hall were exported as IfcBuildingElementProxy entities
of type POI and associated with a dedicated Pset_POI, containing the identifier
and the additional parameters described in Section 3.1. The LAOs selected for the
virtual visit included the frescoed vault, modeled as an IfcCovering of type Vault,
as well as several wall decorations, exported as IfcBuildingParts of type Decoration.

The HDMs of the VE were defined from the meshes obtained through the recon-
struction of the environment described in Section 2.1.4. Particularly, the meshes
corresponding to the sculptures representing the four seasons (i.e., summer, fall,
winter, spring) were considered as HDMs. The processing of the meshes was again
performed using MeshLab version 2022.02, producing three LODs for each mesh.
However, unlike the previous investigation which employed the FBX format, the
generated meshes were imported into Blender and subsequently exported as GLB
files. This operation was considered necessary, since MeshLab does not natively
support the GLB format. Figure 3.6 presents an example of the LODs generated
for one of the HDMs included in the use case.

To ensure a visually accurate and immersive representation of the environment
in VR, the IFC model exported from Revit was further processed in Blender to de-
fine UV coordinates and texture mappings. This step involved assigning textures
derived from photographs acquired during the on-site survey to the correspond-
ing meshes. UV mapping was performed to correctly align textures with the 3D
geometry, employing both manual UV unwrapping, where seams were explicitly
defined to improve accuracy, and Blender’s Smart UV Mapping tool to efficiently
handle more complex geometries (Figure 3.7a and Figure 3.7b). Upon completion,
texture files and UV data were exported locally following the proposed workflow,
respectively as PNG images and a JSON file.

Finally, the prepared data were used by the VR platform to automatically gen-
erate the virtual visit. Figure 3.8 shows the miniature representation of the HBIM
model generated by the platform, demonstrating its capability to correctly recon-
struct the environment. This representation provides users with an initial overview
of the space, supporting spatial orientation and allowing them to identify POIs
before entering the full-scale VE.

Figure 3.9 illustrates the reconstructed VE during the virtual visit from multiple
viewpoints. The results show that the platform is able to correctly manage graphical
aspects (e.g., materials and textures) and rendering features (e.g., reflections), while
also accurately identifying and handling the POIs defined in the HBIM model.

The POIs, positioned at floor level and visualized in blue, were equipped with
TP components to enable user navigation between different viewpoints. Addition-
ally, each POI features a dedicated and recognizable UI element to ensure clear
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Figure 3.6: Picture of the three LODs for one of the meshes representing the “Fall”
season. In this case, the number of vertices for the LODs is ∼ 200 (LOD0), ∼ 80k

(LOD1), and ∼ 15k (LOD2).

visibility and ease of interaction.
As shown in Figure 3.10a and Figure 3.10b, for each POI the platform acti-

vates the associated LAOs, which are dynamically highlighted to draw the user’s
attention. Figure 3.10a depicts the first LAO associated with the initial POI, em-
phasized through a spotlight. Figure 3.10b, instead, presents the UI panel displayed
whenever a LAO is activated, allowing the user to access textual descriptions, mul-
timedia contents such as images and videos, and audio explanations generated in
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(a) (b)

Figure 3.7: Frescoed vault texture UV mapping (a) and visual representation (b)
in Blender.

real time through TTS.

3.1.5 Results and Discussion

When compared with existing approaches in the literature, the proposed work-
flow exhibits several distinguishing characteristics. In contrast to many museum-
integrated VHEs (Section 3.1.2), which require manual updates whenever geometric
or semantic information changes, the adoption of HBIM models enables a more sys-
tematic and maintainable management of CH data. Additionally, the integration of
a TTS–based audio guide allows auditory contents to be generated and updated dy-
namically, overcoming the limitations of static, pre-recorded narrations commonly
used in existing solutions. These aspects contribute to the overall flexibility and
extensibility of the workflow, facilitating the continuous evolution of both geomet-
ric and semantic contents. Despite a future comparative study and experiments
should be conducted to ensure the full efficiency of the proposed approach, the
devised workflow was able to reconstruct the VE of the selected use case (i.e., the
“Hall of Seasons” of Palazzo Carignano) and generate a VHE (i.e., a virtual visit)
starting from an enriched IFC file, thus positively answering the RQ formulated
for this investigation.

At the same time, certain configurations explored in related work are not yet
fully supported by the current implementation. For instance, some VHEs rely on
360° video to achieve highly realistic visual representations at the expense of inter-
activity, while others adopt detailed 3D environments that enable advanced interac-
tion paradigms, such as the manipulation of virtual artifacts [178, 184]. Supporting
these interaction modalities, as well as validating them with a user study, repre-
sents a natural direction for future development of the proposed workflow, with the
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(a)

(b)

Figure 3.8: Miniature representation displayed at the end of the VE reconstruction
displayed a) using a flat gray material, and b) in wireframe to enable the visualiza-
tion of POIs.

objective of further broadening its applicability and strengthening its potential as
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(a)

(b) (c)

Figure 3.9: Representation of the state of the VE during the virtual visit: a)
overview of the hall and of its features, both in terms of graphic and rendering (e.g.
mirror reflections), as well as examples of automatic handling of textures and UVs
for b) the frescoed vault and c) other meshes (e.g., wall paintings).

a general-purpose solution for the creation of immersive VHEs.
The proposed workflow currently imposes a set of requirements to enable the full

reconstruction of a visually compelling environment starting from an HBIM model.
In particular, textures and UV data are not directly embedded within the IFC file
and therefore must be retrieved by the VR platform from external folders. This
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(a)

(b)

Figure 3.10: a) The first LAO associated with the initial POI of the virtual tour,
emphasized by the activation of a spotlight. In this instance, the LAO corresponds
to the decorative element symbolizing the Summer season; b) UI panel shown for
the first LAO linked to the initial POI of the virtual tour, presenting cultural
information directly extracted from the HBIM model.

aspect may represent a limitation from the user’s perspective, as it requires addi-
tional manual processing steps carried out through external tools (e.g., Blender).
However, this limitation largely reflects the current state of BIM platforms, which
generally do not prioritize native support for advanced visual assets such as texture
mappings and UV coordinates. As a consequence, BIM-to-VR workflows often re-
main dependent on external modeling software. A potential solution to this issue
would involve extending the IFC schema to provide comprehensive support for tex-
tures and UV data, allowing their metadata to be directly integrated into the IFC
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file itself.
Further considerations concern the management of lighting and reflections within

the generated VEs. With respect to reflections, the current implementation com-
putes them based on the presence of one or more IfcWall elements, an approach
that may prove limiting in open or partially bounded environments. Regarding
lighting, illumination is currently computed entirely at runtime, which imposes
constraints on the number of active light sources due to performance considera-
tions. A commonly adopted alternative would be to precompute lighting through a
baking process, generating lightmaps that can be applied to the 3D models. How-
ever, light baking is not supported in Unity outside of the Editor environment,
as it is a highly computationally intensive operation. Even if technically feasible
at runtime, such a process would significantly increase application startup times,
potentially by tens of minutes, making it impractical for the intended use case.
Consequently, light baking would require either external preprocessing tools or an
intermediate baking step within the Unity Editor. Nevertheless, the proposed plat-
form was intentionally designed to operate entirely at runtime, relying on Unity’s
real-time lighting system. While this choice may not be optimal from a perfor-
mance standpoint, it provides several advantages: it avoids the need to re-bake
lighting for every reconstructed environment, enables the management of dynamic
VEs with varying lighting conditions, and simplifies the overall workflow. From an
accessibility perspective, the reduction of preprocessing steps represents a relevant
benefit.

Concerning the positioning of HDMs, the current implementation does not ac-
count for potential geometric clipping with adjacent meshes. As a result, visual
artifacts may arise if the HDMs are not accurately positioned during the HBIM
model creation phase. To mitigate this issue, future developments could focus on
the integration of automated collision detection and positional adjustment mecha-
nisms within the HDM placement process.

Despite these limitations, the proposed approach highlights an additional role
for BIM models beyond traditional design and facility management tasks, emphasiz-
ing their potential for cultural dissemination and accessibility. By semi-automating
the HBIM-to-VR pipeline and enriching IFC files with semantic metadata, the
workflow substantially improves the scalability of VHE creation. This contributes
not only to the understanding and appreciation of built heritage, but also to its dig-
ital enhancement and long-term preservation. The integration of BIM models into
VR experiences opens new possibilities for educational and interactive applications
within the CH domain.

From this perspective, future developments may include the simultaneous use
of multiple HBIM models to illustrate the historical evolution of buildings across
different time periods. While this scenario introduces additional challenges, such as
ensuring consistent georeferencing and accurate spatial alignment, a well-structured
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IFC configuration could facilitate the automation of these processes in the gener-
ation of VHEs. Further work could address the extension of the platform to sup-
port non-immersive VR experiences, including the management of currently un-
supported elements such as screen-based UIs and mouse-driven interactions. Ad-
ditional experiments involving diverse HBIM models could also be conducted to
validate the generality of the proposed workflow across different CH contexts and
types of VHEs. Moreover, new functionalities could be integrated, including vir-
tual object manipulation, accessibility features tailored to users with physical or
cognitive impairments, and advanced interaction mechanisms based on LLMs [211,
213]. It is also worth noting that, although the current implementation retrieves
data from local folders, the platform has been explicitly designed to support fu-
ture integration with cloud-based data retrieval systems, improving scalability and
accessibility.

Finally, user studies involving different categories of participants could be con-
ducted to collect feedback and further refine the usability and effectiveness of the
workflow. Moreover, it could be useful to compare a non-immersive VR experience
with an immersive one generated by the proposed workflow to evaluate the changes
in terms of users’ perception. This evaluation phase could possibly be essential to
ensure that the generated VHEs are not only technically robust, but also engaging,
accessible, and educational for a broad and diverse audience.

3.2 Closing Remarks

This chapter explored the use of ER technologies for the creation of VXs. Specif-
ically, it described an investigation regarding the usage of HBIM to generate VHEs.

The presented investigation introduced a semi-automated HBIM-to-VR work-
flow aimed at supporting the generation of VHEs through the use of enriched IFC
files and a dedicated VR deployment platform. The proposed approach was articu-
lated into two complementary phases. The first phase focused on data preparation,
where the IFC file was augmented with additional information stored externally,
including texture data, UV coordinates, and HDMs. The second phase consisted
of an automated deployment process, in which the developed VR platform recon-
structed the environment at runtime and generated a structured virtual visit.

The workflow was applied to a real-world use case involving the creation of a
virtual visit based on the HBIM model of the Hall of Seasons at Palazzo Carig-
nano, as in the first investigation. The resulting VR application demonstrated the
feasibility of leveraging IFC-based HBIM models to produce immersive and ed-
ucational VHEs, highlighting the potential of the proposed workflow to improve
both the scalability and accessibility of digital CH valorization. The generated
experience incorporated core features commonly found in VHEs, including guided
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navigation through teleportation mechanics, attention-directing mechanisms, mul-
timedia cultural contents, and the integration of both environment-scale geometry
and high-fidelity 3D assets. Furthermore, the platform supported advanced graph-
ics and rendering functionalities, such as dynamic lighting and reflections, as well
as LOD management to ensure real-time performance.

Despite the limitations and future enhancements described in Section 3.1.5,
the workflow demonstrated the potential of integrating BIM-based DTTs within
VXs, positively contributing to the MRQ2 of this thesis. To further enhance the
value of the carried out investigation, the proposed workflow could be possibly
expanded to other domains beyond CH, employing BIM models of buildings for
creating various types of VXs (e.g., educational platforms, social VR scenarios).
In terms of effort and time invested to build the experience, the described VR
platform enables the automation of several aspects in relation to the VE and the
VX itself, such as the management of rendering features (e.g., textures, lights,
reflections), meshes coordinates, and UI elements. Concurrently, it allows to ease
the import of BIM models and their processing within a virtual application, which
can be beneficial for both the VR and BIM domains. A future evolution of the
research could aim to address the limitations emerged, possibly involving other
DTTs in the process. For instance, the current workflow leverages external software
applications to enrich the IFC file and managing the LODs of the most high-poly
meshes (i.e., HDMs). Possible solutions could include the use of generative AI-
based DTTs to automatically enrich the files, and manage the aspects related to
the meshes. Furthermore, user studies involving experts from different domains
could be conducted to further enhance the value of the proposed workflow.

Overall, the investigation described in this chapter highlighted how DTTs for
ER can ease VXs creation through the automation of the workflows, partially ad-
dressing the effort and interoperability issues pointed out in Chapter 2 (Section 2.2).
To tackle the challenges in relation to user’s guidance, the next chapter is focused
on exploring the convergence of another type of DTTs with VR, namely those based
on generative AI. Specifically, the chapter faces the challenges of employing these
technologies for the creation of conversational agents in VXs.
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Chapter 4

Generative AI for Conversational
Agents

The work described in this chapter has been formerly published in [16, 73].

Following the disruptive revolution brought with the introduction of ChatGPT
in 2022, generative AI-based DTTs have attracted worldwide attention [75]. By
definition, generative AI generally describes computational methods that can pro-
duce apparently new and meaningful content, such as text, images, or audio, based
on the data they were trained on [70]. Taking advantage of these capabilities, this
type of DTTs (e.g., LLMs) has been demonstrated to be useful across several indus-
trial sectors and research fields, including education, advertising and entertainment
[83]. This trend is still on-going and evolves along with the computational power
of these technologies, continuously opening doors to new research opportunities.

Recently, the advancements in this kind of DTT have allowed the creation of
new paradigms and methodologies within VXs. One of the most useful applications
of these technologies within this context is the creation of conversational agents,
which often are defined as dialogue systems that can respond to the natural lan-
guage of users [225]. In many VXs, these agents are usually represented with a
physical appearance (i.e., embodied), enabling the definition of ECAs [39]. While
traditional approaches for creating these agents relied on conversational systems
with several limitations (e.g., limited responses), the integration of LLMs has sub-
stantially enhanced their capabilities. Thus, ECAs have been used for various
purposes in VXs, ranging from providing simple user guidance within the VE, to
simulating complex human-behavior in real-world situations. However, numerous
challenges and research opportunities still remain. The evolution of these DTTs re-
quires constantly novel methods to integrate ECAs within VXs in several domains.
Additionally, while text-generation has been widely explored in literature to create
high quality talkative ECAs, other types of content generation (e.g., image-to-text)
are mostly underexplored.
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This chapter contains two exploratory studies regarding the integration of ECAs,
empowered with generative AI-based DTTs, within VXs. The first investigation is
placed in the context of UX in the CH domain. Specifically, it proposes guidelines
for creating the VE and integrating an LLM-based ECA providing user’s guidance
across multiple VMEs, with the specific objective of designing a unified and effec-
tive UX. Subsequently, the second investigation proposes an approach to integrate
vision capabilities within traditional ECA architectures. Specifically, it describes
a module leveraging VLMs to empower ECAs with the ability of perceiving the
surrounding VE. The devised approach was validated through an exploratory user
study in an existing VR game, comparing the perception of users towards agents
with and without environment-aware capabilities.

4.1 Unified UX Design Across Multiple Virtual

Museum Experiences

This section describes an investigation conducted in the context of UX across
multiple VHEs employing LLM-based ECAs in combination with VR. The following
subsections provide an overview of the topic, the related research within the context,
the devised methodology, and a preliminary evaluation with users.

4.1.1 Overview

In recent years, the rapid advancement of VR technologies has opened new av-
enues for research and experimentation in the field of UX. The latter term broadly
refers to the set of feelings, perceptions, and responses that arise from the use, or
anticipated use, of a product, system, or service [154]. An extensively explored
application domain in terms of UX is that of CH, where VR has enabled the devel-
opment of experiences inspired by traditional museum practices. These experiences
include virtual visits, virtual exhibitions, and virtual workshops, which are often
grouped within the concept of “virtual museum”. One of the earliest formalizations
of this idea dates back to the early 2000s, when Mase et al. [146] introduced the
concept of the “Meta-Museum.” In their work, the Meta-Museum was defined as
a space that “blends VR and AI technologies with conventional museums to maxi-
mize the utilization of the museum’s knowledge base and to provide an interactive,
exciting and educational experience for visitors.” Key characteristics of this ap-
proach included the presence of personal artificial guidance agents and a strong
emphasis on “visitor-oriented and personalized access, experience, and learning of
exhibitions.”

Over time, this definition has been progressively extended through numerous
studies focusing on the design and evaluation of meaningful learning experiences
within virtual museums and related CH environments, with particular attention
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to both educational outcomes and UX aspects [129, 150, 56]. More recently, the
emergence of metaverse-oriented platforms has further increased the complexity of
these VMEs by introducing shared virtual environments and social interaction dy-
namics. In parallel, the adoption of chatbots powered by LLMs, such as ChatGPT,
has represented a significant paradigm shift in the development of ECAs. Unlike
traditional rule-based or scripted approaches, these models enable the generation
of responses dynamically, leveraging knowledge acquired during training.

Despite these advances, UX evaluation in VR-based cultural experiences is still
frequently approached in a fragmented manner, with individual experiences being
assessed in isolation. This represents a limitation, as a VME may encompass multi-
ple sub-activities, such as guided visits or interactive workshops, each characterized
by different interaction requirements and engagement patterns.

This investigation aims to explore UX within the domain of virtual museums
by considering multiple VMEs as part of a unified framework. To this end, two
distinct VMEs were developed: “Piazza Memorabilia”, implemented within a VR
metaverse platform, and a Renaissance-era learning laboratory situated in a virtual
workshop. Drawing on guidelines identified in the state of the art, this preliminary
investigation focused on two core elements as foundational components for a co-
herent UX across VMEs: the VE and the ECA. The VE was designed to foster
user engagement and curiosity through exploration, while maintaining conceptual
and experiential coherence between the two environments. The ECA, on the other
hand, was implemented by integrating a LLM (GPT-4) into the system, with the
goal of enabling effective and natural conversational interaction, as well as provid-
ing guidance to users throughout the experience. Finally, a preliminary user study
was conducted by evaluating the usability of the experience, as well as the users’
perception towards the developed ECA.

4.1.2 Background

This section reviews the current related works in the field of UX in museums
and methodological approaches in the context of VMEs.

UX in museums

A substantial body of research has investigated the nature of museum experi-
ences. Among the most influential contributions in this field are Falk and Dierking’s
Museum Experience framework [65] and Packer and Ballantyne’s visitor experience
model [168]. These works identify several factors that shape the overall museum
experience, including the visitor’s personal context, the immediate experience, and
the remembered experience. While early studies primarily focused on the visitor’s
individual dimension, King et al. [115] introduced an additional perspective by em-
phasizing the relationship between the subjective visitor experience and the actions
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undertaken by the museum, gallery, or heritage site hosting the visit. From this
standpoint, the concept of an “environmental response” emerges as a key element
to be considered in the design of cultural experiences.

Building on the foundations laid by Falk and Dierking [65], Chang et al. [43]
proposed a set of guidelines for designing engaging museum experiences. Among
these recommendations, it was argued that museum experiences should be designed
to “offer open and free choices and put learners in control of their own learning,”
while still accounting for the visitor’s personal context. At the same time, they
highlighted the importance of addressing the social dimension of museums, encour-
aging interactions among visitors as well as between visitors and museum staff to
support the learning process. Furthermore, they suggested that museum educators
should create opportunities to integrate knowledge and information through digi-
tal tools and facilitators, and to “design learning environments where visitors can
navigate more spontaneously from one experience to the next.”

The principles identified in these studies are highly relevant for the present in-
vestigation, as they are not only compatible with the affordances of VR technologies
and metaverse platforms, but also aligned with the objective of connecting multiple
museum sub-activities into a coherent and unified VME.

UX in Virtual Museums

With respect to VMEs, a central aspect to consider is the design of the VE in
which users are immersed. As discussed by Chung et al. [49], it is crucial to carefully
balance the creation of environments that faithfully resemble real-world spaces with
the possibility of designing unrealistic or imaginative environments that cannot be
experienced in physical settings. Their work investigated the impact of realistic (i.e.,
accurately representing the physical world, high fidelity) and unrealistic (i.e., surreal
environments, low fidelity) VEs on UX, showing that both approaches influence the
overall experience in different ways. While realistic representations provide users
with a sense of familiarity and spatial coherence, unrealistic VEs tend to stimulate
curiosity and foster exploratory behavior within the virtual space.

Another relevant line of research concerns the enhancement of user engagement
and learning through the gamification of virtual museum experiences. For instance,
Pietroszek et al. [175] developed a Unity-based prototype for a virtual exhibit of the
Museum of Peace Corps Experiences. The results of a pilot user study indicated
positive feedback in terms of engagement, suggesting that game-like mechanics can
effectively support user involvement in VMEs.

In order to establish a coherent UX that integrates the aforementioned elements,
the inclusion of ECAs for user guidance is widely regarded as a fundamental com-
ponent. A recent study by Trichopoulos et al. [211] explored the integration of
LLMs within an ECA designed to guide users inside a museum environment. Their
proposed architecture included features such as TTS, Speech-To-Text (STT), and
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GPT-4, enabling multimodal interaction. In this approach, the ECA also acted as
the primary content provider, as the LLM was pre-loaded with predefined responses
related to specific topics. On the one hand, this strategy may be seen as limiting,
since it primarily exploits the Natural Language Processing (NLP) capabilities of
the LLM without fully leveraging its generative potential. Such an approach is often
preferred when using traditional chatbot frameworks (e.g., RASA or DialogFlow),
which rely on predefined responses and offer greater control over conversational
flows. On the other hand, traditional chatbots are inherently constrained in flexi-
bility, as highlighted in several studies [62, 92], and their development process can
be relatively time-consuming.

4.1.3 Materials and Methods

The investigation was conducted within the context of the project “CTE - Musei
nel Metaverso” promoted by LINKS Foundation, in collaboration with Casa delle
Tecnologie Emergenti (CTE NEXT) and Palazzo Madama, a historic building and
museum located in Turin, Italy.

The investigation involved the development of two distinct VMEs using the
Unity1 game engine. The first is a meta-museum experience hosted within a meta-
verse environment and developed for the Spatial platform through its dedicated
Software Development Kit (SDK). The second is a virtual workshop specifically
designed for Meta Quest HDMs. The 3D assets for both VEs were modeled using
Blender, while 2D assets and textures were produced with Adobe Illustrator and
Substance 3D Painter. Additionally, several tools were employed for the creation
of the ECA, including the OpenAI API and various TTS and STT modules.

Meta-museum experience

The meta-museum experience, accessible both via desktop devices and HDMs,
offers users a virtual visit to an imaginary square named “Piazza Memorabilia”
(Fig. 4.1a), inspired by the Renaissance concept of the ideal city. The experience
begins with the 3D reconstruction of an existing real-world room located within
Palazzo Madama, where users are introduced to Virgilio, an ECA designed to guide
them throughout the VME.

Subsequently, a time machine appears inside the room, allowing users to travel
back in time and reach “Piazza Memorabilia”. Upon arrival in the square, Virgilio
assigns the users a task consisting in finding and collecting five historical medals
scattered across the environment. At this stage, users are free to explore the virtual
space autonomously in order to locate the assigned items.

1Unity Engine: https://unity.com/
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Whenever a medal is found, the historical character represented on it mate-
rializes as a 3D model rendered with a spectral-like shader and narrates its own
story. The information is conveyed both visually, through a textual UI, and audi-
bly, through the audio output of the user’s device. After all the medals have been
collected, users are encouraged to continue the VME by accessing the Renaissance
virtual workshop. The VE also includes a showroom area, where the historical
medals created by users during the workshop are exhibited.

Virtual workshop experience

In the virtual workshop experience (Fig. 4.1b), users are invited to create a
customized historical medal by leveraging hand-tracking features provided by the
Oculus VR Toolkit. At any time, users can alternatively switch to traditional con-
trollers according to their preferences. Upon launching the application, a dedicated
menu allows users to choose between accessing a tutorial scene or directly entering
the virtual workshop experience.

Within the tutorial, users are introduced to the fundamental interaction me-
chanics required to navigate and operate within the VE. These include teleporta-
tion, object manipulation (e.g., grabbing), and interaction with UI elements. The
corresponding hand gestures and interactions are illustrated through UI panels and
representative 3D models. Additionally, in the case the integrated instructions re-
sulted as insufficient, users can request real-time assistance vocally from the ECA.

The workshop experience is structured around four sequential working stations:

• Customization of the historical medal;

• Creation of the mold using a wax model;

• Selection and melting of the metal for the casting process;

• Refinement and finishing of the final medal.

Each working station is organized in steps and associated with a predefined time
constraint for each one of them. In cases where users exceed the allotted time, the
system automatically completes the required actions to complete the step through
predefined animations. This design choice aims to support users during the activity
while ensuring a consistent overall duration of the experience.

UX Design

The unified UX that guides users seamlessly from the meta-museum experience
to the virtual workshop is grounded in two core design elements: the VE and the
ECA.

The VE acts as a connective narrative and spatial framework between the two
experiences, relying on shared semantic characteristics and a coherent visual style.
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(a)

(b)

Figure 4.1: Visual representation of the two VEs: the meta-museum experience (a)
and the virtual workshop (b).

The overall experience immerses users in a historical and educational journey in
which an idealized Renaissance square initially serves as the setting for the explo-
ration and interpretation of historical medals, contextualizing them within their
respective cultural and temporal backgrounds.

The metaverse experience concludes at the entrance of what corresponds, in
practice, to the VE of the virtual workshop. This transition is considered a funda-
mental design choice, as it functions not only as a practical gateway to the workshop
experience while preserving environmental continuity, but also as a narrative bridge
that reinforces the coherence of the overall VME.

The idealized Renaissance VE deliberately avoids assigning a specific historical
or geographical connotation to the medals, which originate from diverse regions. At
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Figure 4.2: Schematic representation of the ECA architecture;

the same time, it enables users to acquire architectural notions characteristic of the
Renaissance period. Moreover, in line with the analysis of the state of the art, both
VR applications adopt a cartoon-style visual aesthetic, aimed at gently stimulating
users’ curiosity and fostering engagement within a familiar and non-intimidating
VE.

The ECA, named “Virgilio”, was designed to enable seamless interaction with
users through voice-based communication. Throughout the experience, the ECA
is responsible for two primary functions: supporting users with gameplay-related
guidance (e.g., teleportation and object manipulation) and delivering instructions
and information related to the cultural contents of the VMEs. Interaction with the
ECA is initiated by the users through the pronunciation of a predefined activation
keyword (i.e., calling the agent by name), after which they can pose questions
related to the task currently being performed, which are processed by the underlying
LLM-based system.

As shown in Fig. 4.2, the system architecture is composed of four main compo-
nents. First, user speech is captured and processed by AI-based Speech Recognition
(SR) modules, relying on the Whisper API to convert vocal input into text with
high accuracy. The resulting transcription is then appended to a conversational
buffer that stores the interaction history between the user and the ECA. Subse-
quently, the complete buffer is forwarded to a Generative AI module, implemented
through the OpenAI API for Unity, which enables the generation of coherent and
context-aware responses to user queries.

For the virtual workshop, response generation is driven by carefully crafted
prompts, designed according to the guidelines provided by OpenAI [166]. These
prompts define the behavioral constraints and instructional role of the ECA through-
out the experience. More specifically, the ECA is dynamically prompted by the
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system using a set of instructions retrieved from a JSON file, which are selected
based on the current workstation and the specific step being performed by the user.
Each instruction is composed of the following fields:

• Workstation ID: an integer value identifying the current workstation;

• Step ID: an integer value indicating the current step within the workstation;

• Guideline: a textual description of the instructions required to complete the
step;

• Rules: a textual field defining constraints that the ECA must adhere to when
generating responses (e.g., “Do not mention that you are an AI”);

• Environment: a textual description containing contextual information about
the surrounding VE.

Finally, the architecture integrates the ElevenLabs API 2 to provide high-quality
TTS output. This overall design supports immersive, responsive, and context-aware
interactions between users and the ECA, ensuring that guidance and information
are consistently aligned with the state of the VR experience.

Experiments

A preliminary evaluation on usability and users’ perception of the ECA was
conducted during a three days experimental phase at Palazzo Madama, involving
LINKS Foundation, CTE NEXT, and 53 high-school students from three different
institutions located in Turin, Italy.

A series of portable PCs and Meta Quest HMDs were employed, respectively for
allowing participants to test the metaverse experience and the virtual workshop.
Each session lasted approximately 50 minutes, and included an introduction to the
experience (≈10 min.), the testing of the metaverse experience (≈15 min.) and
the virtual workshop (≈15 min.), as well as the anonymous compilation of two
questionnaires (≈10 min.).

The evaluation on usability was performed by employing the SUS questionnaire
[28], as in many other investigations within the state-of-the-art, which provided
a subjective measure of usability. The 10 items of the questionnaire were rated
on a 5-point Likert-type scale, with 1 representing “Strongly Disagree” and 5 for
“Strongly Agree”. In turn, the ECA present within the experience was evaluated in
terms of users’ perception considering various dimensions, namely Hedonic Moti-
vation (HM) (i.e., the pleasure derived from interacting with the ECA), Perceived

2ElevenLabs API: https://elevenlabs.io/api
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Humanness (PH) (i.e., the degree to which the ECA has human-like traits, Per-
formance Expectancy (PE) (i.e., the extent to which users believe that the ECA
will help them in completing a task), and Cognitive Attitudes (CA) (i.e., users’
perception of how effectively the ECA can provide information). All these dimen-
sions were selected from the approach proposed by Ma et al.[142] and adapted for
this considered user study. The items for each dimension of the questionnaire were
rated on a 7-point Likert-type scale, with 1 representing “Strongly Disagree” and
7 for “Strongly Agree”.

4.1.4 Results and Discussion

In terms of usability, the results derived from the first questionnaire showed a
mean SUS score equal to “Good” (M = 72.97, SD = 14.75), in accordance with the
rating rationale developed by Bangor et al. [14]. The SUS score was computed in
accordance with its original formulation [28]. Specifically, the scores for the odd-
numbered items were calculated by subtracting 1 from the scale position, while the
scores for the even-numbered items were obtained by subtracting the scale position
from 5. The overall SUS score was then derived by multiplying the resulting sum
by 2.5. From an individual standpoint, among the 53 users involved, seven scored
equal to “Excellent” (min = 87.50, max = 95.00); twenty-two scored equal to
“Good” (min = 75.00; max = 85.00); twenty scored equal to “OK” (min = 52.50,
max = 72.50); and four scored equal to “Poor” (min = 37.50; max = 50.00). Since
usability is strictly related to UX, this result may indicate a slightly positive trend
towards an effective and usable VX, while at the same time highlights the need of
future enhancements for the experience.

Regarding users’ perception of the ECA, results from the second questionnaire
(Figure 4.3) showed aggregated ratings between 4 and 5, with the exception of one
dimension (PH) which was below 4. The highest rated dimension was CA (M =
4.55, SD = 1.70), while the lowest was PH (M = 3.94, SD = 1.45).

Although preliminary and based on a limited analysis in terms of sample size,
these results partially suggest a slightly positive trend towards an effective UX
across multiple experiences. To improve usability, future developments could in-
volve a deeper analysis of the modalities to enhance UX, as well as expanding and
diversifying the sample of the users involved. Regarding the ECA, all the users
were able to complete the experience following the guidance of the devised agent.
However, results did not highlight particularly low or high values for the evaluated
dimensions. Interestingly, most of the users evaluated usability positively, while the
agent was generally perceived as neutral to them. This consideration could suggest
that the selected scenario for the developed VXs was not entirely suitable to fairly
evaluate the ECA. This result may be explained by the fact that users were more
focused on completing the tasks within the VR experience than on interacting with
the ECA. Future research in this directions should involve additional testing in
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HM PH PE CA
Serie1 4,29 3,94 4,42 4,55
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Figure 4.3: Preliminary data for the users’ perception of the ECA

different use cases, as well as a statistical analysis to confirm the obtained results.
Additionally, it could be interesting to perform a comparative evaluation with tra-
ditional approaches for the design of ECAs. The latter aspect could possibly be
fundamental for asserting wether or not LLM-based ECAs are more suitable than
traditional ones (e.g., RASA) within VMEs.

4.2 Vision-Language Models for Environment Aware

Agents

This section describes an investigation carried out in the context of environment-
aware ECAs employing VLMs in combination with VR. The following subsections
provide an overview of the topic, the related research within the context, the devised
methodology and its application in an existing VX (i.e., a videogame), and an
exploratory user study.

4.2.1 Overview

The rapid growth of generative AI-based DTTs has enabled researchers and
developers worldwide to significantly enhance interactive VXs. In particular, the
integration of LLMs, such as GPT-4 [29] and Llama [210], within VEs has recently
emerged as a highly influential factor [206]. The growing adoption of LLMs can
be attributed to the numerous advantages offered by these models, including their
ability to understand and generate human-like language, perform reasoning-based
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tasks that traditionally require human intelligence, as well as process and generate
multimodal content (e.g., images, videos, and speech) [105].

With respect to the use of generative AI for the creation of ECAs, several chal-
lenges remain open. A critical issue concerns the ability of such agents to effectively
perceive and reason about their surrounding VE. In traditional gaming scenarios,
ECAs have often lacked awareness of the environment, which may negatively affect
immersion and the overall player experience [103, 181]. When LLMs are employed,
the integration of accurate environmental knowledge into the agents’ responses be-
comes more crucial, as it directly influences the relevance and coherence of their
interactions [180]. Moreover, the degree of environmental awareness exhibited by
an LLM-ECA has been shown to significantly impact conversational quality and
human-agent interaction [224].

To tackle these challenges, existing approaches typically rely on extracting en-
vironmental information directly from the development platform or game engine
(e.g., Unity or Unreal Engine). Such solutions are commonly based on custom
pipelines [131, 132] or on Scene Graph (SG) representations [227, 128] to structure
environmental knowledge. While these methods allow LLM-ECAs to access precise
contextual information, they generally require developers to manually define and
integrate object descriptions, spatial relationships, and visual attributes within the
development environment. For large-scale VEs, this process can become extremely
time-consuming and labour-intensive.

An alternative solution to mitigate these limitations is represented by VLMs.
By jointly leveraging computer vision and NLP, VLMs have proven effective for
deployment within interactive virtual applications [112, 134]. A key advantage
of VLMs lies in their capability to directly extract contextual information from
visual inputs, such as images or video streams, and transform it into structured
textual representations [153]. Nevertheless, the use of VLMs to provide environ-
mental knowledge to LLM-powered ECAs in gaming and VR scenarios, as well as
their impact on users’ perception and conversational experience, remains largely
underexplored.

Building upon these considerations, this investigation explores the use of VLMs
to enhance conversational LLM-ECAs with accurate and contextually grounded
environmental information, and examines how environment-aware ECAs influence
players’ perception within a VX. To address the former objective, a software module
was developed that integrates a VLM into an existing virtual application through
multi-image inference. By means of prompt engineering, visual inputs are con-
verted into a structured SG representation of the VE, enabling LLM-ECAs to
perceive and reason about their surroundings. To address the latter objective,
an exploratory within-subject user study was conducted using a state-of-the-art
video game populated with multiple LLM-powered conversational NPCs. These
ECAs were augmented with the proposed VLM-based module to ensure environ-
mental awareness. The evaluation focused on players’ perception of the ECAs with
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and without environment-aware capabilities, considering the following dimensions:
perceived knowledge and specific environmental knowledge (i.e., degree to which
players perceive the ECAs as knowledgeable about the environment and its spe-
cific elements), perceived intelligence (i.e., degree to which the players perceive
the ECAs as intelligent entities), environment factuality (i.e., the extent to which
players perceive the agents’ responses to be truthful), willingness for future inter-
action (i.e., players’ willingness to interact again with the ECAs in the future),
and conversational capabilities (i.e., the perceived communication abilities of the
ECAs, such as flexibility and human-likeness). A within-subject design was pre-
ferred over a between-subject approach to facilitate the comparison of individual
users’ perceptions of the two different ECA configurations.

By defining environmental awareness as the degree to which an ECA is able to
recognize the elements present within a given virtual scenario (e.g., objects, figures)
and their characteristics (e.g., materials, colors), the objectives of this investigation
are summarized by the following research questions:

• RQ1: How does environment knowledge enabled by a VLM affect players’
perception of an LLM-ECA in terms of perceived knowledge and specific
knowledge of the environment?

• RQ2: How does environment knowledge enabled by a VLM affect players’
perception of an LLM-ECA in terms of perceived intelligence, environment
factuality, and willingness for future interaction?

• RQ3: How does environment knowledge enabled by a VLM affect players’
perception of an LLM-ECA in terms of conversational capabilities, namely
communicative ability, flexibility, and human-likeness?

4.2.2 Background

In recent years, a growing body of research has focused on the development and
enhancement of agents based on LLMs. This section reviews the methodologies,
tools, and approaches proposed in the state of the art to improve LLM-based agents,
including ECAs, and their interaction capabilities. Particular emphasis is placed
on approaches aimed at endowing such agents with perceptual abilities, such as
vision, as well as on VLMs and their application within VEs.

LLM-based Agents

With the disruptive emergence of LLMs, research interest has increasingly shifted
toward the design and deployment of LLM-based agents operating within VEs. De-
pending on the target application and the interaction paradigm, these agents can
generally be categorized into three groups: single-agent systems, multi-agent sys-
tems, and Human-Agent Interaction (HAI) scenarios.

109



Generative AI for Conversational Agents

Single-agent studies typically investigate how a single LLM-based agent can
autonomously perform tasks within a system. Representative examples include
the evaluation of player performance in serious games [102] and decision-making
processes while autonomously playing video games [106]. Multi-agent approaches,
on the other hand, focus on interactions among multiple agents, often aiming to
simulate complex, human-like social behaviors. Notable contributions in this area
include the works of Park et al. [172] and Lin et al. [133], which explore emergent
behaviors arising from agent-to-agent interactions.

In contrast to the previous categories, studies in the HAI domain explicitly in-
volve direct interaction between LLM-based agents and human users. While single-
agent and multi-agent systems often emphasize internal capabilities such as mem-
ory, reasoning, or personality modeling, the presence of a human user introduces
additional design constraints related to usability, responsiveness, and perceived in-
telligence. For example, Pan et al. [170] proposed ELLMA-T, an ECA designed for
language learning in social VR environments. The agent engages users in meaning-
ful conversations by leveraging an LLM (GPT-4), combined with STT for process-
ing user input and TTS for delivering spoken responses. Similarly, Christiansen
et al. [48] integrated multiple ECAs as conversational NPCs within a VR video
game, enabling immersive role-playing interactions through both speech-based and
dialogue-driven communication. Another relevant contribution is provided by Yang
et al. [224], who adopted a comparable ECA architecture and employed prompt en-
gineering techniques to investigate how different levels of agent knowledge influence
users’ perception.

In summary, these studies establish a solid foundation for the development of
engaging and knowledgeable ECAs. However, recent trends in HAI research increas-
ingly highlight the necessity of extending existing architectures with additional ca-
pabilities, not only to improve agents’ conversational and knowledge-related skills,
but also to enhance their awareness of the surrounding context in which interactions
take place.

Environment-aware ECAs

The architecture of ECAs typically relies on a set of core modules responsible for
specific functionalities. This modular structure is clearly articulated in the work of
Xi et al. [223], who conceptualize LLM-based agents as composed of three primary
components: perception, brain, and action. Within this framework, the perception
module plays a crucial role by enabling agents to sense and interpret stimuli from
their surroundings, including auditory and visual cues.

In the context of ECAs operating within VEs, several approaches have been
proposed to provide agents with environmental awareness. One common strategy
consists of supplying contextual information through in-game events. This is often
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implemented via dedicated game objects, such as trigger volumes, which dynam-
ically inject contextual data into the agent’s prompt or internal state [185]. An
example of environment information extraction from the game system is presented
by Li et al. [131], who focused on role-play scenarios. By leveraging an LLM (GPT-
4) and carefully structured prompts, their approach enabled ECAs to access reliable
environmental information within the VE. A similar methodology was adopted by
Li et al. [128], who introduced a world-state module within the prompt engineering
pipeline. This module was dynamically updated using a SG representation of the
environment extracted from the underlying game system.

Across these approaches, textual representations emerge as the predominant
means for enabling environmental awareness in ECAs. However, since such infor-
mation is typically derived from the game system, visual properties of the environ-
ment (e.g., geometry, materials, spatial relationships) must be explicitly predefined
and manually integrated. This process can be costly in terms of development effort
and often requires re-implementation for each new application or virtual scenario.

Given the multimodal capabilities of contemporary LLMs, an alternative and
promising solution is the adoption of VLMs. These models have already demon-
strated their effectiveness in a variety of scenarios involving VEs. For instance,
Hebri et al. [94] introduced SmartSage, an ECA designed for cognitive assessment
in immersive VR. In this system, VLMs were employed alongside LLMs to interpret
contextual information directly from the VE, enabling the agent to reason about
its surroundings. Similarly, Konenkov et al. [119] proposed a VLM-based agent for
medical training applications. Through a fine-tuning strategy, the VLM inferred
environmental information from images captured from multiple viewpoints within
the VE, demonstrating the feasibility of providing agents with contextual awareness
while minimizing manual annotation efforts.

Despite the advantages offered by VLM-based approaches, their application
within VEs remains relatively underexplored. Moreover, to the best of the au-
thor’s knowledge, no prior study has systematically investigated user perception
of environment-aware ECAs empowered through VLMs. As discussed in the pre-
vious subsection, this aspect represents a critical dimension when designing ECAs
intended for meaningful and engaging human–agent interactions.

An overview of the analyzed works is reported in Table 4.1.

4.2.3 Materials and Methods

This section introduces the proposed approach aimed at empowering ECAs with
environmental perception capabilities. In particular, it describes the integration of
an Environment Perception Module (EPM) within a conversational LLM-ECA ar-
chitecture. The EPM leverages a VLM to extract a structured SG representation
of the 3D VE through a multi-image inference process. Furthermore, this section
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Study Platform Type Tools Capabilities EK

[102] ChatGPT Single-Agent GPT-3.5 MM -

[106] NetHack Single-Agent GPT-4-Turbo
MM
AP

GSE

[172] Phaser Multi-Agent GPT-3.5-turbo
MM

PSLTY
AP

GSE

[170] VR-Chat HAI
GPT-4

Whisper-STT
OpenAI-TTS

MM
BEX

-

[48] Unity HAI
GPT-4

Oculus SDK-STT
Wit.ai-TTS

MM
PSLTY
BEX

-

[224] Unity HAI
GPT-4

Azure-STT
Azure-TTS

MM -

[131] Unity HAI
GPT-4-turbo

STT
Wit.ai-TTS

MM
BEX
FEX

GSE

[128] Unity HAI GPT-4-turbo

MM
PSLTY

AP
BEX

GSE

[94] Unity HAI
Phi3

PaliGemma

MM
UG
TM

VLMG

[119] Unity HAI
Qwen-VL

Whisper-STT
JETS-TTS

MM
UG

VLMG

Table 4.1: Detailed list of current agents employed in the state-of-the-art. The not
yet defined acronyms are reported as follows: EK, Environmental Knowledge; GSE,
Game System Extracted; VLMG, VLM-Generated; MM, Memory Management;
AP, Action Planning; PSLTY, Personality; BEX, Body Expressions; FEX, Facial
Expressions; UG, User Guidance; TM, Task Management;

details the prompt-engineering strategies adopted to obtain such a structured rep-
resentation in a reliable and reproducible manner.
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System Architecture

As highlighted in the state of the art, the design of conversational LLM-based
ECAs typically relies on modular architectures, where distinct components are
responsible for specific functionalities [16][229]. To enable natural interaction be-
tween players and the system, these architectures commonly include SR and STT
modules, which convert spoken input into textual form. The resulting text is then
forwarded to a conversational module, usually composed of an LLM, a system
prompt containing instructions and contextual information, and a memory buffer
that preserves the dialogue history. The textual output generated by the LLM is
subsequently transformed into audio through a TTS module, allowing the ECA to
deliver spoken responses to the player.

To introduce environment-aware capabilities into this pipeline, the proposed
approach incorporates an additional component, namely the EPM. As illustrated
in Fig. 4.4, the process begins with the virtual platform (e.g., a game engine)
extracting visual information from the VE. This is achieved by exploiting one or
more Virtual Cameras (VCs) positioned within the 3D environment. These cameras
asynchronously capture a set of N frames, each representing the scene from a
different viewpoint.

Once acquired, the extracted frames are provided as input to a VLM mod-
ule, which operates under the guidance of a dedicated system prompt. The VLM
processes the visual data and produces a structured SG representation of the VE,
encoded in the form of a JSON schema. This SG is then injected into the system
prompt of the conversational module, effectively augmenting the LLM-ECA with
explicit knowledge about its surrounding environment.

The resulting architecture enables the conversational module to generate con-
textually grounded responses, thereby allowing the ECA to exhibit awareness of
its surrounding VE. Depending on the characteristics of the environment, whether
static or dynamic (i.e., subject to changes over time), and on the inference latency
of the selected VLM, the SG generation process and the subsequent update of the
system prompt can be executed repeatedly at configurable time intervals during
runtime.

Prompt Design

Drawing inspiration from state-of-the-art approaches [27][91][227], the task as-
signed to the VLM module is to generate a SG describing all the objects present
in the VE based on the previously extracted frames. This objective is achieved
through prompt engineering, by defining a dedicated system prompt that explicitly
instructs the VLM on how to process the visual inputs and structure the resulting
representation.

The system prompt is organized into four main sections: context, input, output,
and rules. The context section introduces the general task to be performed by the
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Input
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System Prompt

Environment
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Figure 4.4: Devised VLM-based environment perception module integrated in a
traditional architecture of an LLM-based ECA. Over both the VLM module and
the Conversational Module, their respective system prompts can be observed.

VLM and specifies the application scenario, which can be adapted depending on
the target virtual experience. The input section clarifies the nature of the data
provided to the model, namely a set of frames captured from the VE. The output
section specifies the expected response format, namely a SG representation. Finally,
the rules section defines a set of constraints that the VLM must comply with while
processing the input and generating the output. An example of a template system
prompt adopted for the VLM module is reported in Table 4.2.

The instructions conveyed through the system prompt enable the generation of
a SG composed of nodes and edges. For each object detected within the scene, the
VLM generates a node containing the object name along with a set of attributes
describing its visual properties. These attributes include features such as color, ma-
terial, and size, which play a crucial role in defining the visual identity of an object.
Even minor variations in these attributes may significantly affect the perception
and interpretation of the object. For this reason, the prompt design adopts a struc-
tured attribute set derived from the Open-vocabulary Attribute Detection (OvAD)
dataset [27], which defines 19 attribute classes (e.g., color, pattern, material) and
a total of 117 distinct attribute categories.

In addition to object attributes, the VLM module also generates a set of edges
encoding spatial relationships between objects, with the goal of enhancing the en-
vironmental awareness of the target LLM-ECA. These relationships are expressed
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using subject–predicate–object triplets and are constructed according to three cate-
gories commonly employed in traditional spatial reasoning approaches [91]: proxim-
ity (e.g., near), directionality (e.g., on, under), and assembly (e.g., inside, hanging
from). Since the extracted frames depict the same VE from multiple viewpoints,
relational categories such as adjacency (e.g., left side, front side), orientation (e.g.,
aligned), and geographic references (e.g., north, south) are deliberately excluded
from the prompt specification.

Following this approach, the output of the EPM consists of a SG representation
of the VE that encodes a rich set of environmental information. This representa-
tion is subsequently injected into the system prompt of the conversational module,
thereby equipping the LLM-ECA with explicit environment-aware capabilities.

4.2.4 Use Case

To validate the proposed system, the investigation adopted an open-source
murder-mystery video game featuring ECAs, originally presented in a state-of-the-
art work [48]. Since the video game included a highly detailed virtual environment
populated by various ECAs, it was deemed suitable for this investigation. The
current implementation adapted the application from an immersive VR setup to a
desktop-based VR configuration, ensuring accessibility without requiring dedicated
immersive hardware. Since the level of immersion was not a relevant factor for the
objectives of the investigation, this choice allowed for a broader participation while
preserving the integrity of the interaction mechanisms.

The proposed EPM was integrated into the architecture of the ECAs populat-
ing the game, thereby equipping them with VLM-based environmental perception
capabilities. To evaluate players’ perceptions of the ECAs, a within-subject pilot
user investigation was conducted, comparing interactions with ECAs endowed with
environmental knowledge against ECAs lacking such capabilities.

Game Application

Within the game, players interact with multiple ECAs in order to collect infor-
mation and ultimately solve a homicide. The VE is set inside a haunted mansion
composed of a diverse set of rooms populated by a wide variety of objects and visual
elements, such as furniture, paintings, and narrative props.

The ECAs are embodied as NPCs distributed across different rooms of the VE,
each empowered with conversational abilities based on LLMs (GPT-4), along with
STT and TTS components. Following prompt-engineering design principles, the
authors of the original study [48] defined a structured system prompt for each NPC,
conveying information about the game setup (e.g., narrative context and location),
the NPC’s personality traits, and their alibi related to the homicide. Additionally,
an event-based mechanism was employed to update the system prompt whenever
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Section System prompt instructions

Context “You are a frame analyzer of a certain virtual application . . . ”

Input “You’ll receive one or more images depicting a 3D virtual environ-
ment. Assume that all the frames represent the environment state
at the same time . . . ”

Output “Identify all the visible objects, their attributes (e.g.,
color, material, size), and their spatial relations to gen-
erate a scene graph representation of the virtual environ-
ment. Provide the output exclusively in JSON format
following this scheme:“ {"objects": [{"name": string,

"attributes": [string]}], "relations": [{"subject":

string, "predicate": string, "object": string}]}”.

Rules 1: Label objects of the same category as follows: obj, obj_1,
obj_2... (e.g., two windows: window, window_1).
2: The attributes must be listed using their category followed by
their value (e.g., “color: red”, “size: tiny/small” ...). You can use
the same attribute multiple times, if necessary, but each one must
contain only one value. The list of attributes that you are allowed
to use is the following . . .
3: You can use only the following values for the “predicate” param-
eter when you generate the spatial relations: [on, under, near,
hanging from, inside].
4: Do not include which frames depict what, just describe what
you see.
5: The graphic style does not matter, describe things as it were
real.
6: Do not provide additional text, except for the scene graph.

Table 4.2: Example of template system prompt for the VLM module

the player discovered specific interactive objects or clues within the VE.
The system prompt also included a set of behavioral rules to ensure smooth and

coherent interactions (e.g., “Do not mention that you are an NPC”). Apart from
these initialization elements, the original NPC architecture did not incorporate any
explicit form of environmental knowledge.
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Using the same Unity3 version as the original application (Unity 2022.3.9f1),
the proposed EPM was embedded into the NPC architecture. Since each NPC
occupies a single room, four VCs were placed within each room at different angles.
The cameras were positioned and oriented to maximize coverage of the surrounding
environment and its visual features. Each VC captures four frames representing dif-
ferent viewpoints of the room (Figure 4.5). As both the VE and the NPCs are static
in the considered game—meaning no spatial changes occur during gameplay—the
frames are captured once during game initialization.

The captured frames are encoded in JPG format and forwarded to the VLM
module to generate a SG representation in JSON format. In the current implemen-
tation, GPT-4.1 is employed as the VLM for the EPM, both for visual processing
and SG generation. The resulting SG is then injected into the NPC’s conversational
module by appending a dedicated textual rule to its system prompt, instructing
the LLM on how to exploit environmental information during player interactions.

(a) Frame 1 (b) Frame 2

(c) Frame 3 (d) Frame 4

Figure 4.5: One of the rooms part of the VE within the video game. The four
images represent the frames extracted before passing them to the VLM module to
generate the SG. An NPC is standing within the room, surrounded by different
objects.

3Unity Engine: https://unity.com/
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To assess players’ perceptions of environment-aware NPCs, a three-step inter-
action protocol was defined (Figure 4.6):

• S1: Upon encountering an NPC for the first time, the player is instructed via
a textual UI to ask three open-ended questions aimed at understanding the
NPC’s identity and their stance regarding the homicide.

• S2: After completing the first step, the objective shifts to asking questions
related to the surrounding VE. This interaction is facilitated through a UI
featuring buttons corresponding to four predefined questions about the en-
vironment. The questions were designed to align with the narrative context
in order to preserve player immersion (e.g., “If you were the murderer, where
would you hide your weapon in here?”).

• S3: In the final step, players are encouraged to freely explore the room in
search of clues, while retaining the possibility to interrogate the NPC again if
needed. Since the original game provided a limited number of clues, additional
interactive element, such as object-based interactions or UI components, were
introduced in each room to further stimulate environmental exploration.

Additional adjustments were introduced to improve interaction quality and ac-
cessibility. GPT-4.1 was employed for dialogue generation, while the Whisper API4

and ElevenLabs Flash V2.55 were utilized respectively for STT and TTS. The
changes regarding TTS were made in relation to ElevenLabs faster response times
compared to Wit.ai. In addition to the original voice-based interaction, a chat-
based interface was introduced, allowing players to type questions as an alternative
to spoken interaction.

Experimental Procedure

The evaluation was carried out through an exploratory within-subject user study
aimed at comparing players’ perceptions of LLM-based NPCs without environmen-
tal knowledge (Version A) and with environmental knowledge (Version B). Specif-
ically, Version A corresponds to the original LLM-NPCs implemented in the video
game, whereas Version B includes NPCs augmented with the proposed EPM. To
mitigate potential carryover effects between conditions, a Latin Square ordering
method [111] was adopted to alternate the presentation order of the two versions
across participants.

The exploratory study involved nine university students with prior experience
in playing desktop-based VR video games. Personal data was not collected, as it

4Whisper STT: https://platform.openai.com/docs/guides/speech-to-text

5ElevenLabs API: https://elevenlabs.io/api

118



4.2 – Vision-Language Models for Environment Aware Agents

(a) S1_1 (b) S1_2

(c) S2_1 (d) S2_2

(e) S3_1 (f) S3_2 (g) S3_3

Figure 4.6: An example of the devised interaction modality with one of the NPCs
within the VE. In the first step (a,b) the player can freely have a conversation
by using a chat interface, while within the second step (c,d) it can select questions
from a UI showing dialogue options. In the third step (e,f,g), the player can explore
the environment in search of clues, freely interacting again with the NPCs.

was beyond the scope of this exploratory study. All experimental procedures were
conducted in accordance with the ethical regulations of Ritsumeikan University,
Ibaraki, Japan.

The study took place in a laboratory setting using a desktop PC running the
game application. After a brief introduction explaining the goals and procedure
of the study, participants were asked to complete an online informed consent form
(approximately 10 minutes). Subsequently, each participant was instructed to play
one of the two game versions (A or B). Upon completion of the gameplay session
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(approximately 20 minutes), participants were asked to complete two questionnaires
designed to assess their perceptions of the encountered LLM-NPCs (approximately
10 minutes).

Based on the research questions of the study, questionnaire items assessing Per-
ceived Knowledge, Specific Perceived Knowledge, Perceived Intelligence, Factuality,
and Willingness for Future Interaction were adapted from prior work [224]. In ad-
dition, the Partner Modeling Questionnaire (PMQ) [59] was employed to evaluate
the conversational capabilities of the NPCs (e.g., the ability to effectively commu-
nicate, use flexible and human-like language). The two questionnaires comprised
17 and 18 items respectively, all measured on a 7-point Likert scale, resulting in a
total of 35 items.

After completing the questionnaires, participants were asked to replay the game
using the alternative NPC version (B or A) and subsequently complete the same
set of questionnaires again (approximately 20 minutes for gameplay and 10 minutes
for questionnaires). Overall, each experimental session lasted approximately 1 hour
and 10 minutes.

4.2.5 Results and Discussion

The analysis of the results was conducted across seven dimensions derived from
the two employed questionnaires. The first questionnaire was used to assess Per-
ceived Knowledge (PK), Specific Perceived Knowledge (SPK), Perceived Intelli-
gence (PI), Factuality (FCTY), and Willingness of Future Interaction (WFI). The
second questionnaire, namely the PMQ, was analyzed to evaluate Communica-
tive Competence and Dependability (CCD), Human-Likeness in Communication
(HLC), and Communicative Flexibility (CF).

For each dimension, average participant scores were computed separately for
Version A and Version B. The analysis was performed both at the level of individual
questionnaire items and by considering the aggregated scores for each dimension.
To assess data normality, the Shapiro–Wilk test was applied to each dimension.
Based on the outcome of this test, either a Paired Samples t-test (for normally
distributed data) or a Wilcoxon Signed-Rank test (for non-normally distributed
data) was used. In all cases, a significance level of 5% (p < .050) was adopted to
identify statistically significant differences between the two versions.

Version A vs. Version B: First Questionnaire

The analysis of the first questionnaire highlights consistent differences between
the two experimental conditions. As shown in the overall comparison (Figure 4.7a),
Version B, which included NPCs empowered with environmental knowledge, re-
ceived higher ratings than Version A across all evaluated dimensions. A comparison
of mean scores reveals systematically higher values for Version B (PK = 5.25, σ =
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0.57; SPK = 6.22, σ = 0.47; PI = 6.24, σ = 0.58; FCTY = 5.78, σ = 0.87; WFI
= 6.33, σ = 0.86 ) compared to Version A (PK = 4.06, σ = 1.02; SPK = 3.53, σ

= 1.54; PI = 5.20, σ = 0.77; FCTY = 3.33, σ = 1.41; WFI = 4.78, σ = 1.92 ).
These differences were statistically significant for all five dimensions (p = 0.009;
0.004; 0.008; 0.007; 0.043 ).

PK SPK PI FCTY WFI

Version A 4,06 3,53 5,20 3,33 4,78

Version B 5,25 6,22 6,24 5,78 6,33
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4,00
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6,00
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Version A Version B

p = 0.009
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p = 0.043

(a) Overall Comparison
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Figure 4.7: The graphs depict the results obtained from the experimental phase.
Specifically, an overall comparison (a) and a more detailed analysis on the individual
dimensions: PK (b), SPK (c), PI (d), FCTY (e), and WFI.

A more detailed analysis of individual dimensions shows that participants at-
tributed higher levels of PK to Version B (mean = 6.22, σ = 0.83; mean = 5.78, σ
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= 0.83; mean = 3.44, σ = 1.74; mean = 5.56, σ = 1.01 ) compared to Version A,
with statistically significant differences for most sub-items (PK p = 0.030, 0.033,
0.014), with the exception of the third PK sub-item (Figure 4.7b). Similarly, SPK
was consistently rated higher for Version B (mean = 6.33, σ = 0.50; mean = 6.33,
σ = 0.71; mean = 6.11, σ = 0.78; mean = 6.11, σ = 0.33 ), with all but one
sub-item showing statistically significant differences (SPK p = 0.012, 0.031, 0.004,
0.004; Figure 4.7c).

WFI (Figure 4.7f) was also rated significantly higher for Version B (mean =
6.33, σ = 0.86 ) compared to Version A (mean = 4.78, σ = 1.92 ), yielding a sta-
tistically significant difference (p = 0.043 ). Likewise, FCTY (Figure 4.7e) received
more favorable evaluations for Version B (mean = 5.89, σ = 1.05; mean = 5.67,
σ = 0.86 ), with both sub-items showing significant differences in favor of NPCs
equipped with environmental knowledge (p = 0.004; 0.016 ). In contrast, no statis-
tically significant differences were observed at the level of individual sub-items for
PI (Figure 4.7d).

Overall, in relation to the first two research questions (RQ1 and RQ2), these
findings indicate that the integration of environmental knowledge substantially en-
hanced participants’ perception of NPCs’ knowledge, factuality, and willingness
to engage in future interactions. Furthermore, although individual PI sub-items
did not reach statistical significance, the aggregated results (Figure 4.7a) indi-
cate a significant improvement in perceived intelligence for NPCs empowered with
environment-aware capabilities.

Version A vs. Version B: Second Questionnaire (PMQ)

For the second questionnaire (PMQ), the overall comparison of mean scores
(Figure 4.8a) again favored Version B; however, the statistical significance varied
across the analyzed dimensions.

CCD exhibited the most pronounced differences between the two conditions. As
shown in Figure 4.8b, Version B was consistently rated higher across all CCD sub-
items (mean values ranging from 5.44 to 6.33 ), with sub-items 2, 4, and 6 reaching
statistical significance (p = 0.012; 0.030; 0.008 ). Moreover, the aggregated CCD
score (mean = 5.75, σ = 1.54) in the overall comparison was also significantly higher
for Version B (p = 0.033 ).

These results suggest that participants perceived NPCs empowered with envi-
ronmental knowledge as more competent and dependable. A plausible explanation
is that the integration of environmental information reduced the likelihood of mis-
leading or inconsistent responses, thereby strengthening users’ trust in the NPCs’
conversational behavior.

In contrast, no statistically significant differences were observed for HLC (Fig-
ure 4.8c) or CF (Figure 4.8d). Although Version B achieved slightly higher mean
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Figure 4.8: The graphs show the results obtained from the experimental phase.
Specifically, an overall comparison (a) and a more detailed analysis on the individual
dimensions of the PMQ: CCD (b), HLC (c), and CF(d).

scores than Version A in both dimensions, these differences did not reach signif-
icance, indicating that environmental awareness did not substantially influence
participants’ perception of NPCs’ human-likeness or conversational adaptability.
Given the strong dialogue generation capabilities of the LLM employed in both
conditions (GPT-4.1), regardless of the presence of environmental knowledge, this
outcome appears reasonable.

In relation to the third research question (RQ3), these findings indicate that
the integration of environmental knowledge primarily enhanced players’ perception
of NPCs’ communicative competence and dependability, while leaving perceived
human-likeness and communicative flexibility largely unaffected.

Limitations and Future Developments

Given the exploratory nature of the study, the proposed approach presents
various limitations and challenges. From the perspective of the devised EPM,
the awareness capabilities of the ECA are currently possible for static VEs, i.e.,
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that do not change their state during gameplay. The SG representation of VE is
currently computed during the initialization phase of the VX (i.e., when the game
scene is loading). Despite this approach may empower ECAs with environmental
knowledge from the beginning of the experience, it doesn’t provide any updates to
the SG during gameplay, limiting their potential when dynamic environments are
involved. These considerations highlight two main concerns:

1. When considering dynamic environments, the employed VLM should rapidly
re-compute the VE and updating the SG. This could be fundamental for not
hindering the game experience and breaking players’ immersion within the
VX.

2. Consequently, the SG should be enough accurate to ensure contextual and
truthful responses in terms of the surrounding environment.

These two concerns respectively assume the future need of implementing a more
sophisticated system to generate and/or update the SG on-the-fly, as well as an
additional investigation aiming at comparing the generated SG with a ground-truth
SG of the environment.

Another limitation regards the awareness capabilities of the ECA in terms of
orientation. Although this kind of information could possibly be inserted within
the SG by prompting the VLM with more predicates for the spatial relations (e.g.,
leftside, frontside), the current approach of extracting frames from multiple view-
points of the VE doesn’t seem suitable for ensuring an accurate response from the
ECA. A possible solution to this concern could be to adopt an hybrid approach,
leveraging VLMs for generated the attributes of the objects within the VE, while
utilizing traditional approaches (e.g., ray-casting and object tags) to generate the
spatial relations and orientation of the objects from the ECA perspective. On the
one hand, this approach could accurately ensure the awareness of the ECA in terms
of spatial orientation. On the other hand, it would require to embed information
in the objects within the VE for each developed application, possibly hindering
scalability.

Finally, the current investigation relied on a limited sample size, and performed
a analysis exclusively based on users’ perception. Future works, considering the
described limitations, could involve a deeper analysis on the correctness of the
generated SG and the ECA’s responses, as well as a wider sample of users, a
various set of user populations, and the testing across different application domains
(e.g., training, education) for strengthening the generalization and impact of the
findings. Moreover, given the within-subject nature of the exploratory study, a
complementary between-subject investigation may be required to minimize learning
effects and potential carryover across conditions.
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4.3 Closing Remarks

This chapter described two investigations regarding the integration of generative
AI-based DTTs within VXs for creating ECAs.

The first investigation was placed in the context of CH, exploring principles for
a unified UX design across multiple VMEs. Specifically, it described the creation
of two different VMEs: a metaverse experience and a virtual workshop. To build
a unified UX, the approach focused on creating a contextual and shared VE be-
tween the experiences, as well as on the design of a LLM-based ECA. In particular,
the latter was based on an architecture leveraging several modules to empower the
agent with conversational capabilities, namely SR and STT modules, a generative
AI module based on an LLM (GPT-4), and a TTS module to translate AI responses
into audio. Additionally, the system relied on carefully designed prompt, establish-
ing conversational rules, providing information about the state of the users and the
surrounding VE, as well as communicating instructions to the ECA throughout the
entire VX. A preliminary evaluation with users showed positive results in terms
of usability of the experience and perception of the ECA, partially suggesting the
effectiveness of the approach when it comes to UX across multiple VMEs. Future
research is planned to explore the UX aspect in a deeper manner, also considering
its correlation with various types of ECAs (e.g., traditional vs LLM-based).

The previous investigation showed a preliminary integration of generative AI
within a VX for designing a conversational agent, as well as a prompt-engineering
approach to make the ECA functional to the experience. However, the evaluation
was carried out within a VX scenario where the interaction with the ECA wasn’t the
main focus for the users. During the testing phase, users were observed to be more
concentrated in following the ECA’s instructions and performing the tasks within
the VE, than actively trying to establish a conversation. This could possibly explain
the positive results for usability and medium-low ratings for all the dimensions
(≈4) obtained when evaluating the perception of users towards the ECA. Although
further research is needed on this topic, these elements provide some indication
that the ECA was able to provide guidance to users throughout the experience,
while the virtual scenario didn’t allow an effective evaluation of users’ perception
toward the agent. Another consideration is the prompt-engineering modalities,
which relied on manually inserting the VE information within the prompts for all
the environments. This aspect emerged as a considerable challenge during the VX
design process, given the presence of several objects and particular visual traits
within the VE.

Based on the previous considerations, the research shifted on environment-aware
ECAs. Unlike the prompt-engineering method described in Section 4.1.3, the sec-
ond investigation proposed an alternative approach leveraging VLMs. Thus, it
described the integration of an EPM within traditional ECA architectures, whose
pipeline involved the extraction of image-frames from the 3D environment through
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virtual cameras, the processing of the frames, and the generation of an SG rep-
resentation of the VE through a VLM. The devised module was applied to a use
case derived from the state of the art, empowering the ECAs of a videogame appli-
cation with environmental-awareness. Differently from the first investigation, the
selected scenario assumed that the player had to actively interact with the ECAs
to accomplish the tasks within the VX (i.e., complete the game). Subsequently,
an exploratory within-subject study was conducted, evaluating users’ perception of
ECAs with and without environment-aware capabilities.

The results, although preliminary and exploratory, indicated a substantial en-
hancement of users’ perception towards ECAs empowered with the devised system
in terms of various dimensions. Specifically, in comparison to their counterpart,
users perceived these agents as more knowledgeable (PK, SPK), more intelligent
(PI) and truthful in their responses (FCTY), as well as more competent in their
communication skills (CCD) and engaging for future interactions (WFI). The previ-
ous results answered to the first two research questions (RQ1, RQ2) by validating
the effectiveness of VLMs to enhance user’s perception towards ECAs. Conversely,
the third research question (RQ3) was not fully answered, as no significative dif-
ferences between the compared modalities were found in terms of human-likeness
(HLC) and flexibility in communication (CF). The latter outcome could possibly
due to the fact that both the dimensions (HLC and CF) are not just dependent
on the knowledge of the ECA about the environment, but also on its modalities
of interaction and conversation (e.g., human-like body movement, eye-gaze, way of
speaking).

From the outcomes of this second investigation, some limitations and challenges
can be discussed. The proposed EPM currently supports only static VEs, as the
SG is generated during the initialization phase and is not updated during game-
play. This limits the applicability of the approach in dynamic scenarios, where re-
computation of the SG would be required to preserve environmental accuracy and
user immersion. Moreover, ensuring both real-time performance and the correctness
of the generated SG remains an open challenge, highlighting the need for future in-
vestigations comparing automatically generated representations with ground-truth
data. A second limitation concerns spatial orientation awareness. While additional
spatial predicates could theoretically be included in the SG, the current multi-view
image-based approach does not guarantee reliable orientation-related information
from the ECA’s perspective. Hybrid solutions combining VLM-based attribute ex-
traction with traditional engine-level techniques (e.g., ray-casting or object tagging)
may improve spatial accuracy, but at the cost of reduced scalability and increased
integration effort. Finally, the evaluation relied on a limited sample size and focused
exclusively on users’ subjective perceptions. Although suitable for an exploratory
study, this restricts the generalization of the findings.

Overall, the described investigations concluded the three years of the Ph.D.,
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highlighting the potential of generative AI-based DTTs when employed for design-
ing ECAs in VXs. In relation to the users’ guidance issue described in Chapter 2
(Section 2.2), the first investigation showed how ECAs can be integrated within
a VX to direct users throughout the experience. Subsequently, the research focus
shifted toward the investigation of VLMs as a means to improve agents’ environ-
mental awareness, thus strengthening users’ perception of their capabilities.

The described investigations contributed to the MRQ3 of this thesis by ex-
ploring the use of LLMs and VLMs to create and enhance ECAs in two different
virtual scenarios. Additionally, although based on preliminary results, the out-
comes of the two carried out user studies showed a positive impact on usability and
users’ perception across several dimensions. A natural continuation of the research
is to employ a user-centric design approach to adapt ECAs for specific target users.
This element could be particularly fundamental for the suitability of such agents to
support fragile or impaired users (e.g., ASD, ADHD) in specific scenarios. Future
studies are already planned to further extend the exploration on the matter, as it is
also considered to be a key area of interest within the global research community.
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Chapter 5

Conclusions

This chapter concludes the thesis by presenting a comprehensive overview of the
investigations undertaken and the main results obtained, as well as a discussion of
the limitations inherent in the current research and possible future developments.

5.1 Summary of Contributions

The research activities conducted throughout the Ph.D. enabled a comprehen-
sive understanding of the current open challenges in the VR domain for the creation
of VXs. From the conceptual issues related to VX design, UX, HCI, and VE man-
agement, the research moved toward the convergence of VR with other DTTs. This
convergence revealed the potential of such DTTs to tackle existing limitations in
VXs, highlighting both their strengths and weaknesses across different application
scenarios.

As a first step of the research, the definition of design principles explicitly tai-
lored to the target users was identified as a fundamental aspect in the creation of
VXs. Adopting a user-centered design approach allows the main features of a VX,
such as the VE, the interaction modalities, and the integrated DTTs, to be sys-
tematically defined according to the specific needs and objectives of the intended
users. Although user-centered design has been widely investigated in the literature,
certain user groups remain underrepresented in current studies and applications.

In Chapter 2, the previous aspects were explored in the context of CH accessibil-
ity. Specifically, the chapter presented an investigation encompassing a methodol-
ogy for the creation of immersive VXs in museums tailored to a specific overlooked
category of users, namely those with ASD. The devised methodology was based on
core VX design principles that were derived from a profound review of the literature,
as well as from a thorough analysis of the challenges typically encountered by ASD
individuals in museums (e.g., sensory overload, social discomfort). The primary
aim of the investigation was to promote the creation of engaging and accessible
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VMEs, while maintaining the cultural value gathered during real-world museum
visits.

The methodology was applied for the creation of a VME inspired by a real-world
museum hall, namely the Hall of Seasons at Palazzo Carignano (Turin, Italy). The
design of the experience was defined through a close cooperation with the curators
of the museum and several associations supporting individuals with ASD. The VE
development phase, beyond the presence of manual operations, included the use of
ER technology, namely 3D photogrammetry, for mirroring elements of the museum
environment into their digital replicas. Additionally, the VX creation was com-
plemented by co-design sessions with museum curators, ASD experts and users to
gradually validate and enhance the VME. After this refinement phase, the result-
ing VR application was evaluated through an experimental user study involving
individuals with ASD. The study aimed to compare the devised virtual visit with
a real-world visit in terms of museum experience, as well as to detect any possible
correlation between the effectiveness of the experience and the ASD traits levels
of participants. From the analysis of the data obtained during the experiments,
several findings emerged. The VX created with the proposed methodology was
positively rated by the participants of the study, who perceived the virtual visit
as more engaging, inclusive, and pleasant than the real-world visit. Furthermore,
those with higher ASD traits were noticed as more positively affected by the VME
than the rest of the participants.

Beyond the presence of limitations regarding the methodology and the design
principles, two main concerns emerged from this first investigation. Firstly, the
technical complexity and knowledge required to reconstruct the VE and create the
VX resulted in a substantial investment in terms of time and effort. Secondly, the
lack of presence of any embodied entity within the environment limited the effec-
tiveness of guide the users through the experience, and was perceived as a source of
discomfort by some participants during the experiments. Thus, the research of the
thesis continued towards two directions, both of them considering the convergence
of other DTTs with VR to address the noted concerns: the reconstruction of digital
environments employing ER technologies, and the creation of conversational agents
based on generative AI.

Building on these considerations, Chapter 3 discussed the topic of VE recon-
struction. In particular, it described an investigation exploring the use of HBIM
to foster the interoperability and the automation of workflows designated for the
creation of VHEs. In order to achieve these objectives, the investigation proposed
an HBIM-to-VR workflow leveraging an enriched file based on an open BIM format
and a complementary VR platform. More specifically, the workflow was structured
into two main phases. The first phase focused on enriching the BIM file with geo-
metrical, semantical, and rendering-related information. The second phase involved
the VR platform, which leveraged the enriched file for the automated reconstruc-
tion of the VE and the creation of the VHE. The devised workflow was applied to
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the same museum environment employed for the investigation described in Chapter
1 (i.e., Hall of Seasons of Palazzo Carignano, Turin, Italy). The VR platform was
fully able to reconstruct the environment starting from the enriched BIM file, and
to generate the VME. Furthermore, it was successful in managing all the rendering
features within the VE, including LODs, dynamic lighting and reflections. Overall,
the platform showcased the potential of converging this type of ER technology with
VR for creating VXs.

The latter investigation provided a deeper understanding of the processes that
handle the VE and its characteristics when BIM technologies and VR applica-
tions are concurrently employed. The use of the same museum environment exam-
ined in Chapter 2 allowed this research to evaluate the efficiency of the proposed
semi-automated workflow with respect to both time and effort. At the same time,
it enabled to ease the transfer of BIM models in VR applications leveraging an open
BIM file format. Altogether, the approach of adopting specific ER technologies in
combination with VR showcased how the convergence of DTTs can be useful to
support the creation of VXs. This is possibly true also when the considered DTTs
(e.g., BIM for VXs) are usually employed for other purposes.

Subsequently, the research of the thesis moved towards generative AI-based
DTTs for supporting the creation of conversational agents in VXs. Particularly,
Chapter 4 included two investigations respectively employing LLMs and VLMs
for enhancing ECA architectures. The aim of the first investigation consisted of
designing a unified UX across multiple VMEs, proposing guidelines for the creation
of the VE and the inclusion of ECAs. The latter aspect was described through the
definition of an ECA architecture and a careful prompt engineering process, with
the main purpose of providing guidance to the user throughout the VR experience.
A preliminary evaluation with users was also carried out, taking into account two
VMEs: a metaverse experience and virtual workshop. The experiments aimed to
gather results in terms of usability and users’ perception towards the ECA present in
both the experiences. The results indicated a positive outcome in terms of usability,
while users’ perception of the ECA was observed to be prevalently neutral.

The preliminary investigation proved useful for the thesis research, enabling a
better understanding of the nature of ECA architectures and supporting the adop-
tion of alternative evaluation scenarios. From a technical perspective, the design
of the ECA used in the latter investigation encompassed various types of informa-
tion, including the context and the state of the application. However, information
such as the characteristics of the VE had to be manually inserted for each involved
scenario to preserve the ECA context awareness. Additionally, although the ECA
was capable of providing instructions throughout the experience, the experimental
phase highlighted a lack of interaction between the agent and the users.

The above considerations suggested focusing the thesis research onto specific fea-
tures of ECAs, possibly leveraging suitable scenarios for their evaluation. Hence,
the second investigation in Chapter 4 addressed these concerns by concentrating
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on the environmental-awareness of ECAs, proposing an alternative approach based
on VLMs. Particularly, the approach included a module for the environmental per-
ception of ECAs (i.e., EPM), which was designed to be inserted into traditional
architectures. The module pipeline encompassed the extraction and elaboration of
multiple image frames from a VR application, as well as the generation of an SG
describing the VE. An exploratory within-subject study was conducted to evaluate
the devised approach within the context of a videogame application. Unlike the
first investigation, the scenario utilized in this study encouraged active user partic-
ipation in interacting with the ECA. The evaluation was performed comparing two
different modalities in terms of users’ perception, considering ECAs with and with-
out environment-awareness. The results highlighted a meaningful enhancement of
users’ perception towards the environment-aware ECAs in different aspects, includ-
ing environment knowledge, intelligence, answers truthfulness, and communication
skills. On the contrary, no significant enhancements were observed in terms of
human-likeness and flexibility in their answers, suggesting the other influential fac-
tors (e.g., body language, conversation responsiveness) should be taken into account
for conducting further research on ECAs.

In conclusion, the main contributions to the MRQs of this doctoral thesis
related to VXs and DTTs that emerged from the conducted investigations can be
described as follows:

1. MRQ1: In VR applications, adopting a user-centered design based on key
principles can be crucial for allowing the creation of effective VXs for specific
target users (e.g., ASD individuals) and purposes. However, employing VR
as a standalone DTT to craft such experiences may result in both conceptual
and technical difficulties during the phases of design and development. A
solution to these challenges can rely on converging other DTTs with VR, also
when they are not usually adopted in the considered context.

2. MRQ2: The technical development of VEs can be supported by alternative
ER technologies (e.g., BIM) for automating the workflows and easing the VX
design process. Although a manual intervention is still currently required to
fully enable this convergence of DTTs, the adoption of ER technologies in VR
applications represents a first step towards optimizing workflows for creating
VXs.

3. MRQ3: The aspects related to UX, HCI, and user guidance in VXs can
possibly be sustained by using generative AI-based DTTs for creating ECAs.
This objective can be achieved by carefully designing the prompt engineering
modalities and architectures of the involved ECAs. However, the use cases
in which such ECAs are placed should be cautiously selected to allow a fair
evaluation of their potential benefits within VXs. Additionally, ECAs can
be empowered with specific capabilities that can enhance their architecture
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and improve users’ perception. Although based on preliminary results, the
latter aspect proved to be truthful for certain perceptual dimensions (e.g., PK,
SPK), while others remained unaffected (e.g., HLC). Thus, future research
should aim to explore in a deeper way the unaffected dimensions to further
enhance ECAs in VXs.

To conclude the thesis, the following section describes the current limitations of
the conducted research, and reports possible future developments.

5.2 Limitations and Future Works

A primary limitation of the research presented in the thesis relates to its evalua-
tion scenarios. With the exception of the one regarding VLMs for ECAs environment-
awareness (Section 4.2), the other investigations were mostly evaluated within the
CH domain. Although the devised methodologies could be easily adapted for other
fields, this lack of evaluation in alternative scenarios may decrease their scientific
value. To address this issue, future work should aim to consider other application
domains to confirm the effectiveness of such methodologies. For instance, social VR
in the metaverse could be a good fit to further explore users’ perception towards
ECAs; training and educational platform for industry and manufacturing could
be a suitable choice for evaluating VX design and accessibility for various cate-
gories of users; ER technologies could be also evaluated in other settings, such as
in VR serious games for simulating real-world scenarios (e.g., earthquakes, wildfire
emergencies, etc.).

Another limitation is the exploratory nature of some of the proposed investiga-
tions, as well as in the reduced sample size involved during the experiment phases.
This aspect is mostly referred to the investigations that were focused on generative
AI-based ECAs, for which only a preliminary evaluation of the proposed approaches
was carried out. Further work is already planned to extend the exploration on this
topic, involving a larger and more diverse sample size and ensuring the value of
this type DTTs in VXs. With respect to the investigation related to VX design
for ASD, the sample size of the between-subject study was influenced by the long
timescales involved in recruiting the ASD participants. Furthermore, some of the
initially recruited participants were eventually excluded, since their disability level
was considered too high for them to enjoy the VX and/or they were not comfort-
able in wearing an HMD. This aspect, together with other challenges encountered
during the experimental phase when working with ASD users, such as concurrent
disabilities and/or individual needs, may hinder the initial goal of ensuring acces-
sibility for this population. In this context, future work is planned to extend the
research by involving a larger number of ASD individuals, as well as considering
alternative modalities of use (e.g., desktop VR) for those who cannot sustain a VX
through immersive devices.
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Beyond the adjustments needed to address the previous limitations, future re-
search could be directed toward different paths. For instance, the convergence
between VR and DTTs based on IoT could be explored. One of the common
advantages for this integration is the remote control of IoT devices (e.g., smart sys-
tems, appliances) through a VR application. This aspect is especially useful when
the considered devices are located in unsafe places, for which remote piloting in a
VE could be more practicable [193]. Conversely, using IoT devices can be helpful
within VXs for various purposes, such as enabling the synchronization of the VE
with the real-world. A natural future development is to leverage the latter aspect
to explore the creation of VX-based digital twins, which can be useful in scenarios
where the real-time simulation of physical environments is a core element.

Another future development is represented by considering other XR technologies
for VXs creation, such as AR and MR. The convergence between these technolo-
gies and other DTTs is currently a relevant topic within the research community,
such as ER methods for MR applications [122], and the use of LLMs within AR
environments [123]. Exploring such integrations for creating VXs could represent
an additional opportunity for research and innovation.

Overall, the investigations carried out during the three years of the Ph.D. studies
highlighted valuable insights regarding VR and other DTTs, including the impor-
tance of adopting an effective VX design, the complexity of creating and recon-
structing VEs, as well as the strengths and weaknesses given by employing ECAs.
With a deeper exploration of VXs nature and the adoption of other DTTs, future
applications of these technologies could be beneficial across various domains. Fur-
thermore, the evolution of DT is still ongoing, continuously introducing new DTTs.
It is hoped that the convergence of such technologies with VR will bring further
value within VXs, expanding their potential and opening new research opportuni-
ties.
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72, 73, 74, 77, 78, 79, 81, 82, 84, 86, 87, 91, 92, 93, 94, 95, 98, 99, 100, 102,
104, 105, 106, 107, 108, 110, 111, 115, 118, 129, 130, 131, 132, 133, 134

VX Virtual eXperience. 2, 3, 4, 5, 6, 9, 10, 11, 16, 17, 20, 22, 43, 55, 56, 57, 58,
59, 86, 94, 95, 97, 98, 106, 107, 108, 124, 125, 126, 127, 129, 130, 131, 132,
133, 134

WFI Willingness of Future Interaction. xiv, 120, 121, 122, 126

XR eXtended Reality. xi, 2, 3, 134
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