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Chapter 1

Introduction

1.1 Motivation

The recent and exponential development of Artificial Intelligence (AI) raises pro-
found questions regarding the impact that emerging technologies, such as virtual
and augmented environments (AR/VR, which together form a common ground of
Mixed Reality (MR)), have on human users [1, 2]. Despite the technical progress of
these systems, the cognitive and behavioural effects of exposure to these technolo-
gies remain a subject of intense debate [3].

A critical gap in current research lies in the understanding of the bidirectional
nature of this relationship. It is not merely a question of how a user navigates a
digital space, but rather how the interaction between the user and the technologi-
cal interface mutually act on one another. The interface is not a passive tool: even
throughAI-driven adaptability, it becomes an active participant in the environment
[4]. Consequently, it is very important to investigate not only how the user’s agency
reshapes the system’s behaviour, but also to what extent the system influences the
user’s perception and the decision-making process.

The shift toward viewing the interface as an active participant aligns with the
emerging paradigm of Entanglement HCI [5]. This perspective moves beyond the
traditional user-centered design, which often treats the human and the technology
as separate but interacting entities, considering that the user and the technology are
linked in a relation. In this view, agency is not a property held by the user alone,
but emerges from the "entanglement" of the human, the algorithmic agents, and
the environment. By adopting this lens, this thesis explores how the boundaries
between the physical and virtual become blurred, specifically focusing on how these
entanglements shape the user’s experience in Mixed Reality.

Within this context, personalisation emerges as a pivotal mechanism in mod-
elling interaction [6]. While the theoretical value of adapating experiences to indi-
vidual users is widely recognized, the specific level of personalization required to
be effective—without becoming intrusive or breaking immersion—remains unclear.
This highlights the need to identify a correct level where personalisation: at what
point does personalisation serve as a genuine benefit, and at what point does it become a
source of friction? This presents a fertile ground for investigation [7]. Nowadays, it
remains unclear whether a deep adaptation of the experience, encompassing envi-
ronment and interaction, benefits the user or diminishes their sense of agency, for
example, by making choices feel predetermined.

This thesis seeks to explore this complex field by establishing a specific focus
on audio MRs. Auditory interfaces offer a unique pathway to immersion, often
bypassing the visual saturation common in modern media, yet they present distinct
challenges in terms of spatial presence and cognitive load [8, 9].
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To address the complexity of these interactions, this research aims to adopts
a multi perspective approachby integrating the experiences of various actors in-
volved in the MR experience, including the experience designer, the Users, the vir-
tual agents acting on the shared space as mediators or co-constructors of the narra-
tive.

Finally, to ground these theoretical explorations in a concrete social context, this
thesis delineates a specific field of application: Immersive Storytelling for Cultural
Heritage. By applying these concepts to the preservation and dissemination of cul-
ture, we aim to help in improve how adaptive, audio-centric MRs can enhance di-
mensions such as engagement and understanding for diverse audiences.

1.2 Aims and Objectives

The primary goal of this research is to investigate the symbiotic relationship between
user agency and intelligent interfaces. To achieve this, the thesis is structured around
three core objectives:

Objective 1: To establish a comprehensive framework and working methodol-
ogy for analyzing the interaction between users and technology. This framework
analyse the reciprocal influences human intent, virtual and real environment and
intelligent agents controlled by machine learning algorithms.

Objective 2: To validate the proposed framework through an experiment con-
ducted in a real-world, ecological setting. This study will employ a virtual agent,
driven by a machine learning algorithm, to interact with the user via an Audio AR.
The experiment seeks to move beyond controlled laboratory conditions to under-
stand how these interactions unfold in complex environments.

Objective 3: To delineate a specific field of application within Cultural Heritage
where audio serves as a critical mean for engagement. Audio is a key element in fos-
tering user immersion within the virtual experience and functions as a vital channel
for conveying environmental information. This objective focuses on how auditory
narratives can enhance the experience during cultural heritage experience, e.g. in
cultural heritage sites or museums.

1.3 Thesis Contributions

This research aims to advance the state of the art through the following contribu-
tions:

Contribution 1: It defines a novel working framework, M-I-C-E, which intro-
duces a multi-perspective approach to experimental analysis. This framework inte-
grates the point of view of the key actors operating within the environment provid-
ing a more comprehensive understanding of the interaction dynamics.

Contribution 2: It identifies a specific field of application centered on storytelling
within MR for Cultural Heritage. This contribution explores how audio, narratives
and and augmented and Virtual Environment (VE)s can be employed to enhance
cultural and historical understanding and preservation.

Contribution 3: The research defines a technological platform for audio MR.
This platform is designed to easily and quickly implement a personalised real/virtual
environment, adapting the experience based on the physical characteristics of the
space as well as the anthropometric attributes and the psychological state of the
user.
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Contribution 4: It presents a set of experiments and studies for the evaluation of
interaction in virtual and augmented environments, grounded in the M-I-C-E frame-
work, primarily designed for SIVE. These tools provide metrics and methodologies
for assessing the quality and efficacy of interactions from the multiperspective points
of view mentioned in Contribution 1.

Contribution 5: It validates the framework through a real-world experiment
where a virtual agent interacts directly with a user in an audio augmented envi-
ronment.

1.4 Thesis Structure

This thesis is organized as follows:
Chapter 2 provides the theoretical background for the M-I-C-E Framework. It

defines the methodology starting from the foundational concept of egocentric audio,
digital twin, and we-relationship. Furthermore, it delineates the triadic dimensions
of Immersion, Coherence, and Entanglement as fundamental dimensions for ana-
lyzing user-technology interaction. This chapter is based on publications [10, 11,
12].

Chapter 3 contains a comprehensive review of audio storytelling within cultural
heritage. It introduces Narrami, a hypothetical case study designed to exemplify
interaction dynamics in Audio Augmented Reality (AAR). Critically, this chapter
examines the role of personalization in enhancing narrative engagement and user
agency. This chapter is based on publication [10, 13]

Chapter 4 details the architecture and implementation of the technological plat-
form developed for this research. This chapter outlines the hardware and software
components required to support adaptive AAR experiences, focusing on the sys-
tems enabling real-time environmental processing and user tracking. This chapter is
based on publication [14, 15]

Chapter 5 offers an in-depth operationalisation of the concepts of Immersion
and Coherence. It presents a suite of evaluation tools developed to measure these
dimensions, ensuring a consistent methodological approach for assessing the quality
of the virtual experience. This chapter is based on publication [10, 16, 15, 14, 17]

Chapter 6 focuses on the dimension of Entanglement. It introduces the Entan-
gled eXperience Map, a novel tool designed to map the dynamics of agency and
relationality in MR. Moreover, it applies the M-I-C-E methodology to the analysis
of a specific ecological experiment where users interacted with a virtual audio agent
in a real-world AAR setting, demonstrating the framework’s practical application.
This chapter is based on publication [18, 11]

Chapter 7 synthesizes the main findings of this PhD research and discusses their
broader implications. It reflects on the efficacy of the proposed framework and out-
lines potential future investigations.

Although the chapters are presented sequentially, the logical structure of this
thesis follows two complementary paths.

Chapters 2 and 3 establish the theoretical and conceptual foundations, introduc-
ing the M-I-C-E framework and its application to audio storytelling within Cultural
Heritage. These elements converge in Chapter 6, where they are operationalised and
validated through an ecological experimental scenario.

In parallel, Chapters 4 and 5 focus on the technological and experimental inves-
tigation of Audio MR systems, providing the methodological and empirical basis for
evaluating immersion, coherence, and perceptual plausibility.
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This dual structure reflects the interdisciplinary nature of the work, where the-
oretical modelling and experimental validation evolve along partially independent
trajectories that ultimately converge in the analysis of entanglement.
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Chapter 2

Background: Egocentric Audio
Technologies

2.1 Introduction

Section adapted from publication [10].

Sound is a powerful tool that can be used to create immersive and engaging
MRs. There are many different ways to use sound in MR. Sound can be used to pro-
vide auditory feedback to user actions, spatially locate objects or events within the
MR, enhance the sense of presence and immersion, or create a sense of atmosphere
or mood, further enhancing the user experience [19]. Overall, the use of sound
has the potential to greatly enhance the interactive and immersive nature of the vir-
tual/augmented environment. By incorporating sound into MR, users can have a
more realistic experience. For example, in a Virtual Reality (VR) game, the sound
of footsteps can help the users feel like they are moving through a physical space.
Additionally, by adding ambient sounds, the user’s sense of presence and immer-
sion can be enhanced, making the VE more plausible and conforming to the user’s
expectations. Overall, sound is a vital component in creating a truly immersive and
interactive MR experience. MR, as introduced by Milgram and Kishino [20], blends
real and virtual worlds along the reality-virtuality continuum. MR can provide an
immersive experience in blending real or virtual environments. To achieve a valu-
able audio MR experience, designing and evaluating interactions properly is nec-
essary, considering various factors such as the technological platform, content, and
narrative.

In audio MR (see Fig. 2.1 for an audio-friendly representation of the VR contin-
uum), the degree of isolation from the real environment and the mix of synthetic
and real elements that the user experiences can vary. In an audio VE, the user is
completely immersed in a synthesised world, while in an audio augmented envi-
ronment, synthesised audio elements are experienced in the real environment using
headphones or other hearing devices with a high degree of audio transparency [21]
that can completely or partially limit the external acoustic environment.

In the following, we characterize some classes of audio devices typically used in
MR experiences:

• Bone conductance, projected and supra-aural headphones: This technology
(Fig. 2.1-b), which is frequently incorporated into smart glasses or over-the-
ear headphones 1, can project sound directly into the auditory canal without
obstructing it. The real audio environment can be heard by the user without
any alteration.

1An historical and iconic example is AKG K1000 headphones.
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FIGURE 2.1: Milgram and Kishino’s Mixed Reality on the Reality-
Virtuality Continuum [20] with audio reproduction devices.

• Earables (Fig. 2.1-c): Compact, wireless earbuds with different levels of isola-
tion from ambient sound. Audio transparency algorithms that enable ecologi-
cal listening are implemented in commercial headphones either by employing
a design that physically blocks some sound from entering the ear canal (pas-
sive) or by employing active components, such as microphones installed in
the device, to amplify or reduce environmental audio (active). Although au-
dio transparency permits interactions with the real and virtual environment
and other visitors in AAR scenarios, it alters the natural hearing condition, i.e.,
without hearing devices [22].

• Headphones: Headphones (Fig. 2.1-d/e) usually have a high level of isolation
from the real environment and can be classified into two types based on their
design. Closed-back headphones have a solid back on the earcups, providing
high isolation from ambient noise. Open-back headphones allow air to flow
freely in and out, providing a more natural soundstage and imaging.

The reproduction devices and audio spatialization techniques are fundamental for
convincing audio rendering [23]. They are frequently coupled with spatialization
algorithms considering user acoustics in the so-called HRTF [24]. Being in a 3D
environment means that a person can use their natural spatial interaction ability.
Well-designed spatial interfaces could potentially make interaction and collabora-
tion inside such systems more natural, effective, and engaging. In recent years, there
has been a growing interest in the field of sonic interaction design, the study of how
sound can be used to create interactive and immersive experiences [25, 26]. This
is also attested by the increasing number of available audio-related works, spatial
audio frameworks, and SDKs released by commercial companies.2

The integration of AI in MR is triggering shifts beyond materiality, embracing
digital dimensions. This entails engaging with dynamic, data-influenced actions

2e.g., Meta Universal HRTF available at https://developer.oculus.com/blog/

improve-spatial-audio-universal-hrtf-meta-quest/, and Apple’s personalized spatial au-
dio (https://support.apple.com/en-us/HT213318).
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shaped by iterative design-use feedback loops. Nowadays, AI is omnipresent in all
parts of MR, including technology through Internet-of-Things (IoT) devices, track-
ing algorithms, digital narrative, and content, enabling human work in symbiosis
with the real and virtual elements moving to an intelligent reality [27]. This new
ecosystem should be designed with user needs and preferences in mind using a de-
centralized perspective, which enriches and gives meaning to a user-centered and
egocentric perspective. A higher degree of integration between all the system parts
aided by intelligent reality can enhance the user’s presence, learning, and engage-
ment inside the cyber-physical system [27, 28].

Ultimately, we can affirm that immersive sonic experiences are inherently dy-
namic and participatory, actively engaged in a mutual adaptation and personaliza-
tion process. The motivation behind this chapter is to provide an overview of the re-
search field of Sonic Interactions in Virtual Environments (SIVE [19]), by discussing
a theoretical background of the user-technology mutual nature of SIVE.

2.2 Egocentric audio perspective

Technologies for spatial audio rendering can now convey perceptually plausible
simulations, and nowadays, there is an increasing consensus that spatial sound con-
tributes to many perceptual and cognitive aspects in VR simulations. Among many
different aspects, this is made possible by a high level of personalization in model-
ing human body acoustics and room acoustics. Therefore, it is essential to provide
a terminological characterization that takes into account the prior experience of the
users as well as their subjective auditory perception.

In VEs, sonic experience is characterized by an egocentric audio perspective that
strongly links the two listening experiences (i.e., in the physical and virtual worlds)
[19]. The term egocentric refers to the perceptual reference system for acquiring
multi-sensory information in VR technologies and the sense of subjectivity and per-
ceptual/cognitive individuality that shape the self, identity, or consciousness.

SIVE research can be conceptually organized in an inverted pyramid representa-
tion with three levels, as shown in Fig. 2.2:

1. The computational aspects of the acoustical-space properties of enabling au-
dio technologies are the focus of immersive audio. This level serves as the
apex of the inverted pyramid and the starting point for all SIVE development
opportunities.

2. Sonic interaction is human-computer interaction that is carried out through the
use of auditory feedback. It includes the study of user interactions to provide
abstract meanings and specific indicators of the state of a process or activity;

3. The integration of immersive audio in multimodal VR and Augmented Reality
(AR) has an impact on a variety of application domains.

The proposed framework integrates socio-technological entanglements between MR
technology and the user, offering the possibility of generating novel insights through
adaptive experiences. The egocentric audio perspective plays a pivotal role in en-
gaging with technological intermediaries, facilitating opportunities and tools for re-
flecting such social interactions in an intelligent reality [6]. The behaviors exhibited
by individuals in such an intelligent reality result from the deliberate connection
between users and their material existence.
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FIGURE 2.2: The SIVE inverse pyramid. Arrows indicate high-level
relational hierarchies. Adapted from [6].

Emphasis should be placed on the relationship between the egocentric audio per-
spective and the research field of egocentric vision, which has more than 20 years of
history [29]. Egocentric vision is a subfield of computer vision, including the anal-
ysis of images and videos captured by portable cameras, which consider the visual
field approximation of First Person Perspective (1PP). From this source of informa-
tion, spatial and temporal visual features can be extracted to perform various types
of recognition tasks, such as detecting objects and activities, and analyzing social
interactions. The egocentric audio perspective originated from the same 1PP, and
space and time need to be measured around this standpoint for analyzing and syn-
thesising sonic interactions. Furthermore, we emphasize that all hypotheses and
assessments in the subjective vision and audition are individually formed around
human actors.

2.2.1 Spatial Centrality

Learning and transformation processes occur when the users’ attention is directed
to external virtual sounds, i.e., “out-of-head” and externalized stimuli. The action
space’s three-dimensionality is one of the defining characteristics of immersive VEs.
Considering this space of transmission, propagation, and reception of virtually sim-
ulated sounds, sonic experiences can take on a variety of meanings and present
several challenges [6]. Events in multisensory VEs are echoic, producing auditory
delays and resonances imprinted by the avatar-VE configurations’ spatial arrange-
ments based on the simulated space’s acoustic properties. Spatial audio render-
ing must consider contextual information regarding the spatial positions of sound
events and self-produced sounds within the avatar’s virtual body to create a sense
of proximity and meaningful relationships for the user. The concept of enaction,
which states that it is impossible to separate perception and action systematically,
shapes the MR experience by considering an embodied, contextually situated per-
ceiver whose sensorimotor processes are tightly coupled to exploratory action.
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2.2.2 Binaural Hearing

The sound is acquired through the individual’s sensory perception, commonly rec-
ognized as 1PP. In particular, externalization can be viewed as a necessary condi-
tion for the perception of being immersed in a virtual acoustic space, favoring the
so-called place illusion [30]. Ambient reverberation and sensorimotor factors are
critical indicators for eliciting a sense of externalisation [31], while HRTF person-
alization and consistent visual stimuli may, under certain conditions, reinforce the
illusion. Consequently, it is essential to investigate dynamic relationships based on
specific connections between the evolving states of the user-VE system during VR
experiences. Moreover, enormous individual differences in auditory perception ne-
cessitate an in-depth examination of several individual factors, such as monaural
and binaural HRTF spectral features and temporal adaptation processes.

2.3 The Auditory Digital Twin

The SIVE field finds its most broad-ranging and inclusive expression in the concept
of an auditory Digital Twin (DT), a real-time simulation of a cyber-physical system
[6]. This simulation could incorporate multiple physical models, probabilistic ele-
ments, and temporal data to accurately replicate its real-world counterpart’s char-
acteristics while interacting with them. The auditory DT differs from the modern
archetype of an avatar [32], which requires a user to control a virtual body that
might be noticeably different from the user’s physical body. For the auditory DT,
considering the egocentric viewpoint of the user is crucial and leads to incorporat-
ing personalization techniques on the virtual body when establishing entanglement
relations with virtual entities. In any case, the mediation of sound is vital in facili-
tating the interactions between the user and the diegetic sounds that originate from
the avatar’s gestures or sound sources within the VE.

The scientific literature attempts to establish different categories of “twins,” in-
cluding “Virtual Twin,” “Digital Twin”, “Predictive Twin”, “Hybrid Twin”, “Cog-
nitive Twin”, “Contextual Twin”, “Experimental Twin”, “System Twin” and others
(refer to Johansen et al. [33] for a comprehensive list). Moreover, DT could embed
AI algorithms in the “Intelligent DT”, extending the ability of the digital representa-
tion to autonomously alter, control and interact with the virtual and physical world
[34], depending on the subjective nature of the experience in which DTs act.

2.3.1 Post-human Participation

Following the recent proposal of a post-phenomenological framework by Verbeek’s
concept of technological mediation and its extensions [35], it is possible to identify
mixed human-technology intentionality within VEs. We can describe the coopera-
tion between humans and technology to reveal a reality that can only be experienced
if the technological intention is made accessible to humans, such as by using a rein-
forcement learning paradigm between a learning agent and its environment in terms
of states, actions, and rewards [36]. In particular, Multi-Agent-System (MAS) might
access and interact with the physical world, i.e., the user, driving the behavior of
Entangled Twins [37]. The self-evolution of MAS has the potential to monitor and
predict users’ responses and expectations and propose personalized experiences.

The experience participated by a non-self, i.e., auditory DT, is shaped by

1. the past experience and memories of the user and the DT,
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2. the physical-acoustic simulation of the body within MR environments,

3. the symbiosis with the technology that induces active and adaptive processes
of perceptual relearning.

Placing the physical and virtual worlds on an equal footing produces similar
internal representations for the user and her DT, allowing us to promote the trans-
formative role of VR experiences for a human-reality relationship altered after expo-
sure.

2.3.2 The Locus of Agency

According to Frauenberger [5], it is not possible to directly design computers or
interaction design. Instead, the focus should be facilitating specific configurations
that bring about certain phenomena. Both configurations and phenomena are in-
terconnected in hybrid networks where human and non-human actors engage in
causal interactions. The relationships between entities are determined by the “agen-
tial cuts,” which establish the boundaries between them [38]. Therefore, the term
“agency” denotes a performative mechanism that establishes boundaries and con-
structs one’s sense of self. The key principle is the shift between inter-action between
defined objects to intra-action within a phenomenon where boundaries between ac-
tors are fluidly determined, similar to the Gibsonian ecological theory of perception
[39].

In the context of egocentric audio technologies, it is pertinent to consider an intel-
ligent reality as the “locus of agency.” This entails creating a meta-environment that
possesses technological and digital characteristics, serving as the custodian, vigi-
lant observer, and vital element for facilitating dialogue and participation among all
actors involved. The concept being discussed can be interpreted as an intellectual
representation in which extended connections manifest as a dimensional transfor-
mation, i.e., analog to digital dimension. It is crucial to affirm that the egocentric
perspective remains a cohesive and identity-establishing factor, creating a unique
experience around the users and the natural environment that is of value to them.

2.3.3 The Entangled Twin and the We-Relationship

Section adapted from publication [11].

A further development of the DT concept is the Entangled Twin (ET) which
emphasise a deeper, more dynamic relationship between human users and digi-
tal technology. This idea is the result of interdisciplinary research: on one side, it
builds upon a theoretical model developed in the field of Human-Computer Inter-
action (HCI) [40, 18]; on the other, it incorporates a phenomenological perspective
on plural subjectivity arising from the interrelation between the human user and
MR technologies. The ET, can be defined as The user and her/his DT participating in
a perceptual and cognitive co-constitution of physical and virtual worlds through adaptive
and reflective behaviors of intelligent technologies. [19]

ETs are conceived as a broader perspective of the DTs, a real-time simulation
of a cyber-physical system [41] with the primary aim of replicating and monitor-
ing physical systems within digital environments. On the other hand, ETs give
a concrete and perceptible form [42] and a more immersive and interactive rela-
tionship. Unlike the typical avatar [32], where a user controls a virtual body that
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may differ significantly from their physical self, the ET emphasizes the user’s ego-
centric perspective. This focus is enhanced by tailoring the experience to the user,
particularly when establishing mutual interaction with virtual entities. The user
and their DT co-create the physical and virtual worlds through adaptive and reflec-
tive behaviors within AR/VRs. This deep collaboration characterises them as ETs.
Grounded in phenomenological perspectives [43, 44, 45, 42], Karen Barad’s agential
realism [46], and Bruno Latour’s Actor-Network Theory [47], ETs are conceived
as dynamic, adaptive systems in which human users and AI agents co-constitute a
plural subjectivity called We-subject. This idea refers to a transcendental intersubjec-
tive configuration wherein distinct intentionalities enact a common project: the We-
relationship, a form of intersubjectivity emerges in AR/VR as a shared experiential
structure rather, guided by bodily presence and lived coherence, in which virtual
and real environments can mutually interact. Drawing on Verbeek’s recent post-
phenomenological framework, which explores technological mediation and its ex-
tensions [35], in AR/VR we can observe a mixed human-technology intentionality
within VEs. This collaboration between humans and technology uncovers a reality
that becomes accessible only when technological intent is made available to humans.
RL paradigms, where a learning agent interacts with its environment through states,
actions, and rewards, present a potential method for fostering this type of interac-
tion and collaboration between the two worlds [36]. Specifically, MASs can access
and interact with the physical world—the user—thereby influencing the behaviour
of these ETs [37]. This perspective challenges traditional notions of agency as an
attribute of discrete subjects, emphasising instead that agency is not something pos-
sessed, but rather enacted within relational configurations [46]. Accordingly, the
ETs do not merely simulate agency; they materialise a distributed agency that is co-
constituted within the human-machine mutual interaction. This reading of artificial
agency agrees with the position of Floridi [48], who argues that artificial agents,
such as avatars or AI systems more broadly, lack intelligence in the human sense
and merely perform agency without possessing it intrinsically.

However, it is critical to problematize the reliance on metric space models in such
experiments. Within an agential realist framework, space is not a pre-existing con-
tainer but an experiential topology shaped by intra-action [38]. This perspective also
resonates with phenomenological accounts of space [43, 44], where space is not con-
ceived as a neutral, measurable container but as a field of lived experience. Within
the ETs framework, the spatial relations enacted by the avatar—though measurable
in metric terms—are first and foremost experiential unfolding through the dynamic
interplay with the human user of different elements, e.g. proximity, adaptation, and
experiential resonance, a shared space of meaning and action.

2.4 The M-I-C-E Methodology

Section adapted from publication [11].

Defining evaluation metrics within and ETs space remains a challenge, as these
metrics are heavily dependent on the subjective context in which the ETs operates.
In particular, aspects such as the user’s perceptual and cognitive state, the level of
immersion and engagement within the AR/VR, and the specific context significantly
influence how effectiveness and accuracy are assessed. To overcome limitations and
better understand and evaluate ETs, a framework based on SIVE is proposed: the
Immersion, Coherence, Entanglement (I-C-E) framework. I-C-E framework intro-
duces three intertwined important concepts: Immersion, Coherence, and Entanglement.
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FIGURE 2.3: A schematic representation of the M-I-C-E methodology
and its phases and perspectives.

Although the M-I-C-E framework is presented here in a general form, its applica-
tion in this thesis is specifically grounded in audio-based interactions within Mixed
Reality. In this context, sound plays a central role across all three dimensions: as
a medium for immersion through spatial audio rendering, as a coherence factor
through perceptual plausibility of auditory cues (e.g., localisation, distance, rever-
beration), and as a key component of entanglement through adaptive and interactive
sonic behaviors.

The framework therefore should be interpreted not as modality-agnostic, but as
instantiated in this work through egocentric audio technologies and Sonic Interac-
tion in Virtual Environments (SIVE), which provide the primary channel of interac-
tion between users, environment, and intelligent agents.

The operationalisation of the M-I-C-E framework within a concrete Audio MR
scenario is presented in Chapter 6, where the proposed concepts are applied to the
analysis of an ecological experiment involving a virtual audio agent interacting with
human participants.

2.4.1 Immersion

As described by Slater[49], immersion refers to the capacity of a technology to evoke
a sense of presence, emphasising the interplay among the system’s technological
components. Achieving convincing sonic experiences in MR requires carefully de-
signed interactions with both virtual objects and the surrounding cyber-physical en-
vironment, supported, e.g., by highly individualised models of human body acous-
tics and room acoustics [50]. Insufficient or inaccurate design may compromise
presence or even lead to issues such as cybersickness.
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2.4.2 Coherence

Coherence denotes the perceived plausibility of a hybrid real–virtual environment
[51], encompassing digital models’ internal logical consistency, and behavioural align-
ment (red circle). User-specific configurations (blue circle), captured within the DT,
are linked to VE setups such as avatars and other virtual world representations,
including the user’s cognitive and sociocultural background, shaped by real-world
experiences, thereby enabling a wider range of plausible MR behaviors. An example
of coherence in this context is the correct perception of sonic distances, to improve
the correct localisation of virtual sounds [52].

2.4.3 Entanglement

Entanglement refers to the dynamic adaptations and active participation of both
users and technology, linking Immersion and Coherence [40]. In this context, the
concept of the monad, as introduced by Tarde and Latour, is particularly relevant:
“A monad, the relational perspective of each system actor, is not part of a whole but a
perspective on all entities taken individually rather than collectively” [53]. This inher-
ently egocentric perspective encourages the exploration of dynamics within each
monadic viewpoint. The term egocentric refers to the perceptual reference system
for acquiring multisensory information in MR technologies, anchoring experience
in the first-person perspective. From a phenomenological standpoint [43, 44], per-
ception is always situated in the lived body (Leib) and structured by conditions of
possibility that shape how the world is disclosed to the subject. The experience in
VEs, thus, emerges from an egocentric perspective that strongly links the experi-
ences in both physical and virtual worlds [19] through embodied orientation. The
use of these I-C-E dimensions to evaluate interaction within the context of ETs can
help measurement and assessment. Tools designed to evaluate some of these di-
mensions are available, especially for coherence and immersion, together with sys-
tem evaluation metrics, e.g., the performance of the algorithms used. As a result,
evaluation often requires a combination of qualitative and quantitative approaches,
ranging from interviews and users’ accounts to behavioural data and system perfor-
mance indicators (e.g.: log files, algorithm evaluation metrics), in order to capture
the multifaceted dynamics of the We-relationship. The mixed-methods approach un-
derpinning this research serves to complement and extend conventional analytical
approaches through the systematic integration of the different perspectives of the ac-
tors involved across the design, implementation, and analytical phases of the study.

2.4.4 Multiperspective Method

In an experimental context, several actors interact within and across a series of in-
formation and experiential spaces. Each actor contributes uniquely to shaping the
unfolding of the experiment and the generation of data.

Figure 2.3 summarises a typical experimental workflow, articulated into two
main phases: an a priori interaction design, where design choices and constraints
delimit the experiential space, and an a posteriori intra-action analysis, where be-
havioral and interview information are mirrored within the digital domain. This
transition from experiential to data space illustrates how the I–C–E methodology
integrates lived interaction with analytical reconstruction, operating not only as a
conceptual framework but also as a methodological axis that structures design and
evaluation while acknowledging the systemic intra-active nature of the experience.
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A Priori Inter-action Design. The idea starts to unfold within the design team,
responsible for crafting the experiment. This actor has the role of designing the
structure, setting conditions, defining the procedure, and recruiting participants.
The design process focuses on creating experiences, concentrating on how users
will extract meaning from it [54]. For this crucial role, although it should not take
an active part during the actual experiment, design team’s influence is embedded in
the VR/AR environment in an attempt to step into the shoes of someone else: the
second-person perspective of the researcher shapes the experience of participant’s
first-person perspective [55] and provides an initial familiarization session. In such
a design phase, I-C-E provides a guiding framework to balance technological affor-
dances and human cognitive capacities, ensuring immersive perceptual consistency,
a coherent integration, and entanglement through the alignment of adaptive system
responses with user expectations. This approach resonates with research through
design methodologies that integrate design practice with research inquiry [56].

The Experiential Space. It follows that the design team shapes the experiential
space, including not only the participants but also all the non-human actors/agents of
the cyber-physical space, primarily the computer simulation.

Within this same space, the computer acts not merely as a tool but as an active
participant, responding to the user through adaptive behaviour and shaping the
trajectory of interaction. The participant, in turn, engages with this feedback loop,
enacting behaviours and generating responses, giving rise to a we-relationship. Ac-
cordingly, the I–C–E properties encompass more than perceptual or sensory dimen-
sions: the intertwined analogue–digital environment becomes a locus of agency,
where user intentions and computer responses give shape to the ETs. In this per-
spective, interaction is better understood as intra-action [46], a mutual constitution
in which agencies emerge relationally rather than from pre-defined entities.

A Posteriori Intra-action Analysis. From the experiential space, a separate but
connected data space is generated. This space consists of all the quantitative and
qualitative data that can be collected for the analysis, following a mixed-methods ap-
proach [57], which combines and triangulates numerical measurements with ques-
tionnaires and interviews. Specifically, the dataset should include a comprehensive
set of data, derived from all the agents, either global, i.e., derived from aggregated
and predefined categories or definitions, or local, defined according to local and spe-
cific patterns. These combinations enable a richer interpretation of the results by
capturing both the subjective, personalised aspects of interaction and the objectively
comparable measures.

During the experiential intra-action, the data space is progressively expanded
with new data. This space can be a posteriori examined from three different perspec-
tives: the researcher, who designs the experiment and later engages wuìth the data
space; the computer, acting as an experiential mirror of the co-evolving behaviour
with the participants, who reflect on the lived experience. Together, these perspec-
tives compose the entangled configurations of Entangled Twins (ETs). In this ana-
lytical phase, the I-C-E dimensions serve as interpretative lenses for evaluating how
ETs experienced the participated environment.
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Chapter 3

Immersive Experience and
Storytelling

Section adapted from publication [13].

Storytelling and narrative have traditionally been key for cultural heritage preser-
vation throughout human history, embracing diverse contexts ranging from enter-
tainment to culture and knowledge [58]. With the progressive evolution of com-
munication means and multiplication of the supports, stories started to be passed
down not only verbally but also with graffiti, paintings, poetry, theatrical plays, mu-
sical pieces, and then books, photos, and films until the revolutionary carriers put
available by the electronic and finally digital era.

In recent years, the use of technology within digital humanities has become es-
sential for dissemination, education, and research in the cultural heritage field. In
particular, MRs are relevant enabling technologies and are nowadays widely used
by both academic and corporate research as well as development in multiple appli-
cation domains ranging from neuroscience to sports training, medicine, education,
and entertainment [1]. Cultural heritage can also benefit from MR experiences in a
variety of areas, ranging from the reconstruction of cultural sites [59] to the creation
of accessible knowledge made possible by technology-mediated direct experience
[60, 61]. A soundscape, the acoustic real or virtual environment as perceived or expe-
rienced and as understood by a person, in context, gives a valuable contribution to
tourism and cultural heritage enhancing cultural proposals [62]. In this context, im-
mersive storytelling refers to the use of MR techniques in storytelling, with the goal
of eliciting a deeper sense of immersion and presence. Mixed reality offers innova-
tive ways for storytelling, providing immersive experiences that can captivate and
emotionally engage audience and facilitate learning ( [63]). Moreover, it introduces
new affordances that allow more ecological interactive experiences, as suggested by
various studies (e.g., [64, 65]). Heightened engagement, emotional connection, and
enhanced interaction contribute to increased interest in the subject, thereby enhanc-
ing knowledge fruition and dissemination [63]. Audio is a key element in allowing
users to become more immersed in the virtual experience and can also be an impor-
tant channel for information about the environment [66, 67].

Focusing on cultural heritage, disparate studies, and reviews are available on MR
storytelling [68, 69], audio [62] and technology for audio AR [70]. However, very
few comprehensive contributions that deal with these aspects altogether have been
found. Some recent studies put a general focus on audio MR and storytelling [71],
but no systematic review is available about the specific topic of cultural heritage,
especially including audio as a key aspect.

The insights presented here aim to define a state of the art in the available inter-
active audio virtual environments for cultural heritage storytelling, and to illustrate
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the most useful techniques for enabling audio MR experiences by reviewing the cur-
rent literature in the field. Additionally, we discuss key elements that create an im-
mersive experience in cultural heritage fruition, as well as how interactivity and per-
sonalized, emotional content can be used for educational purposes and knowledge
dissemination. Finally, we investigate how audio MR can help storytelling in cul-
tural heritage and the limitations of the current research in discovering and propos-
ing new forms of advanced interactions. From here, we will outline some promising
directions. In particular, along with a systematic review of available works, we pro-
pose the following research questions:

• Q1. What enabling technologies and platforms are available for immersive storytelling
in audio MR for cultural heritage? These topics will be discussed in Section 3.2

• Q2. What are the available works? What insights does the literature research provide
about storytelling in audio MR for cultural heritage? The theme will be analysed in
section 3.3 and 3.4.

• Q3. Which aspects of User eXperience (UX) and interaction are being studied with
regard to storytelling in audio MR for cultural heritage research? The reader will find
the topics in section 3.4.

• Q4. Which implications can be drawn from the literature regarding the design of fu-
ture research? These matters will be discussed in Sec. 3.5.

In order to identify a common characterization and to provide some answers to the
questions at hand, the chapter is organised as follows: Section 3.2 illustrates tools
and technological platforms available from the design and implementation of story-
telling in audio MR for cultural heritage. Section 3.3 describes the PRISMA review
method and criteria used for the selection of works. Sections 3.4 and 3.5 present
analysis results and a discussion based on previously described criteria. Section 3.5.2
tries to define the role of personalisation in the field. Section 3.6 describes possible
future research directions and Section 3.7 introduces a fictional case study.

3.1 Cultural Heritage Storytelling

In the context of cultural heritage storytelling, audio rendering, and MR have been
introduced and investigated since the seventies. In one of the early theoretical ex-
amples, the idea of enhancing the experience with multisensory elements was intro-
duced by Youngblood [72]. The author coined the term expanded cinema to describe
a form of art that goes beyond traditional cinematic media. This includes special ef-
fects, computer art, and multimedia elements. One of the first prototypes for audio
augmentation in VR [73] was an automated audio guide, permitting the inclusion in
the environment of synthetic audio based on the visitors’ position to avoid isolation
and enhance social interaction during museum visits. In another seminal study [74],
the authors introduced a classification of four categories of museum visitors based
on physical navigation, artwork enjoyment, and information browsing for creating
an interactive audio guide prototype in AR. The model records the user’s physical
movement inside the museum to dynamically classify visitors with a non-intrusive
approach. Finally, in a pioneering work [75] AréViJava was presented as one of
the first platforms for virtual tourism in which an avatar guides tours along virtual
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places. In particular, the authors describe the design process for the reconstruction
of the Brest harbour site (France) as it was in 1810, enabling a virtual guided tour.
During the tour, different viewpoints were suggested by the virtual guide, together
with additional audio and video documents accessible through a website.

These early interactive virtual environments established the technical feasibility
of avatar-guided heritage experiences, but subsequent research has demonstrated
that successful digital narratives require systematic design principles. Some notable
efforts to come up with guidelines for effective storytelling recently started: accord-
ing to The Center for Digital Storytelling in Berkeley1, digital narratives should be
designed following seven specific criteria:

• Point of View of the author

• Gift of voice, and the register of the narration: colloquial, formal, etc.

• Dramatic Question, the intrinsic message conveyed by the story

• Emotional Content, the emotions that are transmitted by the narrator

• Power of Soundtrack, audio elements in the narration

• Economy, the amount of content and information conveyed by the narrative

• Pacing, the rhythm of the story, in terms of time storytelling structure

Scientific literature has widely adopted criteria whose primary purpose was educa-
tion (e.g. [76], for the analysis of autobiographical literacy).

With a specific focus on digital storytelling, Meadows [77] highlights four essen-
tial component:

• Perspective: the perspective that the author wants to convey with the story
consisting of emotions, presentation, and the process of encoding/decoding

• Narrative: the story that is narrated by the storytelling in the specific medium

• Interactivity: a peculiar characteristic of digital media that can be implemented,
e.g., with the design of multiple storylines or choices that the user can do

• Medium: storytelling message interpretation can be strongly influenced by the
type of medium used [78]

No specific framework for digital storytelling evaluation has been found in the
literature, especially in the audio domain, but some efforts have been made in this
direction. Sitters et al. [79] explore digital storytelling in the health research domain,
suggesting that storytelling should be evaluated for its validity in four different
ways. Storytelling material should convey emotions (empathic validity), be credible
(intersubjective validity), be sound and just (ethical validity), and have stakeholders
play an active part in the design process (participatory validity). This last aspect is
also underlined by many other studies, including a framework that considers three
different dimensions for the design and evaluation [80]: aesthetics, cognition, and
sociality. In sound-driven design, Dalle Monache et al. [67] argue that participatory
design should involve stakeholders of different fields in order to develop a deeper
understanding of the media and its potential applications. Moreover, we would like

1https://www.storycenter.org/
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to emphasize the perspective of Sonic Interaction Design (SID) [81], which consid-
ers sound as a primary channel for conveying not only information and meaning but
also aesthetics and emotional qualities in interactive contexts. SID goes beyond mere
information transmission. It encloses the wholeness of the user experience, enrich-
ing it with auditory cues that enhance immersion and engagement. In this context,
storytelling can be used to enhance the overall experience, and theSIVE framework
aims to help understand how SID principles contribute to crafting compelling narra-
tive experiences. Furthermore, it is important to underline the differences between
music and sound. Indeed, sound encompasses a rich spectrum of elements that con-
tribute to the overall immersive experience, including aesthetic qualities and emo-
tional elements. Since music is an art form with specific canons [82], storytelling
through music can be considered a special form of storytelling that can be used to
enhance the sonic environment or can be enhanced with other sonic or multimodal
elements. In this work, we have recognized music’s important role in storytelling
and included it as a key component. To maintain the inclusive breadth of our work,
however, we have presented it as one of several options available. On the other
hand, as specified in the two frameworks described above, music can be an integral
part of the immersive storytelling experience.

Lugmayr et al. [83] introduce the concept of serious storytelling, namely story-
telling designed with a specific purpose other than entertainment where “the narra-
tion progresses as a sequence of patterns impressive in quality, relates to a serious
context, and is a manner of thoughtful process".

Cultural heritage storytelling can be considered a specific case of serious story-
telling with some interesting peculiarities. The most important requirements of sto-
rytelling for the cultural heritage domain are preserving the correct reconstruction
of historical and artistic aspects and conveying a non-ambiguous message. Various
works use storytelling techniques to enhance visitor experience in cultural heritage
sites or museums, e.g., navigating through a site and following a story. In this kind
of situation, personal experiences and emotions can influence information compre-
hension and interpretation [84] and how users infer and interpret a story [83]. In
other words, storytelling can be used to convey cultural heritage notions and con-
cepts for educational purposes effectively. The storytelling creation process itself can
also be used to help understand concepts and historical timelines, e.g., in classroom
experience [85]. In this case, the storytelling design process should be correctly used
to convey cultural heritage knowledge.

Another important aspect in various cultural heritage-related applications, such
as tourism and education, is engagement. Storytelling can be a powerful means for
transmitting knowledge, but it should be designed in such a way as to correctly ful-
fill the task, convey the desired message, and avoid errors in the interpretation [68].
In other words, storytelling for cultural heritage can include engaging elements and
gamification, however such elements should not be the primary aim. Moreover, Po-
dara et al. [86] suggests that interactive and non-linear storytelling can be useful
to elicit engagement, especially in younger people. On the other hand, the amount
and type of interactive elements should be carefully calibrated to avoid the risk that
users lose interest in the storyline or in the storytelling message [87]. Again, no
comprehensive framework can be found to evaluate serious storytelling. However,
various tests are available to evaluate specific elements such as engagement, memo-
rability, cognitive load, etc. The method used in the reviewed paper is discussed in
Sec. 3.4.4.



3.2. Audio Tools and Technological Platforms 19

FIGURE 3.1: Examples of technological platforms: a) M5SAR plat-
form, audio guide with the elicitation of all the five senses photo ©

[88] b) screenshot of PlugSonic user app. photo © [89]

3.2 Audio Tools and Technological Platforms

The analysis of the reviewed papers shows a very diverse situation in terms of
frameworks and technologies used. Thus, it is difficult to identify the main trends
and durable tools over the years, especially when considering open-source or reusable
solutions without license fees. Most of these technologies do not find practical ap-
plications in specific cultural heritage contexts but serve as valuable insights into
the landscape of available technologies within cultural heritage but may not di-
rectly contribute to identifiable trends or prevalent practices. However, many re-
cent immersive storytelling applications were realized using commercial software
(Unity3D2 or Unreal Engine3) or free SDKs (Vuforia, ARKit, AR Foundation4) dur-
ing the design and development stages, while some examples of custom solutions
can be found for specific purposes.

Platforms specifically designed for exploring spaces, providing navigation and
spatial audio are described in various studies [90, 91, 92, 93]. In particular, AVIE is
a system for directional audio in VR theaters [94], while other audio technologies
for spatialisation in theatres are included in Beck’s compendium [95] along with a
historical overview.

Various technologies are available for creating personalized sonic experiences,
using both multi-channel speakers for room audio spatialization (Ambisonics, Dolby
Atmos, etc.) and headphones for mobile applications. With the latter technologies,
head and body movement tracking along with dynamic binaural audio technology
are crucial for auralisation, i.e., the mathematical modeling of physical audio sources
in space [96] convincingly localizing a sound source for attentional and navigation
purposes [97]. User movement can be tracked by various types of sensing devices.
For outdoor position tracking, GPS information is used [98] often combined with
inertial measurement units (IMU) [90, 99], and gyroscopes [100] are used for deter-
mining the indoor precise position and/or head orientation.

Audio is combined in a multimodal interaction through the five senses in the
M5SAR platform (Fig. 3.1-a) [88, 101], by using a custom-built mobile device along

2https://unity.com/
3https://www.unrealengine.com/en-US/
4https://unity.com/unity/features/arfoundation



20 Chapter 3. Immersive Experience and Storytelling

with a mobile app that recognizes artwork in a museum. PlugSonic [89] (Fig. 3.1-b)
is a web-based platform for spatial audio storytelling in cultural heritage. Another
storytelling design tool is MOGRE [102, 103], a software aimed at the creation of 3D
scenarios and stories based on the Ogre5 graphics engine for children.

Ec(h)o [104, 105] is an engine for audio material classification and real-time
search based on user position tracking and preferences. Proper audio material, clas-
sified by using a given ontology, is inserted in a database and presented in real time
to the user who interacts with a tangible interface (cube) while moving. Practical
guidelines and conceptual frameworks are available on cultural experience design.
For example, “Adaptive Augmented Reality” (A2R, [106]) is an AR museum guide
architecture that recommends content based on gestural and biometric information
to elicit interest and engagement during museum visits. Katz et al. [107] suggest that
acoustic space is an important aspect to consider in communicating acoustic heritage
and producing audio experiences. Moreover, they introduce Past Has Ears(PHE), a
hardware/software prototype for the presentation of immersive audio experiences
adaptable to multiple platforms. Polaris→ [108] is a wearable platform creating
privacy-respectful audiovisual AR experiences to foster artistic and musical expres-
sion. Polaris→ comprises an open-source AR headset (Project North Star), a pair
of bone-conduction headphones, and software developed in Unity and PureData.
Meyer [109] suggests guidelines for story design in a spatial context, based on a lit-
erature review, suitable for interactive audio-visual narrative and 360↑ films. In his
work, Fujinawa et al. [110] hypothesized that a comfortable sound field could in-
duce different behaviours in human movement and navigation in a physical space.
In a laboratory study, users are left free to move in a room where sound is diffused
with different pressure levels by motor-controlled moveable speakers in three dif-
ferent audio stimuli conditions (white noise, Jazz music, no sound). By using ques-
tionnaires and position tracking, user preferences and time spent in areas with dif-
ferent loudness levels have been analyzed, overall showing longer staying in more
quiet areas when audio stimuli were evaluated as unpleasant. Kenderdine et al.
[111] describe the potential application of computational practices within archival
and museological domains that could improve the preservation and cataloging of
sources, provide new forms of representation and knowledge, and can empower
new forms of art. In this direction, Jazz Luminaries6, and interactive installation that
display the connection between jazz, blues and Latin artists using a 3D visualization
in a fulldome. Other contributions can be found in interactive musical performances
such as Carillon 7 and Membrana Neopermeable [112] that uses a virtual environment
used by the performers to interact with virtual instruments.

3.3 Methods

While structuring this review, we followed the PRISMA method [62] as a guide
for our work. PRISMA is widely used in diverse research areas as medicine [113],
psychology [114], and computer science [36]. The data search and paper selection
process is described here.

5https://www.ogre3d.org/
6https://www.kirellbenzi.com/art/jazz-luminaries
7https://ccrma.stanford.edu/ rob/portfolio/carillon/
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Description

Inclusion Criteria 1 Article and book chapters related to Audio Virtual and Aug-
mented Reality Storytelling in Cultural Heritage

Inclusion Criteria 2 Work from Journal Paper or Conference Proceedings

Inclusion Criteria 3 Paper, Article or Book written in English

TABLE 3.1: Inclusion Criteria

3.3.1 Eligibility criteria

Selected papers or books must include research, reviews, or case studies about the
use of MR for cultural heritage storytelling, specifically referring to audio as a part
of the dissertation. Table 3.1 lists the inclusion criteria. It is worth noting that the au-
thor found no work including all the considered topics, probably due to limitations
binding the different fields. See, for example, the work in [115], claiming imple-
mentations of a mobile virtual environment through a PDA as a future possibility
should technological advancements allow for, or “KidsRoom” [116] that describe
an AR interactive experience for storytelling not specifically designed for cultural
heritage.

Search strategy

Our research was conducted by performing an extensive search on online publication-
related databases: Elsevier Scopus, ACM Digital Library, IEEE Xplore, and Google
Scholar. In all these databases, four different clusters of keywords were used to
include synonyms and related keywords. Presented below are the four names rep-
resenting different groupings:

• Storytelling: storytelling, narrative, guide, guidance.

• Audio: sound, audio, acoustic, acoustics, auditory, sonic, hearing, soundscape,
soundscapes, voiceover, narrator.

• Immersive media: VR, Augmented Reality, VR, AR, Spatialized, Spatialised,
Spatialization, Spatialisation, virtual environment, XR, extended reality, im-
mersive media, metaverse, immersive space, immersion, virtual agent.

• Cultural heritage: cultural heritage, museum, history, tourism, culture, ar-
chaeology, archaeological, historic, conservation, preservation, tangible her-
itage, intangible heritage, living heritage.

Keywords were connected by using OR inside clusters AND between clusters. Search
was performed in Title, Keyword, and Abstract in Scopus, IEEE, and ACM by using
their specific language. Due to Google Scholar’s limitation in search string length
(256 characters), a different string format has been used to include a wider selection
of papers.

Study selection

Starting from the previously mentioned inclusion criteria, Fig. 3.2 depicts and char-
acterizes the PRISMA phases that considered a total of 574 articles selected from 4
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FIGURE 3.2: PRISMA flow diagram.

scientific databases. Duplicate papers (118 in total) were removed, and the remain-
ing 456 papers were screened by title, abstract, and scanning using the exclusion
criteria listed in Table 3.2. The selected papers must have a strong research focus
on cultural heritage and Storytelling, therefore work with different main topics (e.g.,
technologies that can also be used for cultural heritage, general sound localization
studies, generic AR platforms, solutions for urban navigation, etc.) and works in
which one topic was absent have been excluded. Since the audio-sensory modal-
ity was particularly important for our systematic review, we introduced an ad-hoc
classification:

• Category 1, Audio First: audio is the leading modality in the paper.

• Category 2, Audio and Multimodal Integration: audio is considered together
with other modalities (e.g., haptics, video, etc.), but specific information is
given.
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Description

Exclusion Criteria 1 Article or paper not purchasable/unavailable

Exclusion Criteria 2 Articles or papers are classified using the following categories
and double-checked by authors. Articles in Category 5 and 6
are excluded from evaluation.

Exclusion Criteria 3 Not about cultural heritage but other aspects are described (e.g.,
a technology that can also be used for cultural heritage)

Exclusion Criteria 4 No Storytelling is involved

Exclusion Criteria 5 No VR

TABLE 3.2: Exclusion Criteria

• Category 3, Audio in Multimodal Comparison: audio experience is considered
in comparison with others (e.g., Audio vs. Haptic feedback).

• Category 4, Multimodal Experience: audio is present, but it is not possible to
ascertain its specific audio contributions.

• Category 5, Other experience: audio is present but not considered.

• Category 6, No Audio: audio is not present.

All papers with level 5 or 6 were excluded since they were of little or no interest for
this review.

3.3.2 Data collection process

Type of immersion

A classification for MR systems has been proposed by Bekele et al. [63], which intro-
duces two different categories for AR systems and three for VR systems. Bekele et
al. proposed a general classification based on system flexibility and experience. We
exported this classification to auditory information:

• Outdoor audio AR: By using GPS or other markerless tracking techniques,
people can navigate inside a vast open-air field and obtain location-aware au-
dio information.

• Indoor audio AR: Indoor tracking needs precise information about head ori-
entation and user in a limited space. The most used techniques are IMU, Gy-
roscope, and AR toolkits like ARKit8 or Vuforia9.

• Non-Immersive audio VR: The virtual environment is viewed from a desktop
or screen, and audio content is conveyed from a speaker and not spatialized.

• Semi-Immersive audio VR: Audio content is conveyed through multichannel
or directional speaker systems, usually in rooms with multiple users.

8https://developer.apple.com/augmented-reality/
9https://developer.vuforia.com/
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• Immersive audio VR: A user is fully immersed in an auralized virtual envi-
ronment or audio content that is realistically integrated inside a physical envi-
ronment, with a high level of presence.

3.3.3 Purpose of each study

Mixed reality can provide important support to cultural heritage for different pur-
poses. Different surveys have already been published on this topic [117]. Based
on these works, we identify the following main purposes for the use of immersive
media technologies:

• Education: We identify systems designed with the aim of learning and dis-
semination, such as MR books for children [118] and audiovisual storytelling
experiences [119].

• Exhibit enhancement: A work about cultural heritage audio augmentation
applied to tour visits [120] and an app for augmentation of a physical diorama
[121].

• Exploration: Applications or methods for navigating or discovering spaces or
contents, such as augmented audio guides [98, 122].

• Reconstruction: Re-creation of elements of the past inside today’s world as the
reconstruction of Fort Sant Jean [123] and AR interviews [124].

• Virtual museums and interactive installations: A virtual cultural heritage ex-
perience such as virtual drama [55].

3.3.4 Computer-aided Qualitative Data Analysis Software

As part of the research process, we conducted an automatic content analysis on the
papers we considered. For the automatic content analysis we utilized Leximancer10,
a Computer-Assisted Qualitative Data Analysis Software (CAQDAS) that extracts
statistical properties from a text to identify a list of terms and concepts [125]. The
software identifies highly connected concepts and clusters them into higher-level
groups, defined as themes.

Leximancer uses an analysis method that examines a unified body of text—in
this case, reviewed articles. The program selects a ranked list of emerging lexical
terms based on their frequency and co-occurrence usage. These terms are used for
creating a thesaurus, which in turn builds a set of classifiers from the text by iter-
atively extending the seed word definitions. The result is a set of weighted term
classifiers known as concepts. The text is then classified using these concepts at a
high resolution—typically every three sentences. This produces a concept index for
the text and a concept co-occurrence matrix. An asymmetric co-occurrence matrix is
created by calculating the concepts’ relative co-occurrence frequencies. This matrix
produces a two-dimensional concept map using a proprietary clustering algorithm
based on the spring-force model for the many-body problem [126]. The correctness
of each concept in this semantic network generates a third hierarchical dimension,
which displays the more general parent concepts at the higher levels.

10https://www.leximancer.com/
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FIGURE 3.3: Count of articles categorized by (top left) research moti-
vation, (top right) audio involvement level, and (bottom) publication

year of eligible studies

3.4 Analysis and Results

A total of 103 papers have been considered eligible for the study. Works were read
and analyzed to collect useful information about the study and disclose research
trends. All contributions, available in Supplementary Materials of [13], have been
classified based on the purposes of the study. Among all papers, 63 describe a cul-
tural heritage site application, and 40 are theoretical or applied studies.

One first important consideration concerns the role of audio components in the
context of MR storytelling in cultural heritage. Results in Fig. 3.3 show that 30 stud-
ies out of 103 have been specifically designed to evaluate auditory and 37 studies
consider audio in a combined [98] or comparative [127] multimodal perspective.
On the other hand, in 27% of the studies, it is not possible to determine a specific
contribution of audio since this component is ambiguously considered in combina-
tion with video or other elements. However, the interest in auditory evaluation is
increasing since the number of papers in the field has grown in the last few years (see
Fig. 3.3). As also noted by Jerald [128], the interest in MR is undoubtedly increasing,
also thanks to new technologies and platforms available in the market.

Figure 3.4 shows the main themes identified by CAQDAS analysis, and the main
concepts considered:

• Sound: concepts regarding audio and spatialisation are included in the theme,
e.g., spatial, sound, position, environment, etc.

• Story: represents storytelling and narrative elements including narrative, emo-
tional, music, media, history, landscape, world, etc.
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FIGURE 3.4: Topical map of discovered concepts. Clusters are dis-
played as heated circles.

• Experience: it refers to the overall user experience and is very intersected with
both content and narrative terms (such as immersive, history, natural, create, cul-
tural heritage, digital media) and technological elements (technology, interaction,
interface

• Social: includes concepts related to cultural heritage spaces and collaborative
experiences, e.g., urban, public, site, city, landscape, performance

• User: centrality and need of personalisation of user in theSIVE experience are
underlined in this theme that includes user, audio, interaction, guide, visit.

Storytelling is central to the MR experience and requires careful design in order to
improve user interest in different aspects (engagement, education, experience time,
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etc.) while maintaining the characteristics of effectiveness and correctness of infor-
mation. Content has to be built around the user, following an egocentric perspec-
tive, and should be personalised respecting each person’s particular traits and spe-
cial needs. Technology must help make the experience realistic and plausible inside
the virtual environment, including using collaborative elements. The main concepts
discovered in CAQDAS analysis are discussed in greater detail in the following sub-
sections.

3.4.1 Sound Reproduction and Spatialisation

Technology plays an important part in conveying a sense of presence in terms of Im-
mersion, Coherence, and Entanglement dimension, corresponding to Sound CAQDAS
concepts. A plausible audio rendering requires several types of reproduction de-
vices and spatialisation techniques [23], as it is also underlined by CAQDAS analy-
sis, which includes spatial and position in the domain, as well as real, virtual and place
emphasizing the interplay between all experience elements, whether tangible or not.
Moreover, the intersection between sound and user underlines the importance of an
egocentric audio perspective. The devices identified in the reviewed works have
been divided into three different categories:

• Headphones/earphones: personal reproduction devices with two small speak-
ers available on the market in different dimensions, ear fit (in-ear, outer-ear,
over-ear), and connectivity (wired or wireless). Audio headphones can re-
produce monophonic sound, diffusing the same audio information in both
speakers, stereophonic sound accounting for a horizontally localized source,
or binaural sound considering listener acoustics. Of particular interest here,
stereophony conveys a sense of direction, especially if in conjunction with spa-
tialisation models simulating a physical environment [129]. Moreover, audio
headphones can isolate totally or partially from the external acoustic environ-
ment (audio transparency [130]).

• Directional speaker: a particular type of loudspeaker with a narrow acoustic
beam. Directional audio speakers provide personal content while maintaining
environmental audio transparency [131], with performance limits for listeners
who occupy areas outside a known sweet spot.

• Multichannel: a loudspeaker set conveying spatial audio and permitting sound
source localisation. Multichannel audio can be composed of similar or differ-
ent speakers in terms of frequency reproduction (frequency response). In the
reviewed papers, some particular multichannel sets have been identified in
two works [99, 132]. The former uses four bone conduction speakers installed
in a headband to create audio spatialisation and orient the user in a cultural
site using GPS and compass sensors. The latter uses a combination of custom-
built headphones and room speakers to enable a social experience in a theatre
(more information is given later in this chapter).

Information about audio reproduction and spatialisation are available in Fig. 3.5.
In the considered studies, the most widely used audio reproduction devices are
headphones/earphones, which, as opposed to other solutions like mobile phone in-
tegrated speakers, can limit social/collaborative interaction inside museums or cul-
tural sites [133] and modify the presence and immersion level of the system [134].
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FIGURE 3.5: Count of articles categorized by sound reproduction de-
vice and immersion type

However, it is important to highlight that no sound reproduction device is speci-
fied in 48 studies (46.7%), even though it could be an important aspect of experience
evaluation, especially in studies based on portable devices.

It is worthwhile to note that audio spatialization and algorithm information are
still sparsely treated, but interest in the topic is increasing. In fact, only 35 studies
involve a technology making use of spatial audio or more than two speakers. Inter-
estingly, 18 such studies have been published recently as in the last two years.

Commercial headphone equalizers based on HRTFs (Unity or Unreal Engine
with SteamAudio or FMOD) are used in various works [90, 135, 136, 137, 138, 139,
140, 141, 142, 143, 144, 145, 146, 147]. Other headphones, commercial or open-source
headphone-based rendering models, and commercial or open-source libraries have
been considered in reviewed papers: OpenAL [148, 149, 150], Audiokinetic WWise
[151], Apple XCode [147], Processing [152] or not specified [153, 100, 154, 155, 156,
157, 158, 159].Andolina et al. [160] uses a “headset capable of 3D audio”.

In works with a multichannel setup, SensiMAR [161] uses 4-speaker Ambisonics
3D audio format, a method for reproducing audio on a spherical spatial sound-field
[162], in outdoor Conimbriga archaeological site to recreate the soundscape of an-
cient Roman activity. “Trying to get trapped in the past” [163] uses Wave Field
Synthesis on a linear loudspeaker array to spatially render a virtual theatrical play.
“Pigments” [164] use Dolby Atmos for the sonification of Pigments of Imagination
audiovisual installation. Finally, a Dolby 5.1 system is used for the sonification of
Roal Dahl’s “The Time Machine" story [165].

An interesting approach is used in the installation called CAVE [132, 166], a VR
theatrical play on nomadic tribes of Northern Europe, whose audio setup includes a
combination of custom-built off-ear headphones providing spatial audio and room
speakers. The headphones convey sound effects and dialogues, while room speakers
and a subwoofer diffuse soundscape and music.

3.4.2 Interaction with the Virtual Environment

A correct interaction design and evaluation is fundamental for achieving a high level
of coherence and immersion in a system, and in fact, the experience theme resulted
from an interaction design activity in 83 out of 92 papers. Experience in CAQDAS
analysis, along with related concepts such as immersion, support, interaction, and
interface, emphasizeSIVE as a key area. Fig. 3.6 classifies the user interactions with
the system grouped by tracking method: user body position and head orientation
inside the physical or virtual space, object recognition in rooms or sites, physical
actions on tangible interfaces, etc.
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FIGURE 3.6: Distribution of articles by (top left) immersion type, (top
right) orientation and position tracking, and (bottom) interaction type

FIGURE 3.7: Examples of tangible devices for interaction: a) AR-
controlled playing card. photo ©[167] b) playback control device

in[137] c) haptic vest with built-in sensors. photo ©[160]

The most common tracking method (55 papers) selects and personalises audio
and video content based on head orientation and position in space, especially in in-
door situations. In all outdoor experiences, GPS is used along with compass sensors
[99, 100, 122, 168, 169, 149, 150, 170, 171], otherwise tracking is left unspecified [120,
160, 170]. GPS is also used in one interactive artwork described “called Hybrid Gifts”
[172] in which a smartphone app permits museum visitors to communicate by ge-
olocated audio messages with peers in order to express and transmit their emotions
while looking at paintings in a museum. For a more precise indoor user position
estimate, tracking is performed by inertial IMU sensors [90, 173, 174]; otherwise, it
is not specified. In VR contexts, user orientation in virtual space is usually tracked
using Head-Mounted Displays (HMD) integrating IMU sensors.

Direct interaction with a Graphical User Interface (GUI) on a device screen is
widely used (33 papers), especially in AR experiences, often relying on a smart-
phone as an interaction device, enabling at the same time the use of a wide range
of built-in sensors such as IMUs and cameras as well as internet connectivity. It is
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important to note that no immersive or semi-immersive experience uses GUI inter-
action, preferring user movement tracking or tangible controllers.

Computer vision algorithms enabled by AR frameworks (ArKit, ARCore, Vufo-
ria, OpenAL, etc.) are used to recognize objects and elements in space and to interact
with an audio virtual environment in 22 works. AR is used to present context- and
position-aware touristic information [175, 174, 160, 176, 161, 139] and to navigate
in an AR diorama by using a portable device (smartphone or tablet) [121]. Various
physical books [118, 177, 178, 179, 178] have been digitally augmented by using
devices that recognize book pages and show related content or QR codes [175, 180,
181].

In War children [124], stories narrated by WWII eyewitnesses can be watched
inside the user’s room through a smartphone screen. Huang et al. [182] describe
a series of video games for touristic purposes, one of which asks visitors to find a
specific image inside a cultural site by using AR to get a game reward.

23 studies use tangible devices, such as console games or VR headset controllers
[183, 136, 184, 185, 153, 182, 140, 186, 141, 142, 144, 147], haptic interfaces [187]
or custom-built devices. In ec(h)o [105], users indicate a particular preference for
presented audio content by rotating a wooden cube with coloured faces whose po-
sition is detected by a camera. A similar approach is used [167] in a comparison
test about movement in a virtual museum, with four different interaction methods
on movement in the virtual environment and control condition over an audio guide
playback. During the experiment, users can control audio by rotating a playing card
(Fig. 3.7-a), whose movement is recognized by using the Vuforia AR framework. A
preference for controlling movements directly was identified.

In an interactive installation, Kenderdine [188] presents a custom-built console
to interact with, Kortbek et al. [131] uses a three-step staircase with pressure sen-
sors to detect visitors stepping. Moreover, Geronazzo et al. [137] implemented a
custom-built pipe controller (Fig. 3.7-b) with a button and a 9-axis IMU in order to
control movement in an audio virtual environment. On the other hand, Andolina
et al. [160] uses a haptic vest with different mounted sensors (Fig. 3.7-c) and ac-
tuators in a navigation task inside a city. The preliminary study compares differ-
ent interaction/feedback modalities (Visual AR, haptic-audio guidance, and the two
combined), showing a preference for the haptic-audio modality. Finally, The Time
Machine [122, 168, 169] uses vibrotactile feedback together with audio produced by
a smartphone for navigating a cultural heritage site. The audio-vibrotactile feedback
provides user information about the distance from a specific position of the site.

Other interesting multimodal interactions were described in 8 studies. Two of
them use different eye-tracking techniques to detect the user’s gaze and present in-
formation about the artwork or artistic building the user is looking at in a virtual
environment. In particular, Kelling et al. [189] uses eye position estimation based
on an IMU sensor of an HMD, Sanchez et al. [152] uses gaze to control the playback
of audio elements, such as effect or noises, while reading an children’s tales book,
and Kwok et al. [190] use eye-tracking glasses. In a fourth study [187], one of the
author’s interactive installations uses voice and pitch tracking to induce vibration in
objects inside a virtual environment based on voice intensity. Voice is also used in
an AR experience [139] to receive information based on the narration.
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FIGURE 3.8: Distribution of articles by audio material/storytelling
structure

Users with special needs

In reviewing papers, special attention has been paid toSIVE accessibility for cultural
heritage experience users with special needs. Unfortunately, available solutions of-
ten provide limited accessibility for the unnatural or insufficient interaction methods
proposed therein [175]. This is also noticeable in CAQDAS analysis that presents
no concepts related to this theme (such as special needs, impairment, accessibility, etc.).
Notwithstanding, users with disabilities, especially low vision, can benefit from au-
dio technologies, and some contributions can be found in audio storytelling for cul-
tural heritage as well. In the following paragraphs, we would like to mention five
research projects that provide meaningful examples of the inclusive role of audio in
such a context. The Time Machine [122, 168, 169] is a touristic guide that provides vi-
brotactile feedback to convey distance and directional information about interesting
sites, so as to keep focus on the environment and help navigation of visually im-
paired people and elderly users. MuSA [175] is an application specifically designed
for people with low vision, which reads information about art pieces in a museum
and then renders it through AR. By receiving an image from a smartphone camera
pointing to a specific artwork, the application recognizes various elements and then
provides speech information as well as augments the image with colour optimiza-
tions and zooms on its particulars. Greta [159] is a mobile application that provides
audio descriptions of films in cinemas specifically designed for people with low vi-
sion. The preliminary evaluation study shows that the use of voiceovers improves
enjoyment and immersion but also affects engagement. Trying to Get Trapped in the
Past [163] is a virtual drama whose narrative relies on spatial audio content, with vi-
sually impaired people in the sonic interaction designer’s mind. In the recent work
by Kelly [191], the author describes the early stage design of a sonification aimed at
improving the accessibility of Irish cultural heritage sites.

3.4.3 Collaborative Experiences

Collaborative and social experiences are important, especially for improving the
level of Immersion and Entanglement with both technology and the user’s peers: in
different cultural heritage subfields, such as music or multimedia production, collab-
oration elicitation among users is crucial [192]. CAQDAS analysis underlined that
social is one of the key concepts found in the reviewed works. It is strictly connected
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with story theme (place, history, urban), which emphasizes that when narratives oc-
cur in public places, users can benefit from collaboration, and with experience that
together with the previous theme suggest the possibility of new digital media that
can include collaborative narratives. In our review, 10 works consider collaborative
and social aspects. The majority of them were ad hoc installations in which users
can interact in real/virtual shared spaces with tangible interfaces [188], voice in-
tensity and pitch [187], or movement [148]. In [131], social interaction is fostered
by a particular physical room setup in which directional speakers mounted on the
ceiling deliver personal information about a physical museum without isolating vis-
itors from environmental sounds. Hättich and Schweizer underline the importance
of cinemas in fostering sociality [159]. In This Land AR [193], three users can in-
teract with virtual musical instruments implemented in mobile devices to create a
collaborative audio performance. Moreover, storytelling can be efficiently designed
for eliciting discussion during or after the experience as in Traces [194] artistic instal-
lation/touristic guide, where different complementary linear narratives are used to
enhance discussion among different visitors.

Another remarkable point of view [195] states that the use of audio guides or
other mediation devices during a cultural heritage visit has the twofold effect of
enhancing learning performance and diminishing social interaction. This effect was
particularly evident when wearable devices such as headphones were employed,
facilitating the creation of personal virtual environments without any collaboration
support.

Previous works suggest that the perception of a virtual space changes with the
proposed experience, and can help achieve different specific purposes. A careful
design of sonic interactions is a powerful tool for inducing collaboration in a virtual
environment and has to be encouraged as a mean of enhancing immersion in shared
virtual spaces and providing different communication channels.

The concept of proxemics, defined by psychologists as the set of implicit so-
cial rules of interpersonal distance among people, has well-known cognitive effects
[196] and can help in describing immersive sonic experiences in shared spaces.

3.4.4 Quality of the Experience and Evaluation

Evaluation of different aspects is a fundamental task for creating an effective, immer-
sive, and engaging experience. Fig. 3.6 shows the immersion type in the considered
papers, holding that a wide variety of experimental protocols have been used to
evaluate system usability, engagement, immersion, learnability, emotional content,
cognitive load, and educational aspects, and most studies rely on questionnaires and
semi-structured interviews. From the authors’ point of view, the proposed user tests
show an overall good acceptance level and engagement, although it is difficult to ob-
tain quantitative information due to differences in the experimental procedure and
measured features. CAQDAS analysis does not present any reference to the eval-
uation of user experience or interaction among the concepts represented, probably
because of the heterogeneity of the measurement instruments and traits measured.
However, some common traits can be identified in current research.

In order to test User Experience, validated questionnaires are used in many works.
The NASA-TLX11 questionnaire is used [122, 190, 169] to evaluate technology in
terms of Mental and Physical Demand Performance, Effort, and Frustration and has
been proven valuable to test user’s technology acceptance levels. System Usabil-
ity Scale (SUS, [197]) is a 10-item questionnaire and has been used [98, 175, 190,

11Available at https://humansystems.arc.nasa.gov/groups/tlx/
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161] for testing system usability. User Experience Questionnaire12(UEQ) is a 26-item
questionnaire used [190, 167] to evaluate the attractiveness, perspicuity, efficiency,
dependability, stimulation, and novelty of the technology. Both questionnaires have
been adopted in order to avoid fatigue in users while obtaining comparable and
valid results.Simulation Sickness Questionnaire for Cybersickness (SSQC, [198]) has
been used for evaluation in the different study conditions [167]. Narrative Engage-
ment Scale (NES, [199]) is used [159] to evaluate the narrative engagement differ-
ence elicited by an audio description of films in people with low vision. In [137],
User experience in a spatialized narration task is evaluated in terms of immersion
and elicited emotions. Users were asked to navigate in an audio-virtual spatialised
soundscape composed of several different virtual rooms while listening to a story by
using a tangible controller with different degrees of control over movement, audio
spatialisation, and audio playback. In the study, the Immersive Response Question-
naire (IMX13) was used to evaluate immersion and the Discrete Emotion Question-
naire (DEQ, [200]) to measure emotional content, along with Heart Rate with a non-
intrusive device (a wearable band) showing an increased immersion and emotional
content in conditions with spatial audio and controlled playback.

In addition to Geronazzo et al., other studies use biosignals for measuring emo-
tional parameters, particularly arousal. Jurica et al. [201] compare Electro-Dermal
Response (EDR) with a custom questionnaire for measuring arousal in soundscape
navigation tasks inside a cultural heritage site, highlighting a better accuracy of the
questionnaire for this specific task. On the other hand, Mansilla et al. [202] uses
EDR to measure the emotional content of Virtual Acousmatic Storytelling Environment
(VASE) virtual play, showing a correlation between EDR and emotional content in-
crease. Biosignals are confirmed to be useful for emotion measurement and are sug-
gested by the authors of this paper to be promising for use within tests employing
auditory stimuli.

Moreover, MR technologies have been proven to enhance performance in the
education domain applied to cultural heritage in various studies [203, 195, 179, 119,
121, 118, 204]. In the majority of these studies, a custom questionnaire designed by
the researchers involved in the study has been proposed to participants before and
after test sessions to evaluate the differences in terms of mechanical and meaningful
information memorization for educational purposes.

3.5 General Discussion

Most of the reviewed studies in the cultural heritage domain are related to tourism
and museums. In particular, audio guides are augmented with personalized content,
non-linear storytelling, user localisation, and positional tracking to (i) propose an
enhanced cultural heritage experience fitting the user preferences, (ii) elicit interest
and engagement in users, and (iii) foster cultural heritage dissemination. In some
applications, tourist information and street directions are shown, helping tourists
orient themselves within a cultural site or city. In others, visitors were immersed
in audio AR in which synthetic sonic environments aimed at conveying emotional
engagement, re-creating historical events, or presenting position-based narratives.

Notwithstanding the vast amount of literature about narrative and storytelling,
to our surprise, we found very little information about narrative content and struc-
ture. Practically speaking, the mandatory inclusion of all the identified clusters

12Available at https://www.ueq-online.org/
13Available at https://innermetrix.com/products/assessments/
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(storytelling, immersive media, audio, cultural heritage) identified the intersection of all
these only. Accordingly, this issue suggests the necessity to design new methods
for a combined analysis of immersive and non-linear narrative experiences in in-
terdisciplinary contexts. Since none of the reviewed papers explicitly considered
a systematic approach to digital narratives, our work would also provide different
perspectives for sonic interaction designers, practitioners, and technologists.

In our opinion, the criteria described in Sec. 3.1 are useful in defining a starting
point for advanced sonic interactions in immersive storytelling. In the following, we
suggest some promising research directions based on the previous guiding princi-
ples.

• Perspective and Point of View. To provide an immersive experience, most nar-
ratives should be designed using an egocentric audio approach [205], in which
sonic interactions have to be defined in terms of personalized listener-virtual
environment relations. The term egocentric refers to the perceptual reference
system for the acquisition of multi-sensory information in immersive MR en-
vironments, as well as the sense of subjectivity and perceptual/cognitive indi-
viduality that shape the self, identity, or consciousness of the user. Such a level
of personalization should avoid the mediating action of the immersive tech-
nology, which might result in a break in presence that can hardly be restored
after a pause [206]. These cognitive illusions depend, for example, on the level
of hearing training and familiarity with a stimulus/sound environment, and
they should be taken into account from an egocentric perspective to create an
immersive, coherent, and entangled experience.

• Gift of voice. When speech is employed, the narrative is usually held in the
third person for informative purposes or city directions and in the first person
for conveying emotional content, such as witness experiences or event recon-
structions [120, 124].Popp [136] suggests that the narrator’s role can influence
the trustworthiness of the conveyed information of the message. In the ana-
lyzed studies, no information can be found about the narrator register. How-
ever, we suggest that the narration register should be personalized according
to the user’s psychological state and cultural background to create a more im-
mersive and user-specific experience.

• Narrative, Dramatic Question, Emotional Content, and Power of Sound-
track. From the perspective of the conveyed message, various works [194, 201,
137, 207] are specifically designed for emotion elicitation. Music is mainly used
in experience with artistic purposes and linear storytelling. Non-musical ele-
ments, such as speech and sound effects, are more common in reviewed works
and are sometimes personalized or dynamically generated based on the user’s
position or interaction. Again, sonic interactions in virtual environments medi-
ated by physical devices or GUIs help modify the users’ internal psychological
state during personal or collective situations, resulting in entangled experi-
ences. Emphatic technologies have a pivotal role in such modulation, tracing
fluid boundaries between humans and technologies [208], and eliciting inter-
nal emotional states following the user’s expectations and emotions.

• Economy, Pacing and Interactivity. In many works, the total time and pac-
ing of the experience depend on the interest and involvement of the user, who
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seems to prefer a higher degree of control in terms of movement and interac-
tion with the virtual environment and storytelling structure. Storytelling per-
sonalisation based on user interaction with the sonic or visual virtual environ-
ment, as well as non-linear narrative structure, provide promising evidence of
eliciting users’ interest in cultural heritage and enhancing dissemination and
education [209, 178]. Such a complexity might be managed by AI agents, i.e.,
non-human entities capable of interacting with ecological behaviors [210], that
would be able to predict the user’s intentions in an intelligent environment for
storytelling. Their ability to monitor listeners’ behavioural responses could
balance users’ expectations and cognitive capabilities to adapt and modulate
specific interactions and events [211]. More importantly, AI algorithms have
the potential to encourage the exploration of different and meaningful paths
within a non-linear narrative tailored to the user’s needs. 1

• Medium: In the reviewed works, the immersive medium in use was clearly
specified and the experience was usually designed considering its peculiar-
ities. Based on the reality-virtuality continuum proposed by Milgram and
Kishino [20], the level of isolation and the combination of real and synthetic
elements can differ in audio mixed realities.

3.5.1 Sonic Interactions - Notable Mentions

In the realm of sonic interaction, tangible and haptic devices are widely employed,
especially in non-linear storytelling experiences. Interaction within the virtual en-
vironment is used by the system to select a specific storyline and guide the user in
the virtual or augmented world. To foster a more natural interaction, several works
[167, 188, 131, 137, 160] have adopted custom-built tangible devices that are usually
used as the main element during the interactive experience and are usually rated as
engaging by users.

Despite the few works reviewed, we would like to mention eye tracking as an-
other promising opportunity to (i)provide information in an ecological manner dur-
ing interaction with the virtual environment (e.g., [190, 189]), (ii) make the experi-
ence accessible in the presence of users with physical impairments( [168]), (iii) aug-
ment the experience with multisensory elements such as the environmental sound
of tactile feedback (e.g., [152]).

Focusing on interactive installations only, we extracted some interesting insights
regarding socialization and collaboration aspects. With the help of particular au-
dio setup configurations such as extra-aural headphones [132] or directional speak-
ers [131], or by using standard headphones with custom sensors [148], researchers
recreated a social experience taking place in an augmented shared space. From the
technological point of view, it was difficult to retrieve specific information about the
audio speaker/headphones setup and spatialisation models, especially in studies
involving mobile phones and tablets. For the sake of repeatability in research, more
technical audio specifications are thus needed to evaluate immersion and to create
design guidelines for cultural heritage augmented audio storytelling platforms. This
is even more relevant because studies including cognitive evaluations of emotional
content, engagement, interest, usability, learnability, acceptability, cognitive load,
etc., lead to better results for audio MR compared to static audio guides and onsite
information panels [212, 179]. Educational aspects also benefit from augmented
books and virtual AR exhibitions in different contexts: children’s narratives, travel
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guides, and interactive installations. In particular, children show interest in this spe-
cific technology, hence opening room for future research, even though ethical issues
about technology addiction must be considered.

3.5.2 The role of personalisation

Section adapted from publication [213].

To personalise audio in MR, it is crucial to coordinate the customization of the
technological infrastructure and the storytelling, which should be considered a com-
plex entangled system to achieve an effective and comprehensive evaluation [19].

Personalization in Audio MR Technologies

Personalization of the acoustic environment can significantly enhance the experi-
ence in audio MR, particularly in terms of plausibility or the degree of congruence
between the simulation and the listener’s expectations [52]. Technological advance-
ments should be closely correlated with other aspects, such as interaction design and
content personalization, to elicit a coherent entanglement between humans, techno-
logical platforms, and interaction features. Considering specific contributions, an
interesting approach in this direction is using individual HRTF instead of diffused
generic dummy head HRTFs that, in conjunction with reverberation and head track-
ing, can significantly reduce localization error and enhance externalization. Vari-
ous works, including [214], discuss computationally efficient methods for HRTF
synthesis in real-time, starting from a limited set of anthropometric parameters. A
technological platform specifically designed for personalisation will be presented
in Chapter 4. Moreover, [16] introduces the idea of audio-augmented virtuality to
evaluate the impact of various reverberation algorithms on co-immersion in VEs,
highlighting a limited but significant effect of real-time digital reverberators over
static spatialized sound.

Storytelling and Personalisation

As underlined by the CAQDAS analysis (concept story, user and experience), nar-
rative structure (narrative, history, landscape) and the level of sonic interaction be-
tween user and audio virtual environment (sense, experience, process) are key aspects
to consider when dealing with cultural heritage storytelling in mixed realities. The
intersection between story and experience themes highlights that stories should be
immersive, and the context is important for the narration. To enhance the sense of
presence in MR, especially in the entanglement dimension, storytelling should be
designed to be interactive and non-linear in order to allow active participation of
both users and narrations eliciting higher engagement and immersion [215]. Non-
linearities in narrative can be achieved by using different techniques such as invert-
ing the chronological order of events, creating different parallel storylines, and dy-
namically modifying the narrative.

The majority of studies use non-linear storytelling (67 out of 92 papers) to let
users freely explore the augmented physical environment or the virtual space, con-
versely, 35 papers follow a linear narrative. No specific information about story-
telling architecture can be found in the three remaining papers. An overview of sto-
rytelling personalisation features is given in Table 3.3. A particularly relevant work
[194] exploits a dual non-linear structure for encouraging a collaborative approach.
As soon as they start the visit of the St. Fagan Historical Museum in Wales, users
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What How

Soundscape User model detected by user position and ori-
entation in space [173]
User position and/or head orientation [100]
Interaction with the virtual environment and
AI techniques [144]

virtual environ-
ment and story

User interaction with tangible interface [187,
188, 183]
Interaction with voice [188, 183]

Directions User position and/or head orientation [122,
219, 168, 169, 186]

Storyline Interaction with HMD headset controller
[153, 139, 186, 143, 149, 150, 146]
AI content generation [149, 150]
Interaction with a tangible device [105]

Content created
by users

User interaction with tangible interface [185]
Collaborative experience [172, 193]

TABLE 3.3: Content personalisation and personalisation method in
non-linear storytelling.

have to choose between two possible partial storylines. Information about the dis-
carded storyline can be obtained only by asking and discussing it with other users.
Moreover, artificial intelligence (AI) was employed [153] to adapt storytelling in a
VR video game story and, in Exhibot [149, 150], to generate storylines about the
history of the central square in Heraklion(Greece) based on user position and ori-
entation and third party content services. Surprisingly, the previously cited works
were the only contributions using AI techniques, although a large number of works
can be found in other interactive and non-linear storytelling contexts. For instance,
Riedl et al. [216] present a review of AI techniques in Computer games storytelling,
Hernandez et al. [217] discusses the application of AI for eliciting emotions during
storytelling, Pisoni et al. [218] introduces AI techniques for accessibility in cultural
heritage including interactive storytelling.

Position and head/body orientation are often tracked and used to select a sto-
ryline. In this context, content can be pre-determined or personalized in different
aspects (point of view in space, content presentation order, dynamically generated
elements, and directions) by a user’s movement or explicit command. City tour
maps are dynamically generated [98, 168, 169] by using the user’s navigation path,
along with historical and touristic insights about buildings and monuments nearby
and at the destination. In Cave [132], linear storytelling is spatialised according to
the user’s specific position inside the room. In the SARIM system [138], sound zones
are associated with audio samples coherent with the specific exhibited art piece or
historical device.

In terms of audio content, we identify three main high-level categories: (syn-
thetic or real) speech, environmental sounds, and music (Fig. 3.8). Since voice is the
most used material, especially in tourist or educational experiences, sound effects
are used to create soundscapes and personalized content. In Ec(h)o [105], audio
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soundscape and content are based on user preferences selected by choosing the ori-
entation of a physical cube. In a work by Fu et al. [100], the audio soundscape is
dynamically generated based on the user’s position. On the other hand, music is
used mainly in theatrical or linear storytelling experiences.

3.6 Research Directions

It is evident from our perspective that entanglement in human-computer interaction
is highly desirable, as suggested by Frauenberger [5]. Mid-long-term guidelines
should integrate technological aspects and content to pave the way for truly immer-
sive storytelling. In particular, our theoretical framework suggests a binding role of
the auditory component in its fluidity of perception-action within virtual environ-
ments through an ecological perspective [220]. This means that the listener might
enact cultural heritage experiences in exploring the virtual environments [221].
Accordingly, we should consider an embodied, environmentally situated perceiver
where sensory and motor processes are enabled by technology and inseparable from
exploratory action in a narrative space. It is also important to note that in the field of
immersive storytelling for cultural heritage, the new methods introduced by AI may
open up new possibilities and design in terms of ease of use, involvement, and ac-
cessibility. To better understand the possibilities enabled by a proper design ofSIVE,
some potential research directions are illustrated below.

3.6.1 Emotional museum

In [222], Perry et al. argues that the state of the art of virtual museums doesn’t
take full advantage of all available possibilities in terms of interaction between par-
ticipants, and emotional and personal development. An interesting scenario can
be the use of audio cultural heritage storytelling to create a virtual museum or
augmented cultural heritage site specifically designed to convey emotional content
through the exploration of the environment. This kind of experience permits new
forms of knowledge dissemination for educational purposes or entertainment. Spe-
cific guidelines for cultural heritage audio storytelling can be a useful starting point
for the design of more effective storytelling that conveys emotional historical recon-
struction in an effective and engaging way.

Challenges: Some historical and cultural experiences can contain a significant emo-
tional impact. In this context, theSIVE framework can embrace the Research
through Design (RtD) approach [223], helping in developing methods to identify
the emotions to be expressed and to treat with respect and care for the arousal
and respect of the users. Research through Design combines design practice and
inquiry to better understand complex scenarios. It involves iteratively develop-
ing prototypes that allow the capture of emerging patterns. This approach rec-
ognizes that design practices are not just meant for implementation or creativity
but also valuable methods for conducting research. Such practices could be a
valid methodology for exploring interactions and possibilities with non-human
agents, e.g., the virtual narrator [224]. The authors recently applied this research
perspective in designing an AR audioguide for museums [18].
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3.6.2 Immersive analytics

Especially with the new possibilities made available by Artificial Intelligence, im-
mersive media, such as MR and audio MR can be used as a new methodology for re-
search, knowledge analysis and decision-making [225]. Immersive analytics consists
of using interaction with the immersive media to support analytical reasoning and
decision making, providing multimodal interfaces allowing users to immerse them-
selves in data [226]. A similar approach is already employed in sonification, which
consists in transforming data information through sound and auditory features in
order to facilitate communication and interpretation. On the other hand, immersive
analytics aim to enhance a bidirectional and entangled interaction between the user
and the virtual environment [227].

In the literature, few tools [228] exist for immersive analytics of visual media
only. However, cultural heritage research can benefit from the auditory component.
Many musical sources are available, especially in fields related to audio and music,
such as musicology and musical aesthetics but also by analyzing historical audio
sources along with written documents. In this context, audio storytelling can be
used twofold. Firstly, it helps researchers orient through the vast amount of audio
material available by creating specific story paths, e.g., with particular themes or
timelines based on historical facts. Secondly, implementing tools to create cultural
heritage audio storytelling and use the design process as a reasoning method for
knowledge discovery. Moreover, the use of AI can foster collaboration between the
user and the virtual environment in an entangled experience [205].

Challenges: In this type of entangled experience, proper verification and process-
ing of sources are crucial to avoid any misleading storylines that may be gener-
ated or introduced by interaction with the virtual environment and AI’s hallu-
cinations [229]. Moreover, integrating diverse sources of audio data, as well as
designing a convincing interactive experience in MR, can be complex and require
robust data management and the integration of multiple 3D user interactions.

3.6.3 Archaeoacoustics, virtual musical instruments, historical voices,
and personalities

The analysis of the acoustic of ancient historical places is used by many cultural
heritage researchers to better understand different historical aspects of everyday liv-
ing14. In a work by Ciaburro et al. [230], acoustics properties (reverberation time)
of an Ancient Roman catacomb have been measured and analyzed in order to better
understand the reason for the choice of the specific prayer space by the ancient pop-
ulation. Similarly, Warusfel and Emerit [231] used available historical documents
to simulate the acoustics of an ancient Egyptian temple of Dendara dedicated to
Hathor, the goddess of music, love, and joy in order to investigate the role of sound
in worship ceremonies. Moreover, the reconstruction of virtual ancient or modern
musical instruments is widely used to study the main traits of instrument sound
throughout history [232]. Again, in this scenario, audio storytelling can help recon-
struct historical events and ancient spaces in virtual spaces with natural acoustics
and sound for research purposes, education and entertainment, e.g., in museums
and cultural heritage sites. Historical talks and documents played or read immersed
in a virtual/augmented reconstructed audio environment could help understand

14https://pro.europeana.eu/post/discover-the-potential-of-3d-and-heritage-acoustics
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the role of space in history and better comprehend the emotions elicited by histori-
cal figures.

Challenges: This type of scenario requires advanced simulation and reconstruc-
tion techniques that rely on technology that may not always be accessible or suf-
ficiently advanced to represent historical acoustic environments accurately. Es-
pecially in VR and AR experiences, this can affect the correct representation and
perception of spaces (e.g., positions and distances [65]), limiting or altering the
planned experience. Considering the evolution of sound environments and lis-
tening habits in historical/architectural reconstructions is essential. For example,
in the given location, external noises such as car traffic not present at the recon-
structed period, could affect the perception of the experience. Another example
is the modification of the tuning of musical instruments, such as that introduced
by J.S. Bach in the 17th century [233]. Using the previous configuration, which
was conventional for listeners of the time, might sound out of tune to users.

3.6.4 Universal fruition, multimodality

Multimodal interaction is widely used in museums and cultural heritage sites for en-
tertainment and education but often has few or no audio elements [234], an impor-
tant feature in many experiences designed for fruition by users with special needs
[235]. It is worthwhile to notice that audio storytelling has been proven to be an im-
portant accessibility medium for people with disabilities. Visually impaired people
highly benefit from visiting museums and cultural heritage sites for historical and
touristic information access and urban navigation [236]. Moreover, storytelling was
employed in connection with sound spatialisation and 3D elements in the therapy
and rehabilitation of cognitively impaired children for facilitating child-therapist in-
teraction [237]. Audio storytelling can deeply help users with physical disabilities
but also users with cognitive disabilities in cultural heritage knowledge fruition, im-
proving attention and engagement [238].

Challenges: The addition of too many multimodal elements could confuse the user
with special needs and make it complicated to maintain attentional focus on the
topic [87]. Moreover, ensuring the sustainability of multimodal interaction sys-
tems involves continuous maintenance, content updates, and technical support
can be challenging. This may be problematic when moving from prototyping to
implementation and ultimately to maintenance due to limited budget and organ-
isational and political issues.

3.7 Narrami as a case study

Section adapted from publication [10].

To support and better explain the the previously described research scenarios,
we introduce a case study on a purely hypothetical scenario that allows us to
consider audio storytelling in cultural heritage egocentric audio technologies and
their various facets.

Narrami is a cyber-physical system aimed at museums and exhibitions. A mu-
seum visitor, equipped with sensorized headphones and a smartphone, enters an
exhibition eager to delve into the world of art. The visitor starts the visit moving
toward an art piece is interested in. As the visitor moves through the exhibition,
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the system tailors a personalized journey through the museum, focusing on art
pieces that match their preferences. By using a reinforcement learning algorithm,
the system analyses user movements and behaviors inside the museum. In this
scenario, the focus of egocentric audio technologies encourages users to discover
new, engaging paths inside the museum. The system offers an immersive audio-
AR experience. With the help of nonlinear storytelling [215], the visitor can hear a
guiding voice and the authors of art pieces discussing his/her masterpieces inside
the room based on his position as in [98]. Using different metrics, the system has
the ability to learn the user’s interests based on the amount of time visitors listen
to the narration before moving, their head rotations towards specific points of in-
terest, or eye fixation detected by an eye tracker. It continuously refines its recom-
mendations and adapts its behavior according to visitors’ decisions and reactions
during the visit. In particular, similar to [239], the proxemics between the user
and a virtual agent, i.e., the narrator’s voice in our scenario, can strengthen the
subtle guidance of the MAS towards the suggested path. Hence, the virtual nar-
rator’s movements in the virtual space will be entangled with user behaviours.
To provide a plausible listening experience, Narrami uses effective auralization of
sound sources with perceptually-motivated algorithms that work in a real-time
environment, providing a responsive environment for sonic interactions [25].

3.8 Conclusion

This chapter presented a systematic review of the role of audio in Mixed Reality
storytelling within Cultural Heritage, highlighting its contribution to narrative
construction, user interaction, and immersive experience design. The analysis re-
vealed that, although audio is often treated as a secondary modality, it plays a
crucial role in shaping spatial understanding, emotional engagement, and acces-
sibility.

The reviewed literature also showed a growing interest in spatial audio tech-
nologies, multimodal interaction, and personalised storytelling, while still lack-
ing a unified framework capable of integrating these dimensions into a coherent
design and evaluation approach.

In this context, the M-I-C-E framework introduced in Chapter 2 provides a
structured lens through which these findings can be interpreted. In particular,
the reviewed works can be reinterpreted in terms of immersion (through spatial
audio rendering), coherence (through perceptual and narrative plausibility), and
entanglement (through adaptive and interactive behaviors between users and
systems).

The introduction of Narrami as a conceptual case study, describe more in
depth in Chapter 6, anticipates how these dimensions may converge within a
unified Audio MR experience, bridging the gap between theoretical analysis and
design practice.

Despite the methodological rigor of the review, some limitations should be
acknowledged. The selection process, although systematic, may have excluded
relevant works outside the chosen databases or keywords, and the heterogeneity
of the included studies limits direct comparability across results.

The insights derived from this chapter inform the technological and method-
ological developments presented in the following chapters. In particular, Chapter
4 focuses on the implementation of spatial audio configurations, while Chapters



42 Chapter 3. Immersive Experience and Storytelling

5 and 6 operationalise the M-I-C-E framework through experimental evaluation
and real-world interaction scenarios.
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Chapter 4

Technological Configurations:
Spatialisation in Audio Mixed
Reality

Chapter adapted from publication [14].

To support the experimental activities of this work, a dedicated auralization
platform was developed and deployed on an Apple iPad using the Unity game
engine1. The platform was designed to be highly versatile, making it adaptable to
different acoustic and spatial scenarios, although in this study its implementation
focused on modeling a virtual corridor reproducing a real-world environment lo-
cated at the Department of Management and Engineering of the University of
Padua. This corridor was reconstructed in its dimensions (width: 19.70m, depth:
2.32m, height: 3.38 m) and its acoustic features (materials and reverb decay time)
using accurate physical measurements, thereby ensuring that the virtual envi-
ronment accurately mirrored the physical space and could serve as a reliable
basis for perceptual testing and analysis. By embedding the model in an aug-
mented virtual VE, the system provided participants with an immersive and in-
teractive auditory experience that tries to ecologically integrate virtual elements
within the real world. The implementation of the library is publicly available at:
https://github.com/aleprivi/Plausibility-in-AAR-Experiment.

A central element of the platform was the reverberation algorithm, which sim-
ulated the persistence of sound in an enclosed space due to multiple reflections
and diffusions from walls, ceiling, floor, and other surfaces. Reverberation is a
critical factor in acoustic perception, as it conveys spatial information about the
environment and contributes significantly to the sense of presence in virtual and
augmented reality systems. In this work, reverberation was modeled using the
SDN, an efficient method for simulating Room Impulse Response (RIR) that en-
sures both computational efficiency and perceptual plausibility [240]. The SDN
achieves this by distributing delay lines and scattering junctions across a net-
work that mimics the geometry of the room, resulting in a physically grounded
yet real-time capable approach. The use of SDN allowed the system to capture
fine details of reverberant behavior, providing listeners with cues necessary for
accurate spatial orientation and environmental awareness.

In addition to reverberation, spatial realism was further enhanced by incor-
porating HRTF. An HRTF describes how an incoming sound wave is filtered by
the listener’s anatomical features, including the head, torso, and pinnae, before
reaching the eardrum [241]. These filters encode the direction-dependent alter-
ations of the sound spectrum, thereby allowing binaural systems to reproduce

1Available at https://unity.com/
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three-dimensional auditory perception [242]. Moreover, generic HRTFs often fail
to capture individual anatomical differences, which can lead to errors in localiza-
tion, front-back confusion, and reduced spatial presence [243]. To address these
limitations, this work adopt a personalization techniques [214], which adapts the
HRTFs to the individual listener’s anatomical features, thereby improving spa-
tial accuracy and immersion. In this work, a dynamic HRTF implementation was
employed to continuously adapt the orientation of the virtual user according to
the real user’s head and body position in real time. This dynamic updating is
fundamental for creating a convincing sense of immersion. Motion and orien-
tation data were collected from the iPad sensors and Apple AirPods Pro, and
vendor-provided libraries ensured accurate head-tracking performance [244].
By coupling sensor-based tracking with personalized dynamic HRTF processing,
the platform achieved a responsive binaural rendering pipeline where perceived
sound directions shifted naturally with the user’s movements.

To further refine auditory fidelity, the platform included a stage of headphone
equalization compensation. This process corrects the specific frequency response
deviations of the earphones, ensuring that the reproduced sound matches the in-
tended stimulus and equalisation applied by intrinsic device-specific resonances
or limitations [245] is reduced. Without compensation, spectral distortions could
interfere with spatial perception and impair the ecological validity of the exper-
iment. The earphones adopted during the experimental sessions also provided
acoustic transparency, allowing selected portions of the external acoustic environ-
ment to pass through, preventing complete auditory isolation and supporting
more naturalistic conditions [246]. Transparency helps participants to avoid a dif-
ferent perception between the real and mediated environments. An important as-
pect to highlight in the context of AAR concerns the issue of acoustic transparency
in headphones and headsets, which can significantly influence perceptual plau-
sibility. These devices inevitably affect the way external sounds are perceived,
as they modify the acoustic signal before it reaches the eardrum, altering both
its intensity and spectral characteristics. As a result, listeners may experience an
unnatural auditory condition that compromises the authenticity of environmen-
tal sounds and consequently impacts the overall perception of the acoustic scene
[247].

Finally, the auditory stimuli were carefully calibrated in terms of playback
volume. Calibration involved matching the virtual sound levels to real-world
reference values reported in the literature. This step was essential to guarantee
perceptual consistency and to avoid discrepancies between the perceived loud-
ness of virtual stimuli and their real-world counterparts. By aligning the volume
to documented acoustic references, the platform ensured that participants experi-
enced an ecologically valid sound environment, thereby reinforcing the reliability
of the experimental results. In the following sections, the fundamental blocks of
the framework are described in detail, highlighting their individual contributions
and integration within the overall system.

4.1 Room acoustics: Reverb

The SDN algorithm integrates delay networks and acoustic artificial reverbera-
tors, yielding a physically and perceptually accurate acoustic simulation [240,
214]. The SDN algorithm employs the image-source method [248] to render the
direct sound path (source-to-listener) and 1st-order reflections in both time and
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FIGURE 4.1: Schematic representation of the auralisation framework.

space. The following equation can express the computed RIR:

R(z) =
1
K

kT
M(z)

[
ATH↓1(z)↓ PD f (z)

]1
ks(z) + gz↓DS,M (4.1)

where kT
M(z) = ΓT

MDM(z)GMW is the combination of the block diagonal
weight matrix for pressure extraction, the source directivity vector, the delay ma-
trix, and the attenuation matrix; ks(z) = UGS(z)DS(z)ΓS is the block diagonal
matrix that assigns source signals to input wave variables and listener. H(z) is
the wall absorption matrix, D f is the inter-node delay matrix, A is the scattering
matrix, and P is a network topology-dependent permutation matrix. Moreover,
HRTF filters can be easily incorporated to produce a fully customized binaural
room impulse response.

To correctly reproduce room acoustics, the RT30 decay time of the room was
measured with a Sound Level Meter (Brüel & Kjær 7830) with the setup config-
uration displayed in Fig. 4.2-a. The RT30 of the virtual room was matched by
visual inspection, varying two SDN parameters:

1. absorption material: corresponding to a 4th order FIR filter, H(z) designed
using [241] and selected by considering wall materials of the real room,

2. reflection coefficients: a manual gain that can be used to adapt the theoretical
filter to the real material, independently for each wall.

Table 4.1 displays the final values. The average RT30 value is 1.38 s in the real
corridor 1.27 s in the VE. Fig. 4.3 shows the RT30 decay time of the real and
virtual room for each frequency. Notwithstanding those real and virtual environ-
ments present similar average decay times, values per band present differences
that might influence spatial perception. It is important to note that while many
methods have been suggested in literature to compute real room acoustics and
absorption filter, the task is still considered complex to solve [249]. The observed
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Wall Material Refl. Coeff.
Back,Front, Left gypsum 0.9
Right glass 0.9
Floor concrete 0.98
Ceiling concrete 0.99

TABLE 4.1: Absorption materials and reflection coefficients in SDN
simulation.

FIGURE 4.2: Calibration setup for (a) the real room’s RT30, and (b)
the headphone playback loudness.

discrepancies between measured and simulated reverberation responses, partic-
ularly visible in Fig. 4.3, may also partially derive from the limited modal density
of the adopted SDN configuration.

A relatively compact feedback network may introduce spectral irregularities
and reduced echo density, potentially contributing to perceptual artifacts such as
metallic reverberation, as reported by some participants during the evaluation.
In the present implementation, a limited number of delay lines was intentionally
adopted to maintain computational efficiency and ensure real-time performance
within the audio MR framework. This design choice reflects a trade-off between
acoustic realism and system responsiveness, particularly relevant for mobile and
interactive applications.

Future implementations may benefit from larger scattering matrices or hy-
brid late-reverberation architectures to improve temporal diffusion and spectral
smoothness.

In the SDN implementation used in this work, during the Unity game cycle
(void Update), the algorithm detects the distance and direction from the virtual
audio sources to every wall in the virtual room in order to correctly compute
audio delays of reflected sounds and apply the correct absorption filter.
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FIGURE 4.3: RT30 per 1/3 octave bands for real vs. virtual room.

4.2 User Acoustics: HRTF and personalisation

Using individual HRTFs, instead of the generic dummy head HRTFs, combined
with reverberation and head tracking, can greatly reduce localization error and
improve externalization [214]. However, measuring individual HRTFs is time-
consuming and requires specialized facilities. Our study employs mixed struc-
tural modeling proposed and evaluated by Geronazzo et al. [214] to balance
optimization and efficiency in HRTF representation. This model requires a mini-
mal set of anthropometric data (Fig. 4.4), including the ear contour (C1) that out-
lines the helix, head width (X1), and head depth (X3). Using X1 and X3, low-
frequency content (up to 1 kHz) can be modeled using a spherical head model
with ear displacement [250]. Assuming diametrically opposed ears, the spher-
ical Interaural Time Difference (ITD), one of the primary cues available to the
auditory system for determining the spatial location of sound sources [251], in
the horizontal plane is estimated as:

ITD(γ, a) =

{
a
c (sin γ + γ) if 0 ↔| γ |< π

2
a
c (π ↓ γ + sin γ) if π

2 ↔| γ |< π
, (4.2)

where c is the speed of sound, the head radius a is given by a =
(
0.41 X1

2 + 0.22 X3
2 + 3.7

)
,

and γ is the angle between the source vector ωS and the ear vector ωe with ori-
gin in the center of the sphere that is displaced relative to the interaural axis to
x0 = [0, eb, ed] with ed/eb the downwards/frontwards ear shift, by using:

γ = cos↓1

[
(ωS ↓ ωx0) · (ωe ↓ ωx0)

ωS ↓ ωx0ωe ↓ ωx0

]
. (4.3)

On the other hand, high-frequency spectral content is selected from the best-
fit HRTF included in CIPIC [252] dataset according to anthropometric charac-
teristics. For each participant, n = 15 ear contours C1 and k = 20 ear canal
positions were manually annotated by using a Matlab script available at https:
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FIGURE 4.4: Head’s pictures as taken for the experiment’s partici-
pants to personalize the HRTF with the measuring tape used as a ref-
erence. The spherical model parameters are shown: (a) head width

X1, (b) head depth X3, (c) pinna contour C1, and ear canal.

//github.com/msmhrtf/personalization2020_app and three photos of the sub-
ject (front and side views and ear closeup) with a measuring tape as a reference.
Based on these annotations, we estimated pinna notch frequencies f0 for each
elevation angle ε [253]. Such notch frequencies f0 are compared with the cor-
responding frequencies F0 extracted from the measured HRTFs from CIPIC em-
ploying a mismatch metric:

m(k,n) =
1

Nε
∑
ε

| f (k,n)
0 (ε)↓ F0(ε)|

F0(ε)
, (4.4)

given Nε the number of elevation angles.The best matching HRTF from the
CIPIC database regarding Eq. 4.4 was selected. Low and high-frequency contents
are combined with a linear crossfade at 1Khz.

In the SDN implementation the built-in audio thread is accessed by void OnAu-
dioFilterRead, and dynamic HRTF filters are applied to each reflection based on
user position and orientation.

4.3 Volume and EQ matching

To correctly perceive the source position inside the virtual space and thus obtain a
high level of realism in the scene, the sound sample should have a Sound Pressure
Level (SPL) equal to a natural listening condition without headphones. When
possible stimulus SPL, in all conditions, was matched in order to obtain the same
Sound Level of a real reference. For the volume calibration, the virtual corridor
was created with the physical characteristics obtained by the room calibration
procedure. Inside the VE, a virtual source was positioned, and a fake ear (Fig. 4.2-
b) wearing AirPods simulated the headphone placement over a human ear. By
using a sound level meter, the volume was calibrated by adjusting the gain in
the simulation. To reduce the coloration caused by headphones audio impulses
was also calibrated using an equalization curve consisting in the inverse of the
earpods transfer function shown, in Fig. 4.5. Impulse file available at https:
//github.com/jaakkopasanen/AutoEq.
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FIGURE 4.5: Headphone compensation.

4.4 Tracking

Section adapted from publication [15].

The proposed evaluation considers different tracking methods to find the most
reliable in terms of the user’s perceived source position in space.

A correct spatial audio reproduction requires tracking the user’s position in
space and head orientation. In the adopted platform, we implemented different
user tracking and head orientation method made available by ARFoundation 2,
an AR Middleware inside Unity that permits the extraction of those relevant fea-
tures that allow a correct AR interaction, e.g., device and objects position estima-
tion inside a room, face tracking, object occlusion detection, etc. By integrating
API available for different proprietary platforms (ARKit, ARCore, Magic Leap,
WindowsXR), ARFoundation can be used on different devices and Operating sys-
tems. For the purpose of user indoor tracking, the study employed three different
methods:

• iPad Tracking (T): ARFramework permits automatically estimating the posi-
tion of the iPad space. At the start of an experiment session, the virtual posi-
tion of the device is set to world origin and updated when moved, with respect
to the origin. In this tracking condition, the user head position is set as iPad
position.

• Face Tracking (F): using the Front camera, the head center can be estimated
with respect to the iPad position. Utilizing both cameras makes it possible to

2
https://unity.com/unity/features/arfoundation
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simultaneously estimate the position of the user’s head and iPad. The combi-
nation of the two sets of coordinates can provide the position of the head with
respect to the reference origin.

• iPad Tracking with Height Displacement (H): head position is set to iPad
estimated position with a displacement of 50 cm in height (y-axis), in order to
simulate head position with respect to iPad.

Furthermore, the head rotation has been estimated with the following three meth-
ods:

• Earpods (E): Apple Airpods pro contains IMU sensors that can be accessed by
Unity by using a third-party script3 and can be used to track head rotation,
with respect to a starting point. The manufacturer doesn’t provide any official
technical specifications about the sensor used.

• Face Tracking (F): similarly to head position tracking, ARFoundation and the
front camera have been used to estimate head rotation with respect to the head
center.

• iPad Tracking (T): head rotation has been set as iPad rotation with respect to
the reference origin.

Depending on the implemented experience, a different tracking method was se-
lected.

4.4.1 Tracking accuracy

To objectively evaluate tracking accuracy, measurements have been acquired in-
side the same room, lit by natural light from large windows on one of the longer
sides, replacing human participants with a dummy head in controlled conditions.

Measurement Setup

The iPad had been positioned on a bookstand allowing different placements in-
side the room with an inclination of 30↑ to simulate iPad user handling. Camera
height was set at 1.30 m and positioned at the center of the bookstand since the
estimated device position was referred to the camera position. To simulate a hu-
man head, a dummy head has been mounted on a tripod at 1.80 m. On the floor,
a 1.5 m ↗ 1.5 m grid was marked with 16 points, each with a distance of 50 cm
from the nearest. Position tracking T and F, described in section 4.4 have been
implemented in a Unity application for detecting both iPad and user head center,
that record the device position in space (x, y, z coordinates, rotation, and azimuth
with respect to initial position) and head position (x, y, z coordinates) relative
to the device coordinates. According to the Unity reference system, the floor is
parallel to plane x-z while the height to y-axis.

Procedure

Starting from the corner points, the experimenter positioned the iPad stand on
the first grid point, orienting the rear camera system to the nearest long wall. In
front of the other camera, the dummy head was put in the grid point at a 0.5 m

3Available at https://github.com/anastasiadevana/HeadphoneMotion.



4.4. Tracking 51

FIGURE 4.6: Position tracking accuracy: measured position of (a) iPad
and (b) dummy head. Position tracking error (top). Mean measured

points in the horizontal plane for each position (bottom).
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distance from the iPad. After checking head recognition by the Face Tracking
algorithm, both iPad and dummy head coordinates was recorded for 20 s at the
system sample rate (60 Hz). Once the recording stopped, the iPad stand was
moved to the nearest grid point at its left, its orientation varied by 90↑, and the
dummy head was accordingly placed. If not enough space was available to put
the dummy head in front of the iPad, it was rotated by 90↑ until in order to reach
a suitable position for the dummy head.

Results

Figure 4.6 shows iPad and face position tracking measurement errors. Since the
grid was not completely covered by head measurements, points marked with a
ε have two measurements, and points marked with a • have no measurements.
iPad position tracking mean error was overall 8.99±3.92 cm (-3.71±5.66 cm width,
2.15±6.24 cm depth, 2.33±1.26 cm height). Head position tracking mean er-
ror was 9.71±4.34 cm (3.01±7.08 cm width, 2.15±6.69 cm depth, 2.33±1.26 cm
height). A similar test in [254] showed that commercial devices specifically built
for VR, such as Oculus Quest 2 and HTC Vive Pro, have a lower error in position
tracking (<1.0±2.0 cm). The iPad and AirPods Pro solution for tracking has been
preferred here to avoid the not negligible acoustic impact on localization of the
real sound sources by VR/AR HMDs [255].

4.5 Discussion

This chapter presented the design and implementation of an audio augmented re-
ality auralization platform, integrating spatial audio rendering, HRTF personal-
ization, dynamic reverberation, and user tracking. While these components have
been described from a technological perspective, their role should be interpreted
in relation to the broader objectives of this thesis.

In particular, the platform is designed as an enabling infrastructure for in-
vestigating user–technology interaction within Audio MR scenarios. The design
choices presented here reflect a balance between acoustic accuracy, computational
efficiency, and ecological validity, supporting real-time interaction in mobile and
context-aware environments.

Although the experimental motivations are fully articulated in the following
chapters, it is important to clarify that the technological configurations intro-
duced in this chapter directly support the evaluation of Immersion, Coherence,
and Entanglement as defined in the M-I-C-E framework. Specifically, spatiali-
sation and reverberation contribute to immersion, tracking accuracy and audio
consistency support coherence, while adaptive system behaviors enable forms of
entanglement between users and virtual agents.

From this perspective, the apparent separation between system implementa-
tion and experimental investigation reflects a methodological choice: first estab-
lishing a controllable and reproducible technological baseline, and subsequently
employing it to explore interaction dynamics in ecological conditions.

The following chapters build upon this platform to investigate how variations
in rendering, tracking, and interaction design influence user perception and be-
havior. Chapter 5 focuses on the evaluation of immersion and coherence through
controlled experiments, while Chapter 6 extends the analysis to entanglement
within a real-world interactive scenario.
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Chapter 5

Immersion and Coherence

As defined in Chapter 2, Immersion is intrinsically linked to the technological me-
diator and its capacity to evoke a sensation of presence, primarily concerning the
relationship between the "entangled twins" within a specific technological setup.
Coherence is the determinant of the overall credibility of the hybrid analog-digital
scenario, relying on internal logical consistency and behavioral plausibility to
sustain the illusion of the virtual world.

Immersion and coherence are strictly interconnected dimensions [51] and can
be evaluated considering many other related dimensions, such as the system’s
enactive potential and the user’s reconfigurability within the DT.

5.1 Background: anthenticity, plausibility and transfer-plausibility

An important aspect related to Immersion and Coherence is the realism of the MR
experience. Several criteria have been proposed to evaluate whether a simulated
sound source is perceived as realistic. Among them, authenticity [256] requires
the perceptual identity of the simulation with a real external reference. A vir-
tual sound source is authentic if indistinguishable from a corresponding real one
in a direct comparison. Authenticity is the most strict criterion since even small
differences can be noticed by listeners. Brinkmann et al. [23] investigated the
authenticity of individual dynamic binaural simulations in an ABX test. Real
stimuli were reproduced with loudspeakers, while virtual sources were simu-
lated through headphones. Results varied based on stimulus—speech was less
authentic than noise—and environment, but not source position.

Only a few AAR applications require the simulation’s authenticity, thus less
demanding evaluation criteria exist. One of them is plausibility, i.e. the simu-
lation’s agreement with the listener’s expectation. Plausibility relies on the lis-
tener’s internal representation of reality, without an external reference as a com-
parison. Lindau and Weinzierl [257] proposed an experimental procedure to
assess plausibility in VE s by means of a 2AFC test with “real” and “simula-
tion” as choices. Participants listened to random trials of real stimuli and non-
individual dynamic binaural simulations of them. Using SDT analysis, authors
found a slight sensory difference between simulation and reality, though it was
insufficient to represent a meaningful effect. A similar experiment was conducted
by Pike et al. [258] to evaluate the plausibility of simulated stimuli with SDT.

Neidhardt et al. [259] investigated the influence of different BRIR simplifica-
tion approaches on the plausibility in an interactive approaching motion towards
a virtual loudspeaker rendered with dynamic binaural synthesis. Neidhardt and
Zerlik [260] conducted a two-part plausibility experiment in 6 DoF. In the first
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part, where all stimuli were simulated, inexperienced listeners tend to accept vir-
tual simulation as real, while experienced listeners’ responses were equally dis-
tributed. In the second part, similar to the experiment of Lindau and Weinzierl
[257], results varied for inexperienced listeners, while experienced ones could re-
liably detect the simulation. Several more studies investigated the plausibility of
simplified binaural rendering approaches [261]. Some of them employed VR en-
vironments [262] and analyzed the role of visual cues, too [263, 264]. Also, the
authenticity and plausibility of different HRTF recording methods were assessed
[265].

Between the strict authenticity based on direct comparison and the less de-
manding plausibility relying only on the listener’s expectation, there is another
common scenario in AAR applications. In this scenario, real and virtual sound
sources simultaneously reproduce different but similar stimuli. Thus, such a sce-
nario allows a comparison of the virtual sound source with real ones but it pre-
vents the direct comparison with the real counterpart. Two worth citing criteria
for this scenario are co-immersion [266] and transfer-plausibility [267]. In a scene
with existing sources, both these criteria evaluate the immersion of a simulated
source without being perceived as such. Co-immersion and transfer-plausibility
differ in their application. While transfer-plausibility is defined only for pure
AAR scenes, co-immersion also encompasses fully artificial scenes where a sound
source should be immersed among existing virtual sources by matching their
acoustic features. Wirler et al. [267] evaluated the transfer-plausibility in a room
with up to eight loudspeakers. None or one of them was simulated with dynamic
non-individualized binaural synthesis.

A fundamental aspect of plausibility is the degree of coherence in the sonic in-
teraction design for each user within an augmented environment. The concept of
proxemics, i.e., how human interactions and behaviors shape the perceived space,
is particularly interesting within theSIVE framework. This is relevant especially
when the co-presence with other real or virtual objects or agents influences the
experience [268]. Williamson et al. compared two audio designs and two dis-
plays with different social signal affordances in a virtual meeting experience us-
ing Mozilla Hubs1. They claimed that digital proxemics, that is, proxemics in a VE,
depends on the technology used and the interaction design choices. In such a con-
text, user tracking is crucial for a correct distance representation and perception
and can strongly influence a coherent sonic experience.

Finally, it is worthwhile to mention a peculiar issue in AAR that can heavily
affect plausibility: the degree of acoustic transparency of headphones or headsets
in general. These devices in fact can alter the perception of environmental sounds
by modifying the acoustic signal in terms of intensity and color before reaching
the eardrum. This unnatural listening condition can consequently alter the over-
all environment perception, making real audio sources far to be authentic from an
acoustic standpoint [247]. In [22], Schilieper et al. measured the HRTF of a KE-
MAR head wearing headphones, using 34 different commercial headphone mod-
els of different types, including over-ear, on-ear, in-ear, and earplug headphones,
with and without active noise control and hear-through functionality. The study
demonstrated that every headphone model and configuration introduces a cer-
tain amount of distortion in both equalization and magnitude compared to the
reference HRTF, measured when the KEMAR mannequin wore no headphones.

1
https://hubs.mozilla.com/
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5.2 The importance of tracking and distance perception:
tracking accuracy

Section adapted from publication [15].

Correctly tracking the user’s position and orientation in real space is a critical
building block of AR applications, essential for creating a point of reference for
a realistic user experience [269]. Nowadays, many commercial mobile devices
such as smartphones and tablets contain the hardware/software technology for
tracking the user position and orientation in space. However, such proprietary
technologies often provide limited access to their control parameters. For this
reason, adopting these devices requires trade among factors such as accuracy,
cost, portability, and acceptability [270].

Available tracking technologies include IMU sensors, vision-based methods,
marker or markerless approaches, and hybrid approaches called Simultaneous
Localisation and Mapping (SLAM), combining camera information with inertial
sensors [269]. In particular, SLAM is used by the vast majority of commercial
devices, such as Head-Mounted Displays (HMD), smartphones, or wearable de-
vices that combine camera information with inertial sensor data. Moreover, user
tracking can be implemented by employing eye-tracking to provide gaze-guided
audio-visual information in a controlled laboratory environment [271] or GPS
along with compass sensors in large spaces such as parks or city centers [269].

Various studies focused on the role of audio-visual cues in indoor [272] and
outdoor scenarios. However, to the authors’ knowledge, no study so far evalu-
ated how different tracking methods affect the realism of sonic experiences. By
adopting the tracking implementations described in 4.4, in this section we focus
on how different user tracking and head orientation methods affect the perceived
position of a virtual object, finding a place within a synthetic indoor environment
reconstruction that is reproduced using AAR technologies available in the con-
sumer market.

5.2.1 Material and Methods

The tracking comparison was conducted on 20 participants (19 male, 1 woman,
age 20-35), recruited inside the campus of the Department of Engineering and
Management of the University of Padova, with no specific experience with bin-
aural sound nor audio-related studies, self-reporting normal-hearing capabilities.
No clinical screening of hearing capabilities had been performed. The experiment
took place in the corridor described in Ch.4, using the methods implemented in
the previously introduced technological platfrom (refer to Sec. 4.4). Figure 5.1
shows a schematic view of the evaluation scenario.

Experimental Question and Conditions

Our study applied the Multiple Stimulus Ranking method used in [273] to evaluate
the different tracking approaches. During the experiment, participants could lis-
ten to a test sound, consisting of a train of three 40 ms Gaussian noise bursts with
30 ms of silence between each burst spatialized by using SDN reverb whose pa-
rameters was calibrated on test room combined with personalized HRTF, heard
through Airpods. Table 5.1 summarizes the combinations of position and orienta-
tion approaches that define 3 ↗ 3 tracking solutions to be tested. Tracking meth-
ods had been selected to be either out-of-the-box solutions or algorithms easily
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FIGURE 5.1: (a) Scenario of the virtual environment with virtual
sound source directions computed by using the SDN algorithm. (b)
Scenario of the real environment. (c) Screenshot of experimental app

GUI.

Name Position Orientation

FE face tracking earpods
HE ipad tracking + height displ. earpods
TE iPad tracking earpods
FF face tracking face tracking
HF ipad tracking + height displ. face tracking
TF iPad Position face tracking
FT face tracking iPad tracking
HT ipad tracking + height displ. iPad tracking
TT iPad tracking iPad tracking

TABLE 5.1: Experimental conditions.

replicable in similar mobile devices. A reference sound with the same nomi-
nal position as the virtual sounds could be played back on demand through a
speaker in the room. All 9 experimental conditions and the reference sound were
administrated by a custom GUI in an iPad (see Fig. 5.1.c), and could be selected
by the participant touching the corresponding button. By moving the slider be-
low the button to the right, the participant could remove the specific condition
from the pool of available conditions: in that case, the button turned white, and
the participant couldn’t interact anymore with it. The same device was also used
for tracking. During the evaluation, the participant had to consider the following
question:

"Is the spatial position of the virtual stimulus the same as the reference"

and was asked to eliminate all the available conditions starting from the condi-
tion with the greater difference (worst case) to the one with the smaller (best case),
based on the quality of interaction with the AR environment. All the experimen-
tal conditions were evaluated in two different positions: with the loudspeaker,
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both real and virtual, at 1.70 m height (sight level) and at 0 m (ground level). At
the end of the experimental task, each participant determined his/her individual
rank of preferences in tracking conditions.

The setup depicted in Fig. 5.1.b consisted of a bookstand positioned in the
center of the corridor and a speaker at 3 m from the bookstand (1.7 m height)
connected to an Edirol UA-4FX audio interface. A custom-built web page and a
PHP script played back reference sound through a sound card with a mono audio
speaker connected. The sound pressure level was calibrated to be -70 dbA with a
Sound Level Meter.

Procedure

The participant entered the room, sat down, and filled out the Informed Consent.
Three photos of the subject (front and side of the head, ear closeup) were taken
and analyzed by the experimenter to create the custom HRTF. 2 At the end of
the procedure, the HRTF files had been be transferred to the iPad app. The ex-
periment have been explained to the participant, which wore AirPods and read
the instruction on the iPad screen which was put on a stand. In order to correctly
evaluate each condition, has been asked to the participant to:

1. navigate the room leaving the iPad on the stand,

2. take the iPad in hand, moving in every direction,

3. crouching

The instructions also explained that, if the iPad loose user tracking the screen
became black and the interface unusable. Once the tracking was restored the in-
terface returned to usable. After a short tutorial about the use of the GUI, the
experiment started. The whole experimental procedure, which lasted around 20
minutes depending on the participant, was divided into two pages. All exper-
imental conditions were presented at eye level on the first page, and at ground
level on the second page. Even if it could be paused and restarted at any time, all
participants carried out the experiment without any interruption. Finally, after
completing the ranking task participant was asked to fill NASA-TLX [274] ques-
tionnaire to detect difficulties and tendencies in the execution of the experimental
session.

5.2.2 Results

Plackett-Luce Analysis

Data have been analyzed by fitting the elimination ranking vector with the Plackett-
Luce (PL) model, by using R PlackettLuce package. The model is built upon Luce’s
axiom of choice, which states that the odds of selecting one item over another are
independent of the set of items from which the selection is made. Having a set of
J items S = {i1, i2, ...., ij}, the probability of selecting item j from S is given by:

P(ij|S) =
ϱj

∑i↘S ϱi

2For privacy issues: after the experimental session all subject photos and anthropometric data had
been deleted.
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where ϱi represents the worth i. Considering a ranking of j items as a sequence of
choices, from the top to the last ranked, the pool of items from which selections
are made decreases as the experiment proceeds, and the probability of observing
a specific ranking can be assessed by:

P(π) =
j

∏
J=1

ϱij

∑i↘Sj
ϱi

To estimate the parameters of the item worth, the PlackettLuce package uti-
lizes maximum likelihood estimation, analyzing a collection of ranking vectors.

Figure 5.2.a shows the PL-model estimated parameters for the experiment.
The worth parameter is displayed in a log scale referring to the condition TT
(iPad for both head position and orientation), whose ranking has been set to
0. Statistical significant differences were found between TE and HF (z=2.543,
p<0.05), FT (z=2.437, p<0.05), FF (z=1.743, p<0.1), and TF (z=1.658, p<0.1), FF
and FT (z=1.958, p<0.1), FT and HT (<=1.292, p<0.1).

Separating sound source at the sight and ground level (Figure 5.2.b), statisti-
cally significant differences were found between, HF and HE (z=2.466, p<0.05),
TE(z=2.272, p<0.05), TF (z=2.281, p<0.05) and HT(z=1.964, p<0.05) at eye level,
between HE and TE (z=2.236, p<0.05), HT(z=2.213, p<0.05) and FE(z=1.681, p<0.1),
TE and HF (z=1.902, p<0.1), HF and HT (z=1.942, p<0.1) at ground level.

NASA-TLX test 3 reported the following mean ratings:

• Mental Demand: 66.8±19.3

• Physical Demand: 27.5±19.8

• Temporal Demand: 37.5±25.5

• Performance 41.0±20.7

• Effort: 57.5±20.4

• Frustration: 42.0±24.7

Denoting high scores on Mental Demand (66.8±19.3) and Effort (57.5±20.4) ac-
cording to the values reported in [275].

5.2.3 General Discussion

Overall, conditions H and F about position tracking generally received the high-
est scores concerning the perception of the correct source position. On the other
hand, orientation tracking by the Airpods (E) was preferred the least. In partic-
ular, HF condition was preferred. At the same time, head rotation estimated by
F was considered generally adequate. iPad rotation tracking (T), which is less
reliable in detecting head rotation, does not result in very poor performance. In
general, the tested conditions reported a limited number of statistically significant
tracking approaches, showing that it was difficult for the participants to clearly
identify a ranking, even though HF shows a tendency. The NASA-TLX results
confirmed that participants found the task highly mentally demanding. A post-
questionnaire confirmed their difficulties in distinguishing different conditions
with few exceptions.

3https://humansystems.arc.nasa.gov/groups/TLX/
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FIGURE 5.2: Rank analysis of available condition on overall evalua-
tion (top), with the sound source at 1.70 m(bottom left) and floor level
(bottom right). Asterisks and bars indicate a significant difference (*:

p < .05, **: p < .01 , ***: p < .001 at post-hoc test)

At eye level, HF resulted in being the preferred condition. Concerning posi-
tion tracking, F and T received low scores. One can interpret such an outcome as
a user preference for more stable tracking despite tracking accuracy. Concerning
orientation, earpods (conditions HE, TE, FE) are generally the least reliable for the
task. The tablet is generally considered reliable in describing orientation, except
for HT.

At ground level, few participants distinguished positional and orientation
tracking. Concerning orientation, AirPods (E) were considered the best in po-
sition representation using HE condition but the worst in all other cases. HF
condition also performs very well with audio sources at feet level. It is impor-
tant to note that a problematic perception of elevation is a well-known problem
of auralization through headphones in VR/AR [276, 277, 278].

Surprisingly, conditions with the H position-tracking method generally re-
ceived the highest rank. Although this kind of estimation contains a certain
amount of localization error in the horizontal plane caused by arm movements
and position, it held few variabilities of the position was small when partici-
pants were standing still. Section 4.4.1 shows that tracking error for both T/H
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and F conditions, while maintaining low variability for small movements, is ac-
ceptable for the distances considered (starting position 3 m far from the source),
yet it becomes inadequate when a user approaches the audio source. Regarding
orientation, F and T have comparable acceptable performances, and participants
generally judged E to have poor performances. It is supposed that the current Air-
pods model introduces jitter and high latency due to Bluetooth communication
[279] over time without adequate compensation on the tracking. This peculiar
result suggests that participants, once left free to move in every direction inside
the room, show an adaptation according to the system resulting in less move-
ment. Moreover, most common HRTF models and measurements for dynamic
binaural synthesis, even though personalization permits enhancing sound local-
ization [214], rely on HRTF measurements that do not contain auditory cues for
separate and relative head and torso movements [280]. This can lead to a mis-
match between the perceived position of the virtual source compared to the real
reference for which the user body itself naturally defines the HRTF. Furthermore,
ergonomically, having the iPad in their hands forced a coupled movement of the
head and torso, making the HRTF synthesis method perceptually coherent with
an unnatural behavior. For this reason, participants prefer conditions that avoid
sensory-motor mismatch to maintain coherence between actual movements and
virtual sound source position. System constraints, such as tablet handling, errors
in tracking, and the HRTF synthesis method interact with user perception pro-
moting a tendency in accommodation to select the best possible movement and
behavior for each specific tracking condition.

Following theSIVE framework, using a system with more degrees of freedom,
including tracking accuracy and audio simulation, may improve the perception
of source position. Accordingly, a more robust tracking method should be used
in conjunction with a more immersive HRTF synthesis. In this case, the entangle-
ment between the system and the user promotes a mutual adaptation between
both actors.

To conclude, it is vital to recall a relevant challenge of available consumer elec-
tronic systems like the one used in this study: as stated in Sec- 5.1, AirPods Pro
filters the acoustics of physical spaces, partially resulting in a distorted perception
of the real audio environment and stimulus. The hear-through effect might cause
a potential bias in users’ preferences while considering different devices. McGill
et al.[281] already reported the influence of acoustic transparency on presence,
realness, and externalization.

5.2.4 Conclusion

In this pilot study, we implemented an interface and applied it to an AAR eval-
uation experiment. The adopted scenario was developed in a non-laboratory en-
vironment using mobile AAR, which can be adapted to various contexts. Per-
sonalization and calibration of the VE help render a more plausible AAR, even
though the number of subjects should be increased in future tests to confirm such
a tendency. On the other hand, the specific contribution of each part of the system
should be carefully evaluated in order to simplify the design of the VE. Moreover,
using a noisy environment led participants to prefer higher-volume conditions.
According to the participants, the GUI was easy to use. However, the pilot test
revealed some issues that need to be fixed for subsequent testing: (i) how the
participants interact with the GUI should be adjusted to force them to use the
real reference more frequently; (ii) additionally, user tracking should be carefully
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improved to obtain a more precise user position and orientation in the VE, while
maintaining a trade-off between portability and accuracy. Even if these impor-
tant factors significantly reduced the interpretability of the final outcome of the
ranking test, this preliminary assessment allowed us to identify valuable insights
for an ecological evaluation of mobile AAR scenarios.

5.3 Evaluation on the effect of different rendering factors

Section adapted from publication [14].

One of the most important aspects in realistic AAR is auralisation, the audio
rendering process involving models that combines listener acoustics, i.e., HRTF,
and environmental acoustics, namely RIR. Effective auralisation of sound sources
is fundamental to providing a plausible listening experience, but the flexibility of
the rendering process is crucial for a real-time environment [25]. In this sec-
tion, we developed the drag-and-drop MUSHRA [282] in a mobile application
to evaluate the effect on an AAR scenario of acoustic personalization and calibra-
tion in terms of perceived plausibility. Using the technological platform described
in Chapter 4, the objective of this test is twofold: to preliminarily assess the im-
pact of different rendering factors in an AAR setup and to verify the efficacy and
usability of the procedure.

5.3.1 Audio Quality Evaluation

This test evaluates different degrees of personalization and calibration of the
acoustical space. It involved 16 participants (all male, age 20-35), self-reporting
normal-hearing capabilities.

5.3.2 D&D MUSHRA

To collect user preference, we implemented the evaluation method suggested by
[282, 283] called drag-and-drop MUSHRA (Multiple Stimuli with Hidden Refer-
ence and Anchor, D&D MUSHRA), a modified MUSHRA test4 aimed to sim-
plify the rating interface, especially using touch screens. MUSHRA is a standard
methodology for audio stimulus comparison tests in terms of perceived qual-
ity, usually employed in evaluating lossy audio compression algorithms. The
suggested modification introduces a unified interface (Fig. 5.3) for playback and
rating using drag-and-drop actions, resulting in a reduced time to complete the
ranking task [283]. The stimulus playback is triggered by the user pressing the
corresponding button with a generic icon and no stimulus numbering. The rating
is achieved by moving the button on a xy-grid, where the horizontal axis modi-
fies the rating scale. The vertical axis can help users visually organize their ratings
without affecting stimulus scoring. In the upper right corner of the GUI, a light
blue button is available to play reference stimulus on demand.

The D&D MUSHRA could be easily adapted for testing audio quality tax-
onomies such as Spatial Audio Quality Inventory (SAQI) [284]. SAQI has been
developed as a comprehensive taxonomy of attributes that are crucial for under-
standing how audio contributes to the overall user experience in VR/AR environ-
ments. This inventory categorises and defines various perceptual qualities related

4ITU-R recommendation BS.1534-3 available at https://www.itu.int/rec/R-REC-BS.

1534-3-201510-I
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FIGURE 5.3: The D&D MUSHRA User Interface.

to spatial audio, such as localisation accuracy and externalisation, among oth-
ers. Recent work such as [285] used SAQI of perceptual evaluation frameworks
in VR/AR: by comparing binaural auralisations with a real loudspeaker under
different room-acoustic simulations, HRTF datasets, and head-mounted display
conditions, their study demonstrates how multiple rendering factors jointly influ-
ence users’ room-acoustic perception in an audiovisual VR scenario. By offering a
structured approach to evaluating these attributes, SAQI allows researchers and
developers to identify the strengths and weaknesses of audio systems in a de-
tailed and nuanced manner. This is particularly important in VR/AR, where the
interaction between auditory and visual stimuli plays a significant role in cre-
ating a convincing and immersive experience. Ratings obtained from the D&D
MUSHRA interface were comparable to those obtained with the classic interface
in terms of reliability and discrimination ability. To the authors’ knowledge, this
study implements the D&D MUSHRA interface in an experimental setup for the
first time.

Setup

The setup consisted of a loudspeaker Genelec 8030C (Woofer 5", Tweeter 3/4",
frequency response: 47 Hz -25 kHz, positioned at 1.7 m from the floor) connected
to an Edirol UA-4FX audio interface. In Unity, a virtual corridor was created
with the same dimension as the real experimental room, spatially aligned with
the real room during the experiment using the AR framework. The virtual user
avatar was positioned at the same position as the participant, at 9.85 m from the
front of the room, with the windows on the right. The virtual audio source was
positioned behind the participant in the same position as the real loudspeaker,
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leaving the VE hidden on the iPad screen. As depicted in Fig. 4.1, an Apple iPad
Pro (12.9-inch 5th gen., iPadOS 15.4) and Apple AirPods Pro (1st gen.) tracked the
participant’s body. iPad front and rear cameras tracked head and body position
in the physical space, while the AirPods Pro IMU sensor tracked head orientation
only. To create a more ecological audio environment, though mediated by the use
of earphones, AirPods Audio Transparency Mode was used.

Stimuli and Conditions

During the pilot experiment, participants could listen to a test sound consisting
of a train of three 40 ms Gaussian noise bursts with 30 ms of silence between
each burst. A reference stimulus with the same nominal position as the virtual
sounds could be played back (volume matched at 70 db(A)) on demand through
the loudspeaker in the room. Test audio was spatialized using nine different ar-
rangements of the following components:

• HRTF: Include customized HRTF, a generic KEMAR head, or no HRTF.
• Artificial reverberation: A second room (20 m x 20 m x 4 m) was modeled in

some experimental conditions in addition to the previously described experi-
mental corridor. We applied one of these two reverb conditions or no reverb to
the conditions.

• Headphone equalization compensation: audio impulses can be calibrated to
reduce the coloration caused by headphones5. The equalization curve, the in-
verse of the earpods transfer function, applied is shown in Fig. 4.5.

• Stimulus volume: To achieve a comparable Sound Pressure Level (SPL) with
the reference, the audio stimulus SPL was calibrated before the experiment.
A custom setup was developed using a virtual source positioned within the
VE, played through a fake silicone ear wearing AirPods, to simulate the place-
ment of headphones over a human ear. Using a sound level meter, the gain in
the simulation was adjusted to calibrate the volume according to the reference
loudspeaker. To test the effect of volume on perceived stimuli, two different
SPL were used: 70 db(A) corresponding to the real reference stimulus SPL and
75 db(A), i.e., a +5 db(A) gain. Volumes were measured at 1.21 m(4 ft) from the
source.

The final experimental configurations are described in Table 5.2. Considered con-
ditions include a fully customized setup (A), and a hidden reference with no spa-
tialization (HR). To keep the experiment time short and not tiring participants,
the other condition was chosen to have a representative set of all available ar-
rangements, keeping the test set small:

• B: to evaluate the isolated effect of reverb, no HRTF spatialization has been
applied along with a single channel (mono) corridor reverb and calibrated vol-
ume; no headphone calibration was employed;

• C: to evaluate the isolated effect of personalized HRTF, no reverb spatialization
has been applied in a fully calibrated environment;

• D: fully customized environment with unmatched volume, to test the effect of
volume on plausibility;

5Impulse file available at https://github.com/jaakkopasanen/AutoEq
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HRTF Reverb Vol. - db(A) Hp Eq
HR none none +70 none
A personal calibrated +70 comp.
B none calibrated +70 none
C personal none +70 comp.
D personal calibrated +75 comp.
E kemar large +75 none
F personal large +70 comp.
G kemar calibrated +70 comp.
H personal calibrated +75 none

TABLE 5.2: Configurations available in the pilot test. HR is a hidden
reference condition

• E: complete auralisation with no customization and calibration with unmatched
volume to compare a fully customized environment with a generic auralisa-
tion;

• F: to evaluate the effect of reverb calibration, complete customization with no
reverb calibration has been applied;

• G: to evaluate the effect of HRTF personalization, complete calibration has
been applied with no HRTF personalization;

• H: HRTF personalization and reverb calibration; unmatched volume and no
headphone calibration, to evaluate the effect of personalization without cali-
bration

Procedure

The participant entered the room, sat down, and completed the Informed Con-
sent. The experimenter took and analyzed three photos of the subject (front and
side of the head, ear closeup) to create the custom HRTF.6 The HRTF files were
transferred to the iPad app at the end of the procedure. The pilot experiment was
explained to the participant, who wore AirPods and read the instruction on the
iPad screen, which was put on a stand. To avoid front-back confusion issues [286,
287], the participant has been asked to navigate the room without turning toward
the virtual speaker. The instructions also explained that if the iPad loose user
tracking, the screen became black and the interface unusable. Once the tracking
was restored, the interface returned to usable.

Using an iPad, all experimental conditions and the reference sound were ad-
ministrated by the developed D&D MUSHRA GUI previously described, which
can be selected by touching the corresponding button. During the evaluation, the
participant had to consider the following question:

"How similar is the virtual stimulus to the reference?".

After a short tutorial about the usage of the GUI, the experiment started. To avoid
accustoming the subject to the stimulus. in the tutorial phase non-spatialized

6For privacy issues: after the experimental session, all subject photos and anthropometric data were
deleted.
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FIGURE 5.4: Boxplot of user ratings for each condition.

speech sound, played back through the real speaker, had been used. Even if it
could be paused and restarted at any time, all participants carried out the ex-
periment without interruption. Overall, the experiment lasted about 15 minutes,
including 5 minutes of configuration. At the end of the experimental task, each
participant determined his/her individual score in tracking conditions.

5.3.3 Results and Discussion

The pilot test aims mainly to evaluate the test procedure and the D&D MUSHRA
interface. Collected rankings are shown in Fig.5.4. Repeated Measures ANOVA
shows a significant effect of conditions, obtaining F(4.06, 60.96) = 2.603 (p < 0.05)
and differences HR-C (p < 0.01), HR-E (p < 0.01), and HR-F (p < 0.05). Since this
pilot test based upon a small subject sample, no post-hoc analysis has been per-
formed on data. These preliminary results exhibit a tendency for the H condition:
HRTF and reverb personalization help render a more plausible AAR. Extensive
tests are needed to confirm this trend. Subjects typically rated the condition with
a higher Volume (+75 db(A), including D, E, and H) with higher scores. This
result can be attributed to the environmental noise of the corridor, which was
frequently reported by subjects following the experimental session, and which
acoustics were not controlled in order to obtain an ecological AAR. Presumably,
increased volume improved hearing clarity, influencing participants’ perceptions.
Moreover, SDN parameters used in the virtual room simulation could influence
the perceived plausibility and can be improved by using other environmental
measures such as RT60 decay. Another important bias can be given by the use
of Audio Transparency Mode of Airpods, which can alter the environmental room
audio perception.

Users found it easy to operate on the D&D MUSHRA GUI and to navigate
between conditions and the reference, and no subject reported problems. On
the other hand, according to the experimenter, participants’ tendency to compare
experimental conditions to the real reference significantly impacts the evaluation
results, making the requested comparison difficult. Often users did not compare
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stimuli with the reference, preferring a direct comparison between the conditions.
For future tests, the D&D MUSHRA interface should be modified to implicitly
require the participants to use the real reference more frequently.

User tracking was another important factor that diminished the significance
of the test. In [52], the authors illustrate that subjects tend to adopt a move-
ment that is consistent with the tracking method, resulting in the adaptation of
the user to the system changing their behavior within the VE. Consequently,
tracking methods could significantly affect the results. It is important to note
that using consumer electronics devices has several advantages in design and
implementation cost, experience reproducibility, and portability but often con-
tains proprietary technologies that cannot be fully controlled and require a cer-
tain trade-off between accuracy and responsiveness. Considering Airpods, the
manufacturer provides no specifications about IMU sensors available. Informal
post-experimental user feedback reports significant tracking errors, probably due
to no compensation or smoothing algorithms of orientation data that could lead
to drift error over time and high tracking latency7. During this pilot test, no in-
formation about the lost tracking rate was recorded. About this topic, further
accuracy measurement studies are advisable and our object of future studies.

5.3.4 Conclusion

In this study, we implemented the D&D MUSHRA interface and applied it to
an AAR evaluation experiment. The adopted scenario was developed in a non-
laboratory environment using mobile AAR, which can be adapted to various
contexts. Personalization and calibration of the VE help render a more plau-
sible AAR, even though the number of subjects should be increased in future
tests to confirm such a tendency. On the other hand, the specific contribution
of each part of the system should be carefully evaluated in order to simplify the
design of the VE. Moreover, using a noisy environment led participants to pre-
fer higher-volume conditions. According to the participants, the GUI was easy
to use. However, the pilot test revealed some issues that need to be fixed for
subsequent testing: (i) how the participants interact with the GUI should be ad-
justed to force them to use the real reference more frequently; (ii) additionally,
user tracking should be carefully improved to obtain a more precise user position
and orientation in the VE, while maintaining a trade-off between portability and
accuracy. Even if these important factors significantly reduced the interpretability
of the final outcome of the ranking test, this preliminary assessment allowed us to
identify valuable insights for an ecological evaluation of mobile AAR scenarios.

The results obtained in Experiments 5.3 and 5.2 highlight that both tracking
accuracy and rendering factors contribute to perceptual plausibility, although not
always in a strictly linear manner.

Building upon these findings, the following experiment investigates whether
such technical variations remain perceptually relevant in more complex and eco-
logically valid interaction scenarios, where multiple users and environmental
cues are involved. In particular, it explores the extent to which simplified ren-
dering approaches may still support co-immersive experiences.

7We informally conducted a one-way pilot test showing a latency of 200-300ms
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5.4 A new method for SAQI evaluation: D&DMUSHRA+

Section adapted from publication [17].

In experimental research involving MR technologies, particularly when tasks
involve comparing different stimuli such as audio or visual elements, the inclu-
sion of multiple factors in the design can significantly complicate the experimen-
tal procedure. This complexity often results in an increased number of experi-
mental conditions and a more delicate choice between a between-subjects and a
within-subjects design, as each approach involves specific trade-offs: between-
subjects designs require larger participant samples to ensure statistical power,
while within-subjects designs demand longer sessions and careful counterbalanc-
ing to mitigate learning and fatigue effects—making the process more resource-
intensive and time-consuming. Furthermore, managing study populations be-
comes challenging due to individual variability, which complicates the applica-
tion of consistent procedures across diverse participants. This variability, com-
bined with lengthy and rigid testing protocols, can make it difficult to achieve
generalised results, especially in preliminary testing, when usually few partic-
ipants are involved. Additionally, the tedious nature of prolonged procedures
may affect participants’ motivation and performance, leading to evaluation er-
rors in screening processes [288].

To overcome these challenges, developing new research methodologies that
can accommodate individual differences while ensuring reliable outcomes would
be highly beneficial. In this section, we aimed to assess the impact of different
rendering factors using a novel approach that would improve standard Multi-
ple Stimuli with Hidden Reference and Anchor (MUSHRA) tests8. In particu-
lar, we aimed to verify the effectiveness of a procedure incorporating a mobile
app featuring the drag-and-drop MUSHRA test [282] with the introduction of
D&DMUSHRA+, a novel integrated methodological framework combining:

1. The navigation of an arbitrarily large number of stimuli and experimental con-
ditions.

2. A machine learning-based analysis based on hierarchical clustering for the
identification of descriptive patterns among experimental conditions.

The interaction design of the user interface for the evaluation procedure and
protocol must ensure a low experimental time, even when using a large number
of stimuli/conditions arising from multiple, interdependent factors. Considering
many conditions helps discover similarities and disambiguate preferences among
different combinations of factors by strengthening the descriptive power of the
evaluation outcomes.

As a case study, we expand the evaluation described in Sec.5.3 of the techno-
logical platform described in Chapter 4. The main goal is to enhance the evalua-
tion of various aspects of the acoustic personalization and calibration on an audio
AR scenario, specifically their impact on the plausibility.

To achieve this, it is important to consider various aspects ranging from tech-
nological platforms to other, more perceptual and subjective elements. In partic-
ular, experienced listeners demonstrate significantly higher spatial audio locali-
sation accuracy compared to those who are less familiar or reliable in active lis-
tening ([289]). More broadly, distinguishing between listener categories remains

8ITU-R recommendation BS.1534-3 available at
https://www.itu.int/rec/R-REC-BS.1534-3-201510-I
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a complex task, influenced by factors such as multisensory calibration and in-
tegration, familiarity with immersive or spatial audio technologies, and musical
background ([290]). Building upon these elements, we consider perceived plau-
sibility by comparing multiple rendering factors —such as room acoustics, user
acoustic personalisation, and device types— and different types of users, i.e., au-
dio experts and non-experts.

A critical endeavour in assessing AR technology quality lies in identifying a
minimal set of factors that have the most significant impact on the user’s experi-
ence. This can be difficult due to the complexity of the factors involved and in-
dividual user variability. To address this, D&DMUSHRA+ allows researchers to
efficiently handle a large number of stimuli and conditions, facilitating the screen-
ing phase, helping to reduce the initial conditions by indicating one or more min-
imal sets to focus on. Moreover, D&DMUSHRA+ supports the piloting phase,
not only simplifying the experimental procedure but also enhancing the ability
to discern similarities and preferences among different combinations of factors,
thereby strengthening the descriptive power of the evaluation outcomes.

5.4.1 Piloting and Screening in VR/AR

Dealing with experiments with a large number of conditions, such as rendering
factors in ecological VR/AR scenarios, makes it challenging to achieve sufficient
statistical power. In traditional evaluation, testing many conditions heightens the
need for large sample sizes to detect significant effects, especially when inter-
subject variability is high or expected effect sizes are small ([291]). Moreover, the
interaction between factors often introduces nonlinear perceptual effects and sub-
tle perceptual shifts that are difficult to detect without extensive participant data.
In this context, screening refers to the early stage of experimentation involving a
large number of conditions or factors to be explored and reduced, whereas pilot-
ing denotes a small-scale preliminary study conducted prior to a main or defini-
tive experiment. These early stages present substantial challenges, particularly in
immersive audio research, where few participants are typically involved and the
subjective variability in listening is high ([290]).

Table 5.3 provides a structured summary of six pilot and screening studies
involving VR/AR environments, covering a spectrum of different methodologies
spanning two critical experimental design dimensions: the number of experi-
mental conditions (presented in ascending order) and participant involvement.
Accordingly, we also reported the tasks and collected measures employed by the
authors.

The study conducted by ([292]) examined how age differences influenced key
factors such as presence, workload, and cybersickness when participants engaged
in immersive virtual environments. The study opted for an exploratory format
using a diverse range of assessment tools, including the Igroup Presence Ques-
tionnaire (IPQ), NASA Task Load Index (NASA-TLX), System Usability Scale
(SUS), and the Simulator Sickness Questionnaire (SSQ). Despite testing only four
experimental conditions, the study collected a substantial volume of data over an
extended period of two hours per participant, making the design time-intensive.
By contrast, ([293]) presented a more streamlined experimental design in a pilot
usability study that engaged 14 participants. The study involved six different
conditions in which participants were asked to answer binary “yes-no” questions
within a VR interface with two buttons that varied in position, shape, and colour.
It aimed to investigate how these six conditions influence user performance and
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Study Type Domain Task N
Cond.

N
Part.

Measures

[292] Pilot VR, pres-
ence and
aging

Brief VR ex-
periences in
HMD; coun-
terb. order

4 40 IPQ, NASA-
TLX, SUS,
SSQ, CPQ

[293] Pilot -
Screen-
ing

VR, user
interface
usability

Yes-no inter-
action modes
in VR; auto
vs manual
evaluation

6 14 Ad-hoc us-
ability ques-
tionnaire

[285] Screening Room
acustics in
MR

Within-
subject:
conditions
variying in
rendering
parameters

8 21 Seven at-
tributes par-
tially from
RAQI

[294] Screening Time per-
ception in
VR

Within-
subject:
conditions
varying in
speed and
number of
elements on
screen

12 137 Endtime, vec-
tion, boredom,
and tiredness
with ad-hoc
questionnaire

TABLE 5.3: Summary of the selected pilot and screening studies on
MR environments.

evaluate the accuracy of automated measurements compared to usability ques-
tionnaires.

[285] conducted an exploration study on binaural auralisation factors in audio
VR compared to a real loudspeaker. Their study included eight different con-
ditions, varying in room-acoustic simulation settings, HRTF datasets, and the
presence or absence of a head-mounted display. The study relied on a smaller
sample of expert participants (n = 21), with an overall limited number of condi-
tions, but measured five different attributes selected from the Room Acoustical
Quality Inventory (RAQI) [295]: reproduction quality, reverberance, tone colour,
loudness, and source distance. Finally, [294] explored time perception under sim-
ulated motion in an immersive VR tunnel environment, combining multiple lev-
els of motion speed, visual density, and exposure duration into a fully crossed
12-condition design. With 137 participants, the study successfully examined non-
linear perceptual effects in VR, but again illustrates how multi-condition studies
typically depend on relatively large samples to maintain statistical power.

Together, these studies reflect the breadth and diversity of pilot and screen-
ing research in immersive technology domains. Notably, we did not identify any
study that featured both a high number of experimental conditions and a small
sample size. This combination is probably rarely used since it tends to produce
low statistical power and unreliable effect sizes even for pilot or preliminary test-
ing ([291]).
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FIGURE 5.5: Example of different audio comparison test interfaces: a)
ABX test, b) traditional MUSHRA test, c) D&D MUSHRA, and d) the

proposed D&DMUSHRA+ with multiple pages.

While many studies adopt simplified experimental designs to cope with prac-
tical constraints, such as limited participant availability or the complexity of im-
mersive systems, this often comes at the cost of ecological validity and a deeper
understanding of user experience across varied contexts. For instance, studies
such as those by [296], [297], and [298] highlight how controlled laboratory se-
tups or reduced-factor experiments, although methodologically convenient, may
fail to capture the perceptual dynamics and contextual variability typical of real-
world VR/AR scenarios.

Our work aims to propose a methodology that balances design complexity
with feasibility, exploring the possibility of including a richer set of experimental
conditions in small-scale studies, ensuring interpretability and statistical reliabil-
ity. Accordingly, the inclusion of a large number of experimental conditions with
a limited number of participants and time is a challenging objective to pursue.

5.4.2 D&DMUSHRA+: D&D MUSHRA on multiple pages

For a comparison of audio technologies, many different solutions have been de-
veloped throughout the years. A first option is the traditional ABX test (Fig 5.5-1),
in which two signals, A and B, and a third signal, X, which is randomly selected
to be identical to either A or B, are provided. Participants are required to classify
whether X is A or B, measuring their accuracy. MUSHRA9 (Fig 5.5-2) is a stan-
dard, widely used methodology for comparing audio stimuli based on perceived
quality, introduced to simplify the use of different audio stimuli. It is commonly
used to evaluate lossy audio compression algorithms. The standard test consists
in the comparison of a certain number of audio stimuli with respect to a reference,
a hidden version of it, and one or more anchors.

To enhance the usability of MUSHRA tests, especially to simplify the user
interface for children and elderly people, several modifications of the standard
MUSHRA have been proposed. Of particular interest, Drag-and-drop MUSHRA
([299, 282] (D&D MUSHRA, Fig 5.5-3, and Sec.55.3.2) is a modified MUSHRA
test designed to simplify the rating interface, especially for touch screens. D&D
MUSHRA modification introduces a unified interface for both playback and rat-
ing of stimuli. This modification has resulted in a reduction in the time required
to complete the ranking task as compared to the traditional method ([283]). Stim-
ulus playback is controlled by the user touching a button with a generic icon.
Rating is achieved by moving the button on an XY-grid, where the horizontal
axis adjusts the rating scale. The vertical axis can be used to visually organise

9ITU-R BS.1534-3: https://www.itu.int/dms_pubrec/itu-r/rec/bs/R-REC-BS.

1534-3-201510-I!!PDF-E.pdf
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ratings without affecting stimulus scoring. Furthermore, a button is available in
the upper right corner of the GUI to play the reference stimulus on demand. The
D&D MUSHRA interface can be easily modified to test audio quality taxonomies
like SAQI.

In our evaluation process, we introduced the D&DMUSHRA+ (Fig 5.5-4), di-
viding the experimental conditions into multiple distinct pages for enhanced ease
of navigation. Each page presented a maximum of nine randomly chosen con-
ditions for evaluation, and upon completion, by pressing the next button, nine
new conditions were presented, while the previous ones remained accessible on
the grid. Throughout the experimental procedure, the participant can listen and
compare stimuli to the reference and adjust the ratings of all available conditions
as desired. The use of multiple pages encourages participants to revisit and re-
consider previously evaluated stimuli, while this structured organisation of con-
ditions enhances the overall ease of navigation through the various elements to
evaluate. Regarding the presentation order of stimuli, various options can be
considered:

1. Randomisation of all conditions across pages.

2. Following the traditional MUSHRA approach, including a hidden reference
and one or more anchors, together with the representative test conditions.

The latter approach of stimulus presentation employs a representative set of stim-
uli, which appear in randomised order within the nine stimuli on the first page.
This method aims to provide hidden references from the early stages of rating,
relative to the spectrum of conditions involved in the evaluation. The remaining
conditions are instead distributed randomly on the subsequent pages.

Handling Data

Beyond the user interface and the interaction methodology, the D&DMUSHRA+
suggests a hierarchical approach to data assessment, enhanced by machine learn-
ing analysis. This methodological approach is grounded in two key principles
also applied in similar contexts ([300]): hierarchical ordering, which prioritizes
the estimation of lower-order effects (main effects) before addressing higher-order
interactions (e.g., two-way interactions), and the sparsity of effects assumption,
which posits that only a limited number of factors in a factorial design will have
meaningful or significant influence on the outcomes. These strategies enhance
the interpretability of results and reduce the burden of exhaustive testing, which
is particularly beneficial in pilot or exploratory studies with many experimen-
tal conditions. Unlike traditional MR audio evaluation methods, which typically
test few rendering factors in isolation, our approach is designed as a screening
methodology that allows multiple rendering factors to be explored simultane-
ously. The goal is not to provide a definitive perceptual characterisation, but to
identify which conditions are perceptually distinct or similar, and therefore worth
selecting for subsequent, more controlled experiments.

While the ITU-R BS.1534-3 recommendation suggests repeated-measures ANOVA
or linear models for the analysis of MUSHRA results, our approach extends these
methods, drawing inspiration from signal detection theory to better capture per-
ceptual discriminability patterns rather than to replace standard inferential anal-
yses. In MUSHRA tests, [301] raised important concerns about the statistical
validity of such approaches. Their study demonstrated that MUSHRA data of-
ten violate key ANOVA assumptions—interval scaling, normality, homogeneity
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of variances, and independence of observations—which can increase the risk of
Type I errors (false positives).

To uncover general traits in the data collected with D&DMUSHRA+, we em-
ployed a combination of statistical modeling and exploratory analysis techniques:
Mixed Linear Model Regression (MLMR,[302]) for fine-grained comparisons of
statistical distribution beyond group-level differences of ANOVA, and machine
learning analysis using Hierarchical Clustering Analysis (HCA) with the Ward
linkage method to identify distances between factors ([303]). MLMR estimates
fixed effects through maximum likelihood (REML) and expresses the significance
of coefficients as Wald z-statistics ([304]). HCA is an unsupervised learning tech-
nique that groups similar data points into clusters based on their features, rep-
resented as vectors in a multi-dimensional space. In the Ward linkage method,
given two clusters A and B, they are merged based on minimising the total within-
cluster variance, represented mathematically as:

∆(A, B) =
nAnB

nA + nB
≃ ωmA ↓ ωmB≃

2, (5.1)

where ∆(A, B) denotes the increase in within-cluster variance resulting from
merging clusters A and B; ωmA and ωmB are the centroid vectors of clusters A
and B, respectively; and nA and nB are the numbers of vectors containing the
scores assigned to a given experimental condition from all participants. The
method iteratively merges the pair of clusters that result in the smallest increase
in ∆, effectively minimising the total variance across all clusters. Ward linkage
method tends to produce compact, homogeneous groups—an approach partic-
ularly suited to perceptual similarity data ([305]). Due to the relatively small
sample size in our study, the data are insufficient to reliably estimate a dense
distribution. Instead, clustering offers an alternative lens, enabling us to extract
patterns of similarity between conditions.

The outcome is a hierarchical tree structure known as a dendrogram, which
can be graphically represented to visualise the clustering process that helps iden-
tify natural groupings within the data. This approach allows us

1. to capture similarities in rating patterns, not just mean aggregated values.

2. to reveal latent perceptual groupings, including clusters dominated by spe-
cific conditions and factors, helping in revealing the most influential rendering
features in the analysis.

3. to allow multi-level inspection, i.e., different cut heights in the dendrogram,
enabling the identification of structural trends across conditions.

5.4.3 Materials and Methods

The exploratory test involves 16 participants (age 22 ± 5, all male) with self-
reported normal hearing capabilities and evaluates different calibrations of the
acoustical space and degrees of personalisation. Participants were divided into
two groups. The first included musicians, experts in audio and music technol-
ogy, mainly recruited from the campus of music technology of the Music School
of Vicenza (8 participants). The latter included non-musicians, recruited inside
the campus of the University of Padua. This study adheres to the principles out-
lined in the Declaration of Helsinki ([306]). Technical setup and stimuli (Gaussian
noise bursts) calibration are the same described in Sec. 5.3.2.
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Stimuli and Conditions

The audio conditions were generated by using all possible arrangements, 3↗ 3↗
2 ↗ 2 = 36 in total, of the following factors:

• Artificial reverberation - 3 levels: Along with the calibrated corridor, a second
large room (20m x 20m x 4m) was modelled with the same artificial reverbera-
tor described in Sec. 4.1. The no reverb was also considered.

• HRTF - 3 levels: Personalised HRTF (See Ch. 4.2 for details), a generic HRTF of
a KEMAR dummy head ([307]), or no HRTF.

• Headphone compensation - 2 levels: audio impulses were not equalised or
equalised to reduce the colouration caused by headphones. The compensation
curve10, i.e., the inverse of the earpods transfer function, applied is shown in
Fig. 4.5 (Ch. 4.

• Reproduction volume - 2 levels: The experiment involved two different SPLs:
70 dB(A), which corresponded to the real reference stimulus SPL, and 75 dB(A),
which had a gain of +5 dB(A).

The experimental configurations are described in Table 5.4, in which condi-
tion PC70E is the fully customised setup, and HR is the hidden reference. The
D&D MUSHRA used in this experiment was integrated inside the AR auraliza-
tion framework and implemented in Unity. Overall, the stimuli were divided into
four pages. In the first page of the D&D MUSHRA, nine conditions were chosen
to have a representative set of the spectrum of all possibilities, presented in a
randomized order, including the hidden reference (HR), the fully calibrated en-
vironment with matched (PC70E) and unmatched volume (PC75E), the environ-
ments with the isolated effect of each component (C70, P70E), no personalisation
and calibration (KL75), or with the calibration of a specific component (PL70E,
KC70E, PC75). All the other 27 conditions were presented in the following three
pages in randomised order.

Procedure

After entering the room, the participant completed the Informed Consent, and
the experimenter took front and side photos, ensuring the left ear was clearly
visible, of their head to create custom HRTF files that were transferred to an iPad
app at the end of the procedure. The processing of the pictures required only a
few minutes (typically 2–3 minutes per participant). The participant was briefed
about the experiment, wore AirPods and read the instructions on the iPad screen,
which was put on a stand. To ensure that the participant’s exploration did not
rely on constant visual alignment with the virtual source, thereby avoiding front-
back confusion ([286, 287]), the participant was instructed to move around the
room without facing the virtual speaker. The instructions also explained that if
the iPad lost user tracking, the interface would be temporarily turned black. As
tracking was restored, the interface would resume full functionality. To help the
subject perform the task, the iPad was put on a stand.

Before the experiment began, the participants were given a brief tutorial on
using the GUI. During this tutorial phase, non-spatialized speech sound was used
to prevent the subject from getting accustomed to the stimulus. The speech sound

10Impulse file available at https://github.com/jaakkopasanen/AutoEq
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Name HRTF Reverb db(A) Hp Eq Plausibility
HR none none +70 none 26.60±18.87

PC70E personal calib. +70 eq. 39.75±24.66
PC75E personal calib. +75 eq. 45.03±30.15
PC75 personal calib. +75 none 57.14±28.89

PL70E personal large +70 eq. 43.55±24.05
PL70 personal large +70 none 52.34±25.26

PL75E personal large +75 eq. 40.40±23.99
PL75 personal large +75 none 61.06±23.16
P70E personal none +70 eq. 44.46±26.01
P70 personal none +70 none 44.38±21.72

P75E personal none +75 eq. 39.62±29.72
P75 personal none +75 none 60.53±27.52

KC70E kemar calib. +70 eq. 43.92±27.82
KC70 kemar calib. +70 none 47.94±25.51

KC75E kemar calib. +75 eq. 40.00±26.34
KC75 kemar calib. +75 none 51.99±27.89

KL70E kemar large +70 eq. 39.09±22.95
KL70 kemar large +70 none 52.11±23.06

KL75E kemar large +75 eq. 49.71±28.31
KL75 kemar large +75 none 56.19±32.72
K70E kemar none +70 eq. 40.51±25.48
K70 kemar none +70 none 55.08±25.99

K75E kemar none +75 eq. 45.08±33.03
K75 kemar none +75 none 50.67±33.55

C70E none calib. +70 eq. 23.98±21.39
C70 none calib. +70 none 38.32±23.90

C75E none calib. +75 eq. 28.18±23.47
C75 none calib. +75 none 35.38±31.70

L70E none large +70 eq. 31.47±24.25
L70 none large +70 none 43.89±21.17

L75E none large +75 eq. 37.34±21.61
L75 none large +75 none 51.17±31.38
70E none none +70 eq. 31.08±22.37
75E none none +75 eq. 47.52±22.67
75 none none +75 none 39.98±28.96

TABLE 5.4: Experimental conditions as combinations of the tested fac-
tors and the plausibility ratings provided by the participants (Mean
± SD). HR is a hidden reference condition, and PC70E is the fully

calibrated condition.
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FIGURE 5.6: User ratings for each main factor. asterisks and bars
indicate a significant difference (*: p < .05, **: p < .01, ***: p < .001 at

posthoc test).

was played back through the real speaker, and the participants were able to pause
and restart it at any time.

The experimental conditions, divided into 4 randomly chosen groups and
the reference sound were available in the developed D&DMUSHRA+ GUI previ-
ously described and could be selected by touching the corresponding blue button.
During the evaluation, the participant had to answer the following question by
moving the stimulus button following the x-axis of the interface, representing a
continuous scale within the range [0 100]:

"How similar is the stimulus to the reference?".

At any time, the participant could listen to any stimulus and the reference sound
by touching the corresponding buttons. It is important to note that the partici-
pant did not remove AirPods while listening to the real reference, resulting in a
mediated listening with distortion of the real source.

The entire experiment lasted on average 25 minutes plus 5 minutes of setup
configuration. At the end of the experimental task, participants determined the
individual scores for each condition. All participants conducted the experiment
without interruption.

5.4.4 Results

Following subsection 5.4.2, we used scikit-learn and statsmodels libraries in Python
for the Mixed Linear Model Regression and Hierarchical Cluster Analysis of the
plausibility ranking and matplotlib for dendrogram and distribution visualisa-
tions.
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FIGURE 5.7: Total ratings for audio expert vs. non-expert users. aster-
isks and bars indicate a significant difference (***: p < .001 at posthoc

test).

FIGURE 5.8: Dendrogram resulted from the hierarchical clustering
analysis for expert and non-expert user groups and overall.

Users were able to easily operate the D&DMUSHRA+ GUI with stimuli di-
vided into pages and navigate between experimental conditions and the refer-
ence. No user reported problems while operating the interface and after the eval-
uation procedure. User ratings for each condition are shown in Table 5.4. The
condition with the highest score is PC75, although it does not present significant
differentiation.

Considering all participants, the Mixed Linear Model Regression (MLMR)
analysis (Fig. 5.6) indicated differences in HRTF between KEMAR HRTF and no
HRTF (z = ↓4.862, p < 0.000) and between Personal HRTF and no HRTF (z =
↓3.556, p < 0.0004), in headphone compensation between equalized and not
equalized groups (z = 4.705, p < 0.000), in volume between +70dB and +75dB
(z = ↓2.594, p < 0.009), in reverb between calibrated reverb and large reverb
(z = 2.051, p < 0.04). In the non-expert group, MLMR analysis underlines signif-
icant differences for HRTF between KEMAR HRTF and no HRTF (z = ↓16.2266,
p < 0.001) and between Personal HRTF and no HRTF (z = 19.3585, p < 0.0000),
for volume (z = ↓6.1498, p < 0.04), and headphone compensation (z = 10.3536,
p < 0.0004). In the expert group, the MLMR test shows differences only in head-
phone compensation (z = 7.7373, p < 0.02).

Hierarchical clustering analysis (Ward linkage method - [303]), Fig. 5.8-overall)
has been conducted in group conditions. By varying the number of clusters, dif-
ferent segmentation levels reveal interesting insights about the plausibility score.
In the first considered level (2 clusters, level A), we observed a strong tendency
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FIGURE 5.9: Mean coordinate in pixels at the end of the evaluation,
for each condition, referred to iPad screen. The dotted box in the top-
left corner shows the position of the conditions with the lowest scores

identified by the hierarchical clustering analysis.

in headphone compensation. The first clade in the dendrogram contains a vast
majority of compensated conditions (17 out of 25), while the other mainly con-
tains conditions without compensation (10 out of 11). In the second considered
level (5 groups, level B), an interesting observation was the emergence of a clade
containing the 5 conditions with the lowest score (HR, C75E, C70E, L70E, 70E)
characterized, apart from HR, by (i) the absence of HRTF, and (ii) the presence
of headphone compensation. This group is also visually identifiable in Fig. 5.9,
showing the average final position of various conditions inside the evaluation
grid on the app GUI. Focusing on the top-left corner, one can identify such a
group except for the HR condition that is in the center-left. Another group, con-
taining the 5 highest rated conditions (KL75, K70, PC75, PL75, P75), is charac-
terised by the presence of HRTF (2 Kemar, 3 personal), volume at +75dB (4 out of
5), and no headphone compensation.

The analysis of the separated dendrograms for experts and non-experts also
shows interesting differences. For experts (Fig. 5.8-expert), in the first considered
level (2 clusters, level A), again the first clade contains a vast majority of compen-
sated conditions (12 out of 16) and many conditions with no compensation in the
second one (14 out of 20). On the other side, non-experts, while still presenting
a trend in preferring non-compensated conditions, show a smaller difference. In
fact, in the first considered level (2 clusters, level A) the first clade contains only
11 out of 20 compensated conditions while the second 9 out of 16 non compen-
sated conditions. At a deeper level, the analysis also underlines some interesting
differences. The second considered level for experts (4 clusters, level B) contains
a clade containing the conditions with lower expert ratings (C70E,70E, HR) shar-
ing no HRTF and volume calibration. Another one contains conditions with the
highest expert ratings (PL75, KL70, PC75, L75) sharing the absence of headphone
compensation, usually a higher volume (3 out of 4), and the presence of reverb
(of which 3 out of 4 are large). For non-experts (Fig. 5.8-nonexpert), the second
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level (4 clusters, level B) also contains a clade with lower scores (C75E, C70E) and
a clade with the highest scores (PC75, K70, PL75, KL75, P75). The conditions con-
tained in the first differ only in volume, indicating that users tended not to find
plausible the absence of HRTF, headphone compensation, and calibrated reverb.
On the other hand, conditions of the second one have no headphone compensa-
tion, higher volume (4 out of 5), and HRTF with no specific preference (3 personal,
2 Kemar).

Complementing the analysis described in Section 5.4.2, we performed one-
way ANOVA analysis between experts and non-experts (Fig. 5.7). In particular,
one-way ANOVA with a group factor shows that experts tend to evaluate condi-
tions with lower scores (z = 10.353, p < 0.0004).

5.4.5 Discussion

The proposed evaluation method enables the reduction of experimental time, fa-
cilitating repeatability under varied conditions, such as different headphones, ac-
tive noise cancellation settings, or environments, which could provide broader
insights into how these variables impact the results. Given that this methodology
applies to studies with a limited number of participants, it can be particularly
effective in identifying dominant or disruptive elements. Furthermore, this ap-
proach can be particularly beneficial for pilot studies designed to identify poten-
tial limitations, specifically in the audio rendering process. As we scale the study
to include more participants, the conditions that emerge as most promising in this
phase will be prioritised for further investigation in subsequent experiments.

Piloting and Screening with D&DMUSHRA+

The use of the D&DMUSHRA+ interface required a very short time for each ex-
perimental session, with an average of about 42 seconds to evaluate a single con-
dition. This can indicate the ease of use of the interface and the intuitiveness of the
methodology. It is important to note that the primary aim of this work is to refine
the evaluation methodology itself, rather than to conduct an in-depth study of
audio AR. However, an additional outcome of this methodology is the identifica-
tion of key conditions that can be further explored in future works. Notably, this
identification has been achieved despite the small number of participants, under-
scoring the capacity of the methodology to effectively highlight the most relevant
rendering factors even under limited-sample conditions and in a short amount of
time. Similar approaches, which involve a rank-by-elimination procedure within
a VR environment, are used in several studies. For instance, in a study by [296],
20 expert participants evaluated 12 conditions to assess hearing fatigue, with each
evaluation taking about 10.8 ± 2.8 minutes. [308] used a similar method to eval-
uate speech intelligibility in different reverberation conditions, with a maximum
session duration of 20 minutes to prevent hearing fatigue. Another example is the
study by [15], where the same procedure was used to assess how different user
tracking methods affected the perceived position of audio sources, with the entire
process lasting approximately 20 minutes. In contrast, our methodology allows
for the identification of key perceptual factors while keeping both the number
of participants and the session duration low, and at the same time increasing
the number of conditions under evaluation. This makes D&DMUSHRA+ par-
ticularly suitable for early-stage prototyping or scenarios where testing time and
participant availability are limited.



5.4. A new method for SAQI evaluation: D&DMUSHRA+ 79

We observed that the participants tended to compare the experimental con-
ditions with each other rather than with the reference. While this behaviour is
inherent to MUSHRA-like tests, it becomes more critical when a large number
of conditions are presented. In such cases, listeners tend to stop revisiting the
reference stimulus, and the perceptual memory of it fades over time, potentially
leading to less accurate evaluations. This may lead to inaccurate comparisons and
could have a significant impact on the evaluation results. However, this can be
problematic when many conditions are available, as it can make the experiment
lengthy and boring. To address this issue in future tests, the D&DMUSHRA+
interface could be modified to nudge participants to compare stimuli with the
reference more frequently and/or introduce a gamified procedure. For instance,
a mechanism can be introduced where the participants are required to listen to
the reference after every specific amount of time.

Plausibility in Audio AR

In our case study, binauralized conditions are generally preferred to evaluate
plausibility with higher scores, except for expert users, but there is no particular
preference for personalised HRTF. However, it is crucial to note that the impor-
tance of HRTFs in a multimodal AR context remains an open question and seems
to vary with user sensitivity and tracking methods ([65]), contrary to virtual real-
ity, where its impact is generally more pronounced ([214]), although its relevance
may vary depending on the specific VR use case.

Within our enhanced evaluation, the high-score clade exhibited the following
characteristics: no headphone compensation, volume +75dB, and HRTF—whether
personalised or generic—which provided the spatial directionality cues. In par-
ticular, the headphones compensation received a lower score than the conditions
with no compensation. The possible reasons can be: (i) AirPods use adaptive
equalization11 that cannot be bypassed, and no specification from the vendor is
available about the algorithm used, and (ii) calibration based on average curve
measurements can lead to incorrect compensation and, thus, lower plausibility.
Since the use of the audio transparency mode of Airpods is essential for perceiving
the real environmental audio sources, it significantly alters the auditory percep-
tion of the environmental room, including compensation, soundwave phase, and
latency ([260, 309]). This is further supported by [310], which underlines that
using adaptive compensation while interaural time differences were largely pre-
served, transparency mode introduced systematic alterations in level differences,
up to 8 dB, and eliminated spectral cues above 5 kHz. These modifications could
result in a compromised spatial hearing ability, especially in noisy environments.
However, the use of this device was intentional and aligned with the ecologi-
cal objectives of the study. Rather than relying on laboratory-grade headphones
with highly controlled acoustic behavior, the experiment aimed to reproduce re-
alistic Audio AR usage conditions through portable, widely adopted consumer
devices. This choice reflects the practical deployment scenarios of mobile Audio
MR systems, where users typically experience augmented audio through com-
mercially available wearable technologies. Consequently, the experimental setup
prioritised ecological validity and real-world plausibility over strict electroacous-
tic control. From this perspective, the observed limitations should not be inter-
preted solely as methodological weaknesses, but also as indicators of the chal-
lenges involved in translating calibrated audio rendering into everyday listening

11Technical specification: https://support.apple.com/kb/SP811?locale=en_US
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devices. Accordingly, the trend in considering more plausible conditions with
higher volume is evident and statistically significant. Although at first glance it
may seem counter-intuitive, this result can be better understood considering that
the real stimulus was mediated by the AirPods’ transparency processing. More-
over, many subjects reported a high environmental noise during the experimen-
tal session, which was not controlled to obtain an ecological audio AR. This could
have affected the perceived plausibility.

Furthermore, users tend to rate the plausibility of reverb with a similar score,
preferring large reverberation overall, while assigning a similar score when vir-
tual reverberation is absent. In the case of non-expert conditions with the lowest
scores, all contain a calibrated reverb. In the post-experimental interviews, par-
ticipants tend to describe the specific implementation of SDN reverb conditions
as “metallic” and “unusual”. The use of the SDN reverb technique, or its spe-
cific implementation, despite helping with audio source localisation when used
with personalised HRTF ([214]), may sound audibly coloured to users in an AR
environment compared to the real-room reverberation. Accordingly, the shape of
the room, a corridor with a long prominent dimension, could have influenced the
response of the SDN reverb, usually tested in “shoebox-shaped” environments
([240]), e.g., concert halls, offices, etc.

Another important factor to consider was user tracking, which can affect user
behaviour and lead to inaccurate results ([311]). Although consumer electronics
devices are cost-effective and portable, proprietary technologies can be challeng-
ing to control for accuracy and responsiveness. For example, AirPods lack in-
formation on IMU sensors, and informal feedback suggests the tracking may be
prone to errors due to a lack of compensation.12.

As a natural exploitation of these outcomes, this is a starting point for further
investigations, which could focus on the factors and criticalities that emerged:

• Investigating conditions without equalisation.

• A more in-depth study on the impact of volume.

• Evaluating other types of HRTF personalisation.

• A deeper exploration of the differences between realistic reverberation and
“aesthetic” reverberation.

Possible Limitations

As shown in our study, hierarchical clustering and mixed linear modelling foster
the identification of consistent trends in plausibility judgments, despite a small
number of participants, even with a small significance of common statistical tests.
Accordingly, exploring alternative statistical methods could help uncover deeper
insights or confirm the robustness of the observed effects, potentially involving
techniques such as mixed-model analysis or non-parametric tests, depending on
data distribution and the nature of the responses. These adjustments and con-
siderations could help refine future experiments, leading to more reliable conclu-
sions about the impact of different audio AR conditions.

It is also important to acknowledge that the sample size and composition
could limit the generalizability of the results. Although this study was designed
as a pilot, the representativeness of the participant pool remains an important

12Measurements extracted from an informal one-way pilot test exhibit a latency of 200 ↓ 300 ms.
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consideration. As this work forms part of a broader screening effort involving
different populations, it would be interesting to verify whether demographic fac-
tors—such as gender—may influence spatial–auditory perception. This possibil-
ity should be kept in mind when interpreting the findings.

Furthermore, it is worthwhile to notice that the presence of noisy data can
significantly affect the extraction of meaningful patterns, leading to decreased
classification accuracy and hampered feature identification. In a systematic re-
view, [312] highlighted the importance of noise management strategies, revealing
that ensemble-based approaches are generally more accurate in identifying noisy
instances, while single-model techniques tend to offer greater computational effi-
ciency. To mitigate the impact of noise on pattern recognition, particularly in com-
plex environments, Bayesian methods may offer a promising direction. Bayesian
approaches consist of integrating prior knowledge into the analysis process, al-
lowing a more robust analysis, and have already been successfully applied in MR
contexts. For instance, [313] adopted Bayesian inference to validate the Virtual
Reality Neuroscience Questionnaire (VRNQ), which connects perceptual quality
to user discomfort during VR sessions. In their work, the Bayesian version of the
t-test, Pearson correlation, and regression analysis have been used to evaluate ex-
perimental data in terms of Bayesian factor. In another example ( [314]), Bayesian
regression has been used to confirm practical equivalence in perceiving absolute
distance in AR between realistic and stylized shadow rendering. Related to audio
VR, Bayesian inference had been employed to evaluate the differences in mental
effort on sound evaluations caused by different levels of detail in VR rendering,
demonstrating that auditory judgment depends primarily on individual sound
properties, regardless of the visual environment ([315]).

Reflections on Approximation and Perceptual Tolerance

The results presented throughout this chapter suggest that the relationship be-
tween technical fidelity and perceptual plausibility in Audio MR may be more
complex than commonly assumed. Across the thesis, tracking precision and spa-
tial audio accuracy are presented as critical components for achieving coherent
and immersive Audio MR experiences. However, the experimental findings sug-
gest a more nuanced interpretation.

While high-fidelity tracking and accurate spatial rendering contribute to per-
ceptual realism, the reported results indicate that users may tolerate a certain de-
gree of approximation without significantly degrading the overall experience. In
some cases, even simplified interventions appear to produce perceptual benefits
relative to the absence of augmentation, as shown in Fig.5.4.

This observation highlights that perceptual plausibility does not necessarily
scale linearly with technological precision. Rather, users may rely on a broader
integration of contextual cues, narrative consistency, and interaction coherence
when evaluating immersive experiences. Within Audio MR, perceptual accep-
tance may therefore emerge once a minimum threshold of spatial consistency is
achieved, beyond which improvements in technical accuracy yield diminishing
perceptual returns.

These findings suggest that the relationship between technological fidelity
and perceived immersion should not be interpreted as absolute, but rather as
context-dependent and mediated by user expectations, task demands, and envi-
ronmental complexity.
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Consequently, approximate tracking and rendering methods may remain valid
solutions in ecological or mobile Audio MR scenarios where computational effi-
ciency and real-time responsiveness are necessary constraints.

5.5 Evaluation of Co-Immersion

Section adapted from publication [16]. The author contributed to the auralization
pipeline and to the analysis of perceptual externalization.

In the context of audio AR, co-immersion is defined as the property of sim-
ulated sound sources to be perceived as belonging to a coherent auditory scene
rather than being artificially superimposed [70, 316]. A common approach to
evaluate co-immersion consists in assessing the ability of users to discriminate
inconsistencies in acoustic rendering [266].

In this work, co-immersion is investigated in a fully virtual Audio Augmented
Virtuality (AAV) scenario, enabling controlled and repeatable conditions. Multi-
ple sound sources are rendered through headphones using dynamic binaural au-
ralization [317, 19], where anechoic signals are convolved with measured room
impulse responses (RIRs) [318].

Within this broader experimental framework, the contribution of this thesis
focuses specifically on the role of externalization as a key perceptual factor sup-
porting co-immersion.

5.5.1 Material and Methods

The experiment compares three reverberation conditions, referred to as H, B, and
Fd (Fig. ??). All conditions share identical early reflections (ERs) represented in
Higher-Order Ambisonics (HOA) and dynamically rendered according to head
rotations. The late reverberation (LR) component differs across conditions.

The reference condition H employs the full measured HOA room impulse
response (RIR). Condition B uses a simplified LR obtained through a binaural
downmix of the HOA response using a dummy head HRTF [319], resulting in
a static binaural rendering. Condition Fd replaces the LR with an artificial rever-
berator based on a Schroeder structure [320], whose parameters are automatically
tuned to approximate the target response [321].

The rationale behind this design is that preserving dynamic spatial cues in
the ERs is sufficient to maintain sound source localization and spatial impres-
sion [322, 323, 324], while the perceptual contribution of directional information
in the LR is limited [325, 326]. Thus, the experiment isolates the perceptual impact
of simplifying the LR component.

The auralization pipeline is based on dynamic binaural rendering of Am-
bisonics signals using individualized HRTFs. Anechoic speech signals are con-
volved with the corresponding HOA RIRs to simulate realistic acoustic environ-
ments [318]. Head tracking is implemented with 3 degrees of freedom (yaw, pitch,
roll), enabling dynamic updates of the binaural rendering. Headphone compen-
sation is applied to mitigate coloration effects using pre-measured transfer func-
tions of the playback system.

The experiment was conducted using a virtual reality setup including a head-
mounted display for visual rendering and head tracking, and high-quality open-
back headphones for audio playback. The audio rendering pipeline was imple-
mented using a digital audio workstation and Ambisonics processing tools [327].
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FIGURE 5.10: Externalization rates frequencies in the preliminary
screening test grouped by reverberation condition.

5.5.2 Experiment design

Three rendering conditions were compared: a reference condition (H) and two
simplified conditions (B and Fd).

Each trial involved a variable number of simultaneously active virtual speak-
ers, placed in different positions within virtual acoustic environments (living
room, classroom, concert hall). In the reference scenario (None), all sources were
rendered using condition H. In the other scenarios (Bin and Fv), one source (the
impostor) was rendered using a simplified late reverberation. In the Bin scenario,
the impostor uses condition B, where the late reverberation is obtained through
a static binaural downmix of the HOA response. In the Fv scenario, the impostor
uses condition Fd, where the late reverberation is generated by an artificial rever-
berator tuned to approximate the reference response. All remaining sources are
rendered using the reference condition H.

Participants were asked to perform two tasks:

1. Detection: determine whether all sources belonged to the same acoustic envi-
ronment (i.e., presence or absence of an impostor).

2. Identification: when an impostor was detected, identify which source was in-
consistent.

This paradigm allows co-immersion to be evaluated as the perceptual ability
to detect acoustic inconsistencies, following a signal detection framework [328].
In this context, trials without impostors correspond to noise, while trials with im-
postors correspond to signal conditions.

Participants were instructed to focus on acoustic coherence, particularly re-
verberation characteristics, rather than spatial position or source identity. They
were allowed to freely move their head and explore the auditory scene during
each trial, enabling dynamic binaural perception.

Overall, the experimental design isolates the perceptual contribution of late
reverberation to co-immersion, while controlling for spatial and contextual fac-
tors.
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5.5.3 Results

Preliminary externalization test

The results of the preliminary screening test (Fig. 5.10) show that all rendering
conditions are generally perceived as externalised. The reference condition (H)
exhibited the highest rate of externalization.

The simplified conditions (B and Fd) also produced predominantly external-
ized perceptions, although with a higher proportion of responses classified as
“on the edge” or “inside the head”. In particular, B showed a slightly higher ten-
dency toward internalization, while Fd more frequently resulted in intermediate
percepts.

Overall, the results confirm that all rendering conditions provided a suffi-
ciently externalised auditory experience, supporting the validity of the experi-
mental setup.

Detection performance

The detection results indicate a limited ability of participants to reliably iden-
tify acoustical inconsistencies between rendering conditions. Across conditions,
hit rates remained moderate, and no statistically significant differences were ob-
served between scenarios in the overall analysis.

While some trends emerged depending on environmental context and scene
complexity, these effects were not consistent across conditions and did not sub-
stantially alter the overall outcome. In particular, simplified rendering conditions
were not systematically more detectable than the reference condition.

Signal Detection Theory analysis

To further quantify perceptual sensitivity, we analyzed the results using Signal
Detection Theory (SDT) [328].

The mean sensitivity values were d̄⇐Bin = 0.35 and d̄⇐Fv = 0.63. While d⇐Fv
was significantly above the minimum perceptual threshold, d⇐Bin did not reach
statistical significance.

Overall, these values indicate a relatively low sensitivity to the presence of
impostor sources, suggesting that deviations introduced by simplified late rever-
beration were often perceptually subtle.

The response criterion c did not show significant bias, indicating that partici-
pants did not systematically favor either the presence or absence of an impostor.

Summary

Taken together, the results indicate that simplified rendering of late reverberation
does not strongly affect perceived co-immersion. Despite measurable differences
in rendering conditions, participants were often unable to reliably detect incon-
sistencies, especially in the case of binaural simplification.

Combined with the externalization results, this suggests that perceptual plau-
sibility is largely preserved even under reduced rendering complexity.

5.5.4 General Discussion

In the literature, the Level Of Audio Detail (LOAD) [329] refers to the adaptation
of the audio rendering complexity. LOAD techniques aim to reduce the rendered
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details to save computational cost while minimizing the perceived quality degra-
dation. Accordingly, our study can be interpreted as an evaluation of the LOAD
required for LR to preserve the perceived co-immersion in AAV scenes. The ob-
tained promising results on simplified LR have a potentially relevant impact on
the saving of computational and storage resources compared to convolution with
RIR or wave and geometric acoustics-based approaches.

We found that the detection tasks for Bin and Fv scenarios are very close to
the chance level both accounting for detection rates and SDT metrics. Such results
suggest the participants’ inability to reliably detect the impostor in the proposed
experiment.

For Bin scenario, we found that the mean sensitivity d̄⇐Bin is not significantly
greater than d⇐min, thus it does not represent a meaningful effect. This result sug-
gests that the LOAD can be reduced by substituting the dynamic rendering of an
HOA LR with a static binaural version. Thus, we can answer to ?? that a static LR
does not affect the co-immersion of a sound source in the evaluated AAV scenes.

For Fv scenario, the mean sensitivity d̄⇐Fv is significantly greater than d⇐min but
is still very close to this value. To answer ??, this finding suggests that the static
LR can be approximated with a simple artificial reverberator, such as Freeverb,
with a perceivable but limited influence on co-immersion. It is worthwhile to
notice that the LOAD is further reduced in Fv scenario because artificial rever-
berator s are more efficient compared to convolution. However, it comes at the
cost of a greater impact than Bin on the perceived degradation.

Finally, the LR matching method leads to satisfactory results if evaluated with
the co-immersion criterion compared to the authenticity one reported by its au-
thors [321]. Since in their study the matched reverberation was clearly distin-
guishable from the reference in direct comparison, co-immersion can be consid-
ered a narrow criterion that can be exploited in specific applications.

Although the LR simplified versions are difficult to detect, we found impor-
tant differences with respect to the overall case by analyzing separately each VE
and complexity. A significant finding is the easier detectability of Fv for the class-
room compared to the other VEs. A possible explanation can be identified in the
larger percentage errors of the matched classroom’s RIRs for most of the acousti-
cal parameters reported in ?? (ϑend, TS and C80). On the other hand, we found that
participants were essentially unable to detect the impostor in the concert hall with
Bin scenario. From an acoustic point of view, the directivity of LR is mitigated in
a large environment, such as the concert hall. As a result, a static LR can be per-
ceptually indistinguishable from a dynamic one in such an environment. For the
living room, both Bin and Fv achieved low detection performances. This could be
explained by the acoustic features of the living room whose short reverberation
time leaves a small amount of information for the listener to focus on. This is an
advantage for the application of our findings since indoor environments, like the
living room, are common for end-users.

As in the overall case, Bin is less detectable than Fv in complexities 3 and
4, and in classroom and concert hall VEs. This was the expected behavior since
the impostor condition hoa f v is an approximated version of hoabin. However,
we noticed that this pattern is reverted for complexity 2 and the living room.
Though we found some statistically significant evidence of this pattern only for
the logistic regression test (see ??) and not for d⇐ values, this result represents
an important finding for the use of an artificial reverberator to approximate LR.
Nevertheless, for complexity 2, both Bin and Fv are quite detectable since is the
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most simple complexity level. As the complexity increases the task is harder, and
Fv is less co-immersed than Bin which is almost undetectable.

In this paper, we proposed an experimental design in an AAV framework
originally intended for the case study of LR. However, it can be exploited to eval-
uate the perceptual impact of an arbitrary rendering approach of virtual sound
sources in an AAV scene. The main advantage of designing such experiences in
AAV scenes is that the challenges involved in the creation of AAR scenes with
real-world sound sources are avoided (e.g., tracking, real-time and responsive in-
teractions, high-quality simulations, to name but a few [70]). As a result, more
controlled and repeatable experimental settings can be designed within AAV. In
particular, one can decide which aspects of the physical reality to capture and
which interactions to handle in VR. Furthermore, any real environment can be
simulated with a pair of headphones by means of the acquisition of spatial RIRs
in such an environment.

Although the focus of this work is on the timbral characteristics of the late re-
verb, which is mainly diffuse, we used personalized HRTFs to improve the stim-
uli’s ecological validity. However, the usefulness of personalized HRTFs is debat-
able and strongly influenced by context and task. Visual “capture” effects, where
visual stimuli associated with a sound source affect its localization in space, have
been extensively studied in experimental psychology [330]. Similar effects were
recently observed in VR using generic HRTFs [331]. Thus, in future works, we
plan to investigate the effect of different approaches and degrees of HRTF per-
sonalization, as well as to compare our acoustic simulation approach to other
auralisation engines and simulators, such as Project Triton [332], in relation to
the level of HRTF personalization.
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Chapter 6

Entanglement

The transition from the theoretical foundations of entanglement HCI to a con-
crete design practice requires tools capable of capturing the complexity of the
"We-relationship" emerging between the user and the technological artifact. To
this end, we introduce the Entanglement eXperience Map (EXMap) as a prelim-
inary analysis instrument specifically tailored for egocentric audio Augmented
Reality (AR). This mapping phase is not merely descriptive but serves as the es-
sential precursor to the experimental evaluation presented in Section 6.2. This
progression—from the preliminary "a-priori" design mapping to the empirical
observation of "entanglement traces" ensures that design intentions are systemat-
ically aligned with the lived, emergent experiences discussed in the subsequent
experimental results.

6.1 Entanglement eXperience Map

Section adapted from publication [10].

Frauenberger’s entanglement HCI [5] suggests abandoning a user-centered
design of the digital artifact in favor of participatory, speculative, and agonistic
methods with the end goal of obtaining meaningful relationships and not merely
optimized processes relating to the human pole or the machine pole, or their in-
teraction. We may assume that entanglement follows the practice-based design of
experiences and their emergent patterns, with methods, tactics, goals, and topics
unfolding and changing as all actors adapt and learn in the course of their intra-
action. According to [223], the emergent nature of practice-based design research
can lead to new insights, innovative solutions, and unexpected outcomes.

Critical viewpoints on design’s interplay with non-human actors should serve
as a vital proving ground and be systematically included in a design process.
By defining, simulating, and visualizing the dynamic interactions, researchers
can develop a comprehensive understanding of the sonic experience. In this sec-
tion, we will introduce the Entanglement eXperience Map (EXMap), an analysis
tool that is specifically designed for immersive experiences and egocentric audio
technologies. EXMap incorporates by design the Actor network Theory [333]
including the experience characterization introduced inSIVE, i.e., immersion, co-
herence, and entanglement, by reflecting upon a modified actor-network graph.

The proposed graphical representation is intended to be purely descriptive
but can be supplemented with specific metrics and values pertinent to the specific
domain within the evolutions of theSIVE research field. The constitutive elements
of an EXMap are:
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FIGURE 6.1: Graphycal layout of an Entangled eXperience Map at
time t for a hypothetical sonic experience.

• Node: As in actor-networks, each node represents an actor, which may be hu-
man or nonhuman, as well as real, virtual, or any models. Since we are work-
ing with entangled twins, virtual and real actors share the same action space.
With respect to an actor-network map, these nodes can be connected or not
based on their contribution to immersion and coherence in each phase of the
experience, all in a dynamic and adaptable manner.

• Arcs : An oriented arc with weights representing a number of potential interac-
tions between each pair of actors. The characterization of those interactions can
dynamically define the network layer of immersion. Theoretically, the weight
of arcs can be represented by the formula ∑i

N=0 wi where weight wi of each
kind of interaction can be a relative or absolute value assigned by designers
or automatically computed. As the system can evolve throughout the experi-
ence, the weight of the arc can vary depending on the specific interaction that
occurred. A possible example of interaction dynamics is proxemics. Distance
between different actors inside a shared virtual/real space can influence the
behavior of human actors, i.e., the users. In that case, the distance between
actors can be used to determine, partially or totally, the weight of the corre-
sponding arcs: arcs with a smaller distance will be represented by arcs with a
higher weight.

• Node Color Coding: Color Codings are used to assign a semantic connotation
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to the actor. Different colors indicate specific properties, e.g., human/non-
human, real/virtual, etc.

• Node Transparency Gradient: The degree of transparency represents each
actor’s cognitive power over an action’s expected outcome in the decision-
making phase. Transparency can represent the level of coherence of a partic-
ular actor within the network. To aid in visualizing potential network issues,
a node with high transparency represents an actor with a higher level of co-
herence. On the other hand, an opaque note represents a less coherent actor,
which can lead to the so-called “break in presence” [49] within the experience.

• Perspective: A model based on the graphical representation in [334] has been
created to visualize entanglement. The graph maintains an egocentric and
monadic perspective that varies depending on the actor under consideration.
As an actor is selected, the entire graph restructures, keeping the same rela-
tions, arc weight, and node properties but modifying the distance between the
actor under consideration and the others: actors more entangled, i.e., in dy-
namic mutual re-configuration and intentional participation, are closer, whereas
if they have less influence on each other, they will be further apart. Using
different perspectives can help designers visualize how immersion and coher-
ence contribute to maintaining entanglement during the experience. More-
over, emerging patterns of actions can be identified specifically for each actor.

Due to the dynamic nature of the entangled experience, the EXMap must be
framed within a timeline as it evolves over time. Accordingly, digital media are
the perfect display for supporting such a dynamic representation that varies de-
pending on the monadic perspective of each actor under consideration.

6.1.1 Narrami: Actor-network Map

An actor-network map is a powerful graphical representation to identify system
actors and the relations between them. Figure 6.2 shows an actor-network map
for the previously described Narrami (Sec 3.7), in two different levels of detail.
The color coding adopted in the Actor-Network Maps should be interpreted as a
symbolic categorization rather than a perceptual or physical blending of colors.
Although some nodes are represented using combined hues, these do not imply
a continuous gradient or linear interpolation between categories, but rather indi-
cate overlapping roles within the network. In Fig. 6.2-a, human and non-human
actors within the entangled twins’ relation can be defined as follows:

• User: The real user can directly interact with the real environment and indi-
rectly influence the virtual environment using sensors and reproduction de-
vices, with actions constrained by the technological setup.

• Sensors: This actor is responsible for user tracking in the real world. It includes
hardware, e.g., Inertial Measurement Unit (IMU), accelerometer, gyroscope,
eye-tracker, etc., and the algorithms that can be used for estimation and data
fusion. Accurate tracking helps the system correctly represent space inside
the VE, resulting in a coherent sonic experience [52]. The “Sensors” actor also
directly relates to the AI engine, which uses data to generate a narrative and
select the correct audio content. Moreover, the spatial audio engine uses user
position and orientation to correctly position the virtual audio elements in the
VE.
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FIGURE 6.2: Actor-network map of Narrami with different levels of
detail: (a) low-level details, and (b) higher-level details. At the bot-
tom of (b), we provide a color descriptor supporting this example’s

categorical distinction.
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• Audio guide content: This actor contains all the audio elements selected by
museum curators to be used by an AI engine for generating narratives.

• AI engine: This actor uses data collected from sensors, museum curators se-
lected contents, and spatial audio rendering to generate a personalized narra-
tive for the user. Narrative generation could be implemented by integrating
generative AI algorithms and reinforcement learning techniques [335].

• Spatial audio rendering: correct audio spatialization is fundamental for im-
mersion in the VE (the reader can refer to the “Interactive and Immersive Au-
dio” part of the recentSIVE book by Geronazzo and Serafin [19]). Audio is
spatialized, by using the user’s position and orientation to correctly position
audio sources within the VE, to be correctly perceived by the user via the audio
subsystem.

• Audio reproduction: It contains the equipment for correctly reproducing sound
generated during the audio rendering and is delivered to the user by using
headphones provided by the museum.

Node colors represent the type of actor. Yellow nodes represent digital nodes,
i.e., software components or data. Blue nodes represent analog actors that in-
clude physical elements or hardware devices. Some actors can contain both digi-
tal and analog components and are represented by green nodes. In Narrami actor-
network maps, the user is represented by a green node, as it contains the embod-
ied physical user that moves within the natural space (blue color), and all the
objectification of the user’s configurations collected and learned by the system,
including preferences, behaviors, emotional and psychological state, etc (yellow
color).

Fig. 6.2-b provides more details for some specific actors of the Narrami cyber-
physical system. In particular, the visualization shows that sensors, audio re-
production, and spatial audio rendering actors are now constituted by different
parts. Sensors contain information about user orientation and user position. Au-
dio reproduction is divided into the physical headphones and the algorithms that
could help a more realistic audio rendering in terms of perceived audio quality,
which is strictly related to the reproduction device. The spatial audio rendering
actor is composed of two main parts, which includes the algorithms for enabling
the users to correctly perceive virtual sound direction in space (binaural render-
ing) and the acoustics of a museum room (reverberation). As the details are in-
creased, the map can contain more elements and show more specific relationships
between the actors.

Finally, Fig. 6.2 provides a graphical representation of the connections be-
tween the actors defined in Narrami. This visual representation is crucial because
it highlights that the user is not directly connected to the VE but the DT medi-
ates based on sensors’ movement data collected within the physical environment.
On the other hand, AI reinforcement learning algorithms rely on imperfect sen-
sor data to generate content. This leads to unintentional interactions [52] and a
partial adaptation of user behavior to the system. It is worthwhile to note how
actor-network allows the identification of these relationships.
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6.1.2 Narrami: EXMap

Although actor-network is a fundamental tool, identifying the specific character-
istics of a sonic experience, i.e., immersion, coherence, and entanglement, remains
challenging.

The proposed EXMap can be positioned in relation to existing approaches
in HCI and network-based representations. While ANT provides a conceptual
framework to describe relationships between human and non-human actors, it
does not offer operational tools to capture the dynamic and experiential qualities
of such relations in immersive environments.

In Fig. 6.3, three distinct EXMaps for different perspectives and phases of Nar-
rami are depicted. Fig. 6.3-a and Fig. 6.3-b depict EXMap centered on the user
during the system’s initial phase and museum room navigation, respectively. Fig-
ure 6.3-c depicts the network centered on the sensors at the start of navigation. In
this representation, the same actors were used as in Fig. 6.2’s actor-network, and
the corresponding nodes have the same color. On the other hand, the new rep-
resentation includes the peculiar characteristics of egocentric audio technologies
andSIVE.

Node Transparency represents the actor’s coherence within the network. Par-
ticularly in Fig. 6.3-a/c, AI engine and Audio Guide have a low level of trans-
parency, indicating that the user perceives both components as artificial within
the egocentric system. As the experience progresses (Fig. 6.3-c), AI Engine adapts
its response to the user’s preferences, and the component becomes more consis-
tent with the user’s expectations. In addition, the user adapts its behavior to the
MR, and the spatial audio rendering is perceived as more coherent. In this case,
the transparency of the two nodes is increased. In the graphical representation
provided by the EXMap, a node with low transparency (opaque) indicates an
issue with the overall experience and is easily identifiable. The use of oriented
arcs and arc weights is another feature of EXMap that makes it easier to analyze
the mutual interaction between different actors. For instance, Fig. 6.3 shows that
users strongly interact directly with sensors that have no direct effect on them in
both phases. Nonetheless, Fig. 6.3-b demonstrates that the AI engine significantly
impacts the audio content and a high level of interdependence with sensors de-
spite not directly affecting it. Consequently, this illustration demonstrates that
accurate tracking may be essential for a coherent and accurate audio experience.
Moreover, AI engine influence over spatial audio rendering changes during the
experience. In the initial phase, virtual sound starts with a random or standard
position. As the experience progresses, the AI Engine indicates the correct lo-
cation of all sound sources in the virtual space based on user movements and
behaviors. Using the weight of the arc (thickness) between nodes representing
the AI engine and spatial audio rendering, this change can be identified in the
EXMap.

Entanglement is an important component of sonic experiences. Using the dis-
tance between nodes, EXMap depicts the degree of mutual influence between
actors. In the initial phase, the level of entanglement between the user and the
AI engine is moderate, as the algorithm has limited information about user be-
haviour and cannot provide narratives and content with a high level of engage-
ment. During navigation, the AI agent indirectly receives information about the
user from the sensors and modifies the generated content. The user receives en-
gaging content and provides positive feedback, such as an increase in eye fixation,
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FIGURE 6.3: Entanglement eXperience Map of Narrami: a) Centered
on the user, “Start of navigation phase”. b) Centered on the user,
“Personalized recommendations phase”. c) Centered on the sensors,

“Start of navigation phase”.
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patterns of head movement, etc. In comparison to the initial phase, mutual inter-
action and entanglement increase. It is possible to observe in the EXMap that the
two respective nodes are closer. Similarly, as the experience progresses, all other
actors tend to have a higher mutual interaction and adaptation with the user.

Similar to actor-network maps, EXMaps can have different levels of abstrac-
tion, depending on the information needed during the design phase. For exam-
ple, as in Fig. 6.2, the Sensors node can be divided into User Orientation and User
Position, and the degree of immersion, coherence, and entanglement of the two
parts can be analyzed in more detail.For the sake of brevity and to avoid over-
burdening the theoretical speculation, we maintain a low level of detail in order
to prioritize the explanation of the fundamental mechanics.

6.2 A Foundational Experiment

The work presented in this chapter builds upon an ongoing research effort
currently being prepared for journal submission.

In this concluding Section, we addressed a complex experience in which a virtual
agent interacts with a human user, realizing a genuine SIVE. To rigorously evalu-
ate this experience, we employ the M-I-C-E framework descibed in Chapter 2 and
Technological platform described in Chapter 4. For the purposes of this study, we
chose to build upon an existing experimental framework [239], which provides
a solid foundation for examining the shared intentionality characterizing ETs.

The study of Kastanis and Slater, involving 30 participants across three con-
ditions based on proxemics where participants is particularly suitable for intro-
ducing the M-I-C-E methodology since it combines several key features: the use
of a transparent and easily explainable RL algorithm, an adaptive and immer-
sive simulation environment, the application of proxemics as a social relational
construct, and the demonstration of persuasive technology in a general context
rather than a domain-specific application.

6.2.1 Immersive and Adaptive Simulation

Immersive and adaptive simulations allow participants to experience dynamic
environments where virtual agents can respond in real time to user actions [1].
Kastanis and Slater implemented an immersive simulation featuring a digital
agent capable of adaptive behaviour, providing an interactive VE in which par-
ticipants’ movements could be influenced by the agent’s responses.

6.2.2 Proxemics

In human communication, an important factor that influences behaviour is prox-
emics, which refers to how people use and perceive space and how this affects
their interactions with others. Studying proxemics models, i.e., working with the
implicit social rules of interpersonal distance between people [336], is relevant for
the understanding of different social meanings. In his work, Hall identified four
different proxemic zones: Intimate distance (<0.46m) for close friends and fam-
ily members, Personal distance (⇒0.46m, <1.2) for conversations with friends), So-
cial distance (⇒1.2m, <3.7) for interactions with strangers, Public distance (⇒3.7m,
<7.6) for public interactions. The amount of space that people maintain between
themselves and others can communicate a variety of intentions and meanings,
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such as their level of comfort, their relationship with the other person, and their
cultural background.

Recent work extended proxemic theory to non-human entities, showing that
navigation methods significantly influence proxemic behaviour in virtual envi-
ronments with conversational agents [337] and virtual agents [338]. Proxemic
frameworks, even with specific adaptations [339], can also be applied to human-
robot interactions [340]. In this context, Kastanis and Slater [239] tested whether
proxemic principles apply to virtual agents by using a Q(λ) RL algorithm to
control an avatar’s spatial positioning in an immersive virtual corridor in three
conditions: Intimate with 0.38m approach distance, Social with 41.2m minimum
distance, and Random with no algorithmic guidance. Participants were unknow-
ingly guided toward a target location through the avatar’s proxemic behaviour.
Results showed that intimate proxemic distances significantly accelerated partic-
ipant movement to the target compared to social and random conditions, demon-
strating that proxemic theory remains valid in virtual environments.

6.2.3 Explainability

Explainable algorithms provide interpretable insights into the decision-making
processes of adaptive systems [341]. The algorithm used by Kastanis and Slater
can be considered explainable in a tabular Q(λ) reinforcement learning context,
as the spatial behaviour of the agent is composed of few states (3 or 4 depending
on the condition) and can be traced and understood in terms of learned state-
action values, facilitating the analysis of how proxemic adjustments influence
participant behaviour.

6.2.4 Persuasive Techonologies

Persuasive technologies are designed to influence users’ behaviours without co-
ercion [342]. These technologies leverage principles from different disciplines
to encourage desired behaviours, often by providing adaptive interventions and
are proved to be effective in many domains [343, 344, 345]. By employing an
adaptive digital agent, the Kastanis and Slater experiment exemplifies persua-
sive technology operating without explicit instructions shaping user behaviour
while maintaining the sense of autonomy.

6.3 A-Priori Interaction Design

A priori interaction design is critical when setting up experimental conditions
that must remain stable and replicable across multiple users or iterations [54].
This serves to anticipate possible user actions and system responses, thereby
shaping the interactive landscape before any empirical data is gathered [346].
For the purposes of this study, the experimental framework [239] previously de-
scribed in Sec. 6.2, provides a solid foundation. In this context, design choices
include the types of interactions permitted, the modalities involved, and the ex-
pected user responses [347]. Re-adapting the original research hypotheses to our
audio-based AR study, we posit two researchers’ hypotheses (RHs) which belong
to the design team:

RH1 Participants guided by the RL agent will reach the target area more frequently
and in less time than participants in the random guidance condition.
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FIGURE 6.4: Schematic representations of the experiment in AR. a)
Space arrangements for the user and the digital agent.The experiment
starts with the digital agent placed close to the door and the user at
the gray-dashed position yelding to a d(0)start relative distance between
the two. The area between the green and orange dotted lines identi-
fies the goal region. b) The digital agent’s RL cycle. For step i, ego-
centric distance estimation (d(i)start, d(i)end, d(i)goal), temporal controls (trun,

t f inal), and rewards (r(i)) are computed.

RH2 Proxemic configuration will modulate guidance consistently with proxemics
theory.

In designing the AR experience, several real-world constraints must be ad-
dressed to ensure that the experiment remained ecological, reproducible, and ef-
fective, and, for this study, we relied on the technical setup described in Chapter 4.

6.3.1 AI Agent

The Q(λ) RL algorithm was employed to select the agent actions, following the
specifications outlined in the original experiment [239]. Q(λ) integrates parame-
ters that bridge Monte Carlo methods and temporal-difference learning. This ac-
celerates learning by efficiently propagating rewards, helping the agent to learn
from sparse and delayed rewards. For this experimental design, the Q(λ) param-
eters were set as follows: actions with the highest reward for the specific state
were chosen 30% of the time, while random actions were chosen 70% of the time
(λ = 0.7). The algorithm’s learning rate (ϱ) was set to 0.2, the discount factor (γ)
was set to 0.15, and an ε-greedy policy improvement was used with ε set to 0.15.

The algorithm calculated the training space coefficients online during the ex-
periment to adapt the RL agent’s behaviour to each specific user. Fig. 6.4-b rep-
resents the timeline of each interaction step of the algortihm. The action space
comprised 5 agent actions: moving forward or backward 1m or 2m (respectively
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F1, F2, B1, B2), idle (ST). Each action had a different time computed using a fixed
part based on the chosen action (0.8s for F1, 1.5s for F2, 1.8s for B1, 3.2s for B2, 0s
for ST). During walking actions, a step sound was spatially generated from the
voice agent’s feet. After each action, except ST, the agent voiced “Come Here”,
with slight variations (Hey, come, Come on, join me, etc.), followed by a breath
sound. The second part of the action took a random time between 2.4s and 2.8s.
At the end of each step i, the RL algorithm estimated the relative distance be-
tween the user and the agent, d(i)end, to determine the reward and the next action.
Respect to the original experiment, the breathing sound served a dual purpose:
(1) to provided a continuous auditory cue that reinforced the perception of the
virtual agent’s proximity, thereby heightening the sense of presence, (2) to elicit
feelings of discomfort or unease [348], to subtly influence the participant’s be-
haviour, encouraging movement towards the target area. The state space was
defined by the user-agent. Based on the user-target distance, d(i)goal , the RL agent’s
actions were rewarded as follows:

r(i) =





1 +

(
d(i↓1)

goal ↓ d(i)goal

)
if d(i)goal < d(i↓1)

goal

↓1 otherwise
(6.1)

Where d(i↓1)
goal is the user-target distance at the beginning of the algorithmic step

i and d(i)goal is the distance at the end of the step. The algorithm ended when the

participant reached the target area (d(i)goal = 0) or when the total experimental time
trun ⇒ 420s. To ensure a high level of plausibility, volume levels of auditory stim-
uli (voice, footsteps, breathing) were calibrated to match real-world SPL values
(voice set to 60 dBSPL at 1.0m [349], footsteps at 37.6/44.7dBA [350], breath-
ing set to 10dBSPL [349]). The calibration procedure involved the spatialised
sounds being played through the AirPods placed on a silicone ear located at the
measurement input of a sound level meter to ensurey.

Finally, if the participant moved backwards and reached the minimum dis-
tance allowed by the experimental condition, the virtual agent would adjust by
moving backwards to maintain the prescribed interpersonal distance. On the
other hand, if the virtual agent reached the end of the corridor, if a backwards
movement was selected by the algorithm, the agent would instead remain sta-
tionary. Contextually, the agent immediately ended its movement but continued
any corresponding voice and breath action, ensuring the total time remained con-
stant.

6.3.2 Procedure

At the beginning of the experimental session, the participant was introduced to
the study and provided with preliminary information. She/he was then asked
to read the general information sheet and fill out an informed consent form and
a questionnaire that included details such as their age and previous experiences
with audio AR. Next, the experimenter took two photos of the participant (front
and side of the head) to create the personalised HRTF to be loaded into the iPad
app. In the meantime, the participant was provided with instructions for the ex-
periment and how to use the simple User interface (UI) available on the iPad. The
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instructions also advised that if the iPad lost user tracking, the screen would be-
come black and the interface unusable. The experimental procedure was divided
into two parts: the training and the main part.

Training

The participant was positioned on a virtual dot in the centre of the room and
asked to move toward a voice agent saying “Come here” without turning to-
wards it. The training started by pressing the “Start” button on the iPad UI. The
voice agent’s position was randomly chosen between the front and the back of the
room. When the participant reached the agent, it moved to the other part of the
room. The training ended when the participant reached the voice in the second
position.

Main experiment

Participants were asked to move to the starting position d(0)start (see Fig. 6.4-a). The
experimenter informed the participant that the aim of the experiment was to feel
comfortable, while another person was entering the environment. To avoid any
anxiety or uneasiness, she/he was free to walk backwards or forwards. During
the experiment, the virtual agent moved according to the RL algorithm described
in subsection 6.3.1. The experiment ended when the participant reached the goal
area or a total time of trun ⇒ 420s (7 minutes) had passed from the start of the
main experiment session, and the goal had not been reached. At the end, a short
interview with open-ended questions was proposed to the participants (see Sup-
plementary Material).

Experimental Conditions

The experiment comprised a between-subjects design with three distinct condi-
tions: social, intimate, and random.

• Social (S): The agent maintained a minimum distance of 1.2 m, ensuring it did
not enter the personal space. This condition included three states for the Q(λ)
algorithm: social, public, and not engaged.

• Intimate (I): The agent avoided entering the intimate distance of the user,
maintaining a minimum distance of 0.46 m. This condition included four states
for the Q(λ) algorithm: personal, social, public, and not engaged.

• Random (R): The agent operated without the RL algorithm and included four
states, as in I.

Depending on the experimental condition, the action space consists of 3 ↗ 5
states for S and 4 ↗ 5 for I.

6.4 From Experiential to Data Space

The experience involved 30 participants (24 male, age 25 ± 6, 6 female, age 35 ±

19) with self-reported normal hearing and was held at the Department of – anon-
imised for review – and was approved by the local ethical committee. Participants
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were randomly assigned to the three conditions, with 10 individuals per condi-
tion.

FIGURE 6.5: Three examples of reward curve, action taken and state
space for each cluster. a) Hilbert transform of the sum of rewards de-
viations. b) User movements in terms of egocentric distance from the
goal (dgoal) and agent’s decisions, i.e., performer actions. The orange
line identifies the final spatial goal. c) Final state matrix of the digital

agents.
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From the researcher’s perspective, as in the original experiment [239], we eval-
uated the performance of the RL algorithm by analyzing the total percentage of
successful reaches for each experimental condition with ANOVA and the cumu-
lative distribution of t f inal .

For the computer perspective, the collected data encapsulates various dimen-
sions of algorithm behaviour. Specifically, for each computational step i, we
logged the reward scores, r(i), the action-state space evolution, the type of ex-
ecuted actions, user-target distance at each step, dgoal , and the overall session
duration t f inal). Figure 6.5 shows three examples of collected data from the main
experimental session. We analysed the r(i) as quantitative indicators of how ef-
fectively the agent’s actions influenced the participant’s movements toward the
target area. The analysis comprised several steps. Figure 6.6 shows an example of
the extracted data for a sample participant. The following processing steps lead
to the indicators of the variability in the agent’s influence over time:

1. The cumulative sum of rewards Rcum(k) = ∑k
i=1 r(i) accumulated throughout

the session (Fig. 6.6-a). This time series represented the agent’s overall perfor-
mance in influencing the participant over time.

2. The linear regression on the cumulative reward time series Rreg(k) = ϱ + βt ⇑
Rcum(k) for each participant (Fig. 6.6-b, blue line). The regression line repre-
sented the expected progression of rewards if the influence was consistent and
linear over time.

3. Deviation between the actual cumulative rewards and the regression line Res(k) =
Rcum(k)↓Rreg(k) (Fig. 6.6-b - black line), highlighting fluctuations in the agent’s
influence and indicating periods of stronger or weaker effectiveness.

4. The Hilbert Transform H(Res)(k) to obtain the absolute value of the analytic
signal (Fig. 6.6-c), effectively capturing the envelope of the deviations of the
agent’s influence.

From the envelope, we derived the number of peak points xpeaks = peaks
[

E[H(Res)(k)]
]

,

quantifying significant fluctuations in the envelope. K-Means was then applied
to cluster data into groups.

For the participants’ perspective, post-experiment interviews served as the pri-
mary means of collecting feedback, in line with established methodologies for as-
sessing presence in VEs[351]. As a design choice, we did not use standard ques-
tionnaires, and this approach aligned with the exploratory nature of the study.
Several established questionnaires exist to measure aspects of user experience in
VR/AR, such as the Presence Questionnaire [352], the ITC-Sense of Presence In-
ventory [353], and the Game Experience Questionnaire [354], but none of them
fully capture the intertwined dimensions of I-C-E. Moreover, the use of more
than one questionnaire could have extended the duration of the experiment and
potentially affected the participants’ feedback.

To ensure data accuracy and reliability, all interviews were audio-recorded
with participants’ informed consent. The recordings were transcribed using au-
tomatic speech recognition software (Notta1). Human supervision followed this
step, where each transcript was reviewed and corrected to address any errors
introduced by the automated transcription.

1Available at https://notta.ai
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FIGURE 6.6: An example of analysis on the Data Space of participant
U2336: a) Rewards over time. b) Sum of rewards and linear regres-
sion (blue solid line). c) The envelope (black solid line) of reward’s
deviation (grey solid line) computed via the Hilbert transform. Peak
points (red circles) and average envelope (green dashed line) are also

reported.

To gain deeper insights into the participants’ subjective experiences, we con-
ducted a thematic analysis of the post-experiment interviews using Lumivero NVivo
152, a qualitative data analysis software. NVivo facilitates the organisation, cod-
ing, and analysis of large volumes of text, allowing for easy grouping of simi-
lar concepts to identify underlying patterns and themes within participants’ re-
sponses [355].

Finally, the exploration of patterns within the participants’ identified themes,

2Available at https://lumivero.com/products/nvivo/
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FIGURE 6.7: Researcher’s viewpoints analysis. a) The percentage of
participants reaching the target under the three conditions. b) Empir-

ical cumulative distribution functions for the three conditions.

we performed clustering using the Gower distance metric [356], which is suitable
for categorical variables.

6.5 Intra-Action Analysis: Single Perspectives

In alignment with the M-I-C-E methodology, our analysis examines the experi-
ment from multiple perspectives, including the experiment designer and researcher,
the user of the system (participant in our experiment), and the system itself. We
began our investigation from the researcher’s perspectives and subsequently en-
tered the system by adopting the computer’s viewpoint, to further characterise
the system’s internal logic, by examining the types of choices made by the algo-
rithm. Finally, we compared these findings with the human participants’ perspec-
tives by employing the interviews in order to better understand the dynamics of
the ETs within the interactive experience.

6.5.1 Researcher’s Viewpoint

From the researcher’s viewpoint, the primary objective was to analyse the effec-
tiveness of the virtual agent’s influence on participant behaviour across the differ-
ent experimental conditions-I, S, R. Drawing inspiration from the approach used
in Kastanis and Slater’s experiment [239], we focused on evaluating algorithm’s
rewards r(i) to quantify the agent’s impact on participants.

For the analysis, the primary response variables included the success rate
(participants who reached the target in t f inal < 420, Fig. 6.7-A), and the cumula-
tive distribution functions (CDFs) of each condition’s survival times (Fig. 6.7-B).

Our analysis observed that participants in the Random condition demon-
strated the highest success rate (90%) Conversely, participants in the Intimate con-
dition tended to reach the target more quickly (mean t f inal was I = 131± 156s for
I, 186 ± 169s for P, 158 ± 138s for R). Although post hoc analyses did not indicate
significant differences among the conditions when applying the methodologies
outlined by Kastanis and Slater, our findings identified a similar for I and S con-
ditions compared to the original VR experience. Whereas Kastanis and Slater’s
study concluded at the comparison of experimental conditions, the present work
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FIGURE 6.8: Aggregate statistics (average and standard deviation). a)
xpeaks grouped by reward clusters. b) t f inal grouped by reward cluster.
Participants in the Divergent cluster did not reach the goal, i.e., trun >
420s. Asterisks and bars indicate a significant difference (*: p < .05, **: p <

.01 , ***: p < .001 at post-hoc test).

extends their perspective by broadening the analytical scope beyond the original
framework.

6.5.2 Computer’s Viewpoint

From the computer’s Viewpoint, particularly focusing on the virtual agent’s decision-
making process, we adopted a global perspective aimed at characterising different
reward curves r(i), and a local perspective, consisting of the analysis of the agent’s
actions.

Rewards

Using the feature extracted from the agent’s movement log, we conducted a clus-
ter analysis on xpeaks. Before applying K-Means, the analysis using the Elbow
Method [357] and Silhouette Analysis [358] indicated that the optimal number
of clusters was three. K-Means was then applied to organise the data into groups
(Fig. 6.8).

In the first cluster, named Direct, the cumulative reward curve was nearly lin-
ear, generally having few xpeaks, indicating consistent progress toward the target
with minimal fluctuations. Participants in this group probably tended to respond
directly to the agent’s cues, moving toward the target area quickly (Fig 6.5, first
column). Moreover, t f inal is significantly shorter in this group with respect to
the others. Notably, many participants in this group were from the I condition,
suggesting that closer proximity enhanced the agent’s influence.

In the second cluster, Dialogue, cumulative rewards reflect moderate devia-
tions from the linear progression. Participants in this group showed periods of
compliance interspersed with hesitation or exploration.

The last cluster, Divergent, presented longer t f inal , high xpeaks, indicating sub-
stantial deviations and prolonged interaction times. Participants often did not
follow the agent’s cues and displayed inconsistent movement toward the target.
A Tukey Honest Significant Difference (HSD) post-hoc analysis with Bonferroni
correction among the three groups revealed statistically significant differences on
t f inal (F(2,27) = 447.549, p « .001 on all comparisons) and xpeaks (F(2,27) = 283.884,
p « .001 on all comparisons). The peak-related feature thus provides an effec-
tive explanation of goal-reaching performance and can be further examined in its
local patterns, potentially revealing explainable structures.
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FIGURE 6.9: Computer viewpoint. Distribution of the digital agent’s
moves across peak clusters with the number of moves grouped by 5.

Data are approximated using a third-degree polynomial curve.

Agent’s Moves

We expanded the analysis, taking into account the virtual agent’s local patterns,
i.e., available actions. For each participant, we computed (i) the number of times
each action type was selected by the agent throughout the session, (ii) the mean
number of actions per type, and (iii) identified the actions that exceeded this mean
in (ii). Fig. 6.9 illustrates how these groups align with the statistical modes.:

• Single action type (Single Mode): This group consists of participants for whom
only one action type exceeded the mean (10 participants). All participants in
this category reached the target and came from I(6) and S(4) conditions, with
no representation from the R condition.

• Two action types (Dual Modes): This group includes participants for whom
the agent used two different action types above the mean (14 participants).
The majority (8 out of 14) were from the R condition, while the remaining
participants were from the I(4) and S(2) conditions. Three participants did not
reach the target.

• More than two action types (Multi Modes): This category comprises partic-
ipants for whom more than three action types exceeded the mean (6 partici-
pants). This group was mainly composed of S(4) and R(2) conditions, with no
participants from I. 50% did not reach the target.

6.5.3 Human Participant Viewpoint

For the human participant viewpoint, we identified the main themes for each
interview by focusing on participants’ subjective experiences, ensuring a broad
spectrum of perspectives and attitudes was captured.

Goal Understanding

Regarding the perceived avatar goal, some participants believed the avatar clearly
had a particular objective, regardless of whether this perception was entirely ac-
curate, while others felt that the goal was unclear or that no goal existed at all.

To the question “What intentions did the other person seem to have?”, ac-
counts ranged from fear and distrust to more neutral or functional interpreta-
tions. One participant described it as almost cinematic: “During the first trial
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it almost felt like a horror scene, because this person kept saying ‘come here,
come here!’”(U1852). Another participant associated the insistence with a poten-
tial threat: “Clearly it felt like someone who wanted something. . . I don’t know,
something unsafe [...] or something that would not benefit me, maybe even harm
me” (U1852). Spatial orientation also played a key role in how intentions were in-
terpreted. “They kept asking me to reach them, ‘come here,’ and I imagined that
once I got to the exact point, the voice would stop speaking.” (U3236). Finally,
for some participants, the uncertainty shaped their response: “Not knowing the
entity of the voice, the statement ‘come here’ is one that makes you want to move
away.” (U4214). From these responses, two broad categories were derived for
classification purposes: the goal is clear to the participant and the goal is not clear.

Environmental Presence

Under the dimension of Perceived Coherence, participants noted whether they
found the system fully coherent and immersive (I-C), not coherent and/or immer-
sive at all (No I-C), or partially coherent and immersive (Quasi I-C). For instance,
those who considered the system Quasi I-C often pointed to certain features that
felt well-integrated, in contrast to other elements that seemed inconsistent or dis-
connected.

When the interviewer asked participants “Do you have any particular thoughts
about the other person in the room?”, they once again offered diverse impres-
sions, oscillating between perceptions of threat, artificiality, and monotony. For
some, the dominant impression was one of aggression: “The impression was an
aggressive manner” (U1852). For others, the non-human quality of the voice was
the most salient aspect, noting that “It was a very robotic voice, a bit like Google,
or Alexa, so it was clear it wasn’t an actual human being” (U2625).The monotony
of repetition also stood out. As one participant explained: “Maybe the fact that
they kept saying the same things made it a bit monotonous. [...] Other consider-
ations: surely the sound of the footsteps, that was interesting [...] because it gave
you more of a feeling like ‘they’re getting tired because you’re not going where
they want you to go’” (U3584). This account illustrates how subtle auditory de-
tails beyond speech, such as footsteps and sighs, can enrich the sense of presence
and intention.

Participants were also asked “How real did the experience seem to you on
a scale from one to ten?” rating the experience, on average, 6.77 ± 1.59. While
breathing was often judged as more convincing than speech or footsteps, incon-
sistencies in rhythm or directionality undermined immersion. At the same time,
the possibility of spatially locating the source in a precise and embodied way (28
out of 30 participants correctly identified the virtual agent as always behind the
position) enhanced the perception of reality, showing how subtle acoustic cues
can shift the experience from abstract to strikingly tangible.

User-Simulation Connectivity

The perceived directionality of the interaction between the user and the agent
ranged from a fully bidirectional relationship (Bi), where both the user and the
agent influenced each other, to unidirectional influence (Uni), in which either the
avatar or the user held the primary influence (No). In certain cases, participants
saw no meaningful interaction between the two. Participants were asked “Did
you notice anything particular about your movement and that of the avatar?”.
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One explained: “They tended to always stay behind me—they never went in
front—they made small movements” (U2757). Another participant described the
voice as repeatedly drawing them back to a fixed position: “When I moved away
from the reference point, the voice kept asking me to return to the exact spot. Dur-
ing the test, I even moved away on purpose to understand better the exact spot,
how the request varied” (U3236). A further account emphasized the impression
of mobility of the avatar: “Basically, I tried to adjust my own movement accord-
ing to the distance, and it seemed to me that they were moving back and forth
along the corridor” (U3584). This suggests that participants actively calibrated
their movements in response to auditory feedback, producing a dynamic loop
between their embodied actions and the perceived positioning of the agent. Over-
all, these responses highlight the co-constitutive nature of movement and sound:
participants adjusted their trajectories to make sense of auditory cues, while in-
terpreting the virtual agent’s presence as variably fixed, guiding, or mobile. Such
accounts stress the embodied strategies by which users negotiate presence and
orientation in audio-based interaction.

Emerging Patterns

Using gopher distance-based clustering [356] on the three identified themes and
the corresponding labelled interviews, three primary clusters emerged. Fig. 6.10
displays their distinguishing features, grouped in Goal-Oriented, Self-Centered, and
Shared-Discovery clusters.

Cluster Goal-Oriented is composed by 16 subjects. All reported a clear goal of
the agent, most interactions were reported to be Uni (9 out of 15), while 5 were
reported Bi, and 2 No. The overall coherence was usually considered good: the
vast majority was I-C (6) and Quasi I-C (6), while 4 was No I-C. Interestingly, half
of the participants reported elements of hostility (8 out of 16), while 3 revealed
a lack of understanding. These findings suggest that, even amidst uncertainty,
users remain sufficiently involved to perceive some level of coherence—though
friction or misalignment can still trigger adverse reactions.

Cluster Self-Centered is composed of 9 subjects. In the interviews, all the sub-
jects described the goal as not clear but usually was I-C (7). The remaining 2
participants was No I-C. As regards interaction, only 2 subjects reported Bi in-
teraction, 3 subjects considered the system Uni, and 4 No. Additionally, random
elements accounted for half of the observations, pointing to a divergent or un-
predictable user response. Marked by generally poor experiences, this cluster
lacked entanglement, immersion and coherence, indicating minimal reinforce-
ment to sustain meaningful interaction.

The last cluster, Shared-Discovery, was composed of 5 subjects. 4 participants
reported Bi interaction, one reported Uni. All was Quasi I-C and the goal was not
goal. This fluidity demonstrates how greater user–agent interactivity can foster
more pronounced responses, both positive and negative, and underscores the
dynamic nature of entanglement in user experiences.

6.6 Intra-Action Analysis: Systemic View

Both the human and the simulation adapt and respond to one another, creating a
dynamic, relational space that could not have been predicted solely based on the
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FIGURE 6.10: Human participants’ viewpoint: clustering of question-
naire’s themes. On top of the stacked bar chart, a visual distinction
between the perceived goals is provided. Within each cluster, the bars
on environmental presence are stacked based on user-simulation con-

nectivity.

initial hypotheses. Thus, the systemic view, refined by detailed intra-action anal-
ysis, reveals the first tangible evidence of entanglement within the experimental
environment.

6.6.1 Comparison between Researcher and Computer Viewpoints

The digital agent possesses a different perspective compared to the researchers’
team based on its interactions with human participants. As depicted by the al-
luvial plot in Fig. 6.11-a, a direct correspondence between the experimental con-
ditions and resulting reward clusters does not emerge. Although experimental
conditions offer a useful framework set of possible interactions, they do not fully
account for the nuances of behaviors observable during the experiential sessions.
Moreover, statistical analysis reveals that the experimental conditions only yield
trends, not statistically significant outcomes. For instance, while users in the In-
timate condition tend to cluster within the Direct behaviour while the Public and
Random conditions yield a more diffuse result. This demonstrates that t f inal and
agent-user interaction dynamics are influenced by more than just the designed
conditions, and in complex systems, user-specific traits and situational responses
play a substantial role.

6.6.2 The Relational Mirror Offered by the Computer Viewpoint

The computer agent’s perspective also encompasses multiple perspectives or fea-
tures, which acts as an experiential mirror of each participant. In particular, the
analysis of the most frequent actions permits a more granular analysis, thereby
furnishing insights into the complexity of relationality between the human par-
ticipant and the agent.

In the comparison between the two perspectives, the Direct cluster largely cor-
responds to the Single Mode action pattern, with half of the cases falling into the
Dual Modes pattern, where participants exhibit one dominant action type above
the mean. When a second action is present, it often belongs to the same category,
such as two types of forward movements. Importantly, no Direct subject is asso-
ciated with the Multi Modes pattern, indicating that this group is characterized by
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FIGURE 6.11: Systemic view. Alluvial plots a) from experimental con-
ditions to reward clusters. b) from reward cluster to agent’s local pat-

terns. Color coding across categories is consistent with earlier figures.

brief, focused interactions that do not require the agent to explore a wider action
repertoire to achieve task completion.

In contrast, the Dialog cluster aligns predominantly with Dual Modes behavior,
and notably, these action pairs typically span different categories (e.g., forward
and backward, forward and stop), highlighting a more diverse interaction strat-
egy. While most Dialog participants are confined to this Dual Modes structure,
some cases fall into Multi Modes and Direct, suggesting that a broader interac-
tional range may be required for dialogic engagement under certain conditions.

The Divergent type consistently falls into the Multi Modes or, less frequently,
dual-mode action patterns. All participants in this group have at least three ac-
tion types above the mean, confirming their complex and variable behavior. This
diversity aligns with longer interaction times and the need for the agent to ex-
plore multiple action paths in an attempt to engage meaningfully. Notably, no
Direct-type participant is found in the Multi Modes group, reinforcing the inter-
pretation that more exploratory interactions are required to produce Divergent
behavioral profiles.
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FIGURE 6.12: Typology of entanglement traces between entities
Computer and Human participant, represented through circular di-
agrams. Rows indicate relationality characterization, while columns
indicate perceived intentionality. The diameter of each circle is pro-
portional to the numerosity of ETs in the corresponding configu-
ration. Arrows identifies relationality modes within a greyscale of
emergence. The target icon indicates the clarity of the perceived goal

in a greyscale.

Overall, the partial alignment between global and local features in the reward
clusters highlights a meaningful relationship between the agent’s two perspec-
tives. The diversity of user experience clearly transcends such categorical bound-
aries, underscoring the necessity of a broader systemic approach.

6.6.3 Perceived Intentionality

Another crucial comparison emerges when aligning the local-mirroring computer
viewpoint, i.e., action characterization, with the local-human viewpoint, derived
from the clustering of interview-based thematic analyses on perceived intention-
ality (as described in Sec. 6.5.3). These qualitative clusters—Self-Centered, Goal-
Oriented, and Shared-Discovery—are grounded in participants’ subjective percep-
tions of the interaction and built around emergent patterns of perceived presence,
relational intentionality, and entanglement characterization.

When mapping perceived intentionality of the ETs onto the relational action
patterns (see Fig. 6.12), an informative and consistent alignment becomes evi-
dent. One notable finding is that ET experiences classified as Single Mode never
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fall into the Shared-Discovery cluster. This absence aligns with the core nature
of Shared-Discovery, which presupposes an exploratory orientation and a diver-
sified interaction repertoire. Participants in this cluster often reported engaging
in detailed, exploratory narratives, demonstrating attentive focus on immersive
elements such as the spatial dynamics of the AI agent or the supporting sound
effects (footsteps and breathing), indicative of a high degree of cognitive engage-
ment and active meaning-making that exceeds what a single dominant interac-
tion mode can support.

In contrast, participants within the Self-Centered cluster seldom display Multi
Modes behavior. Their interactions tend to be fragmented or shallow, and their
lack of perceived coherence or clear agent intentionality appears to limit the de-
velopment of mutual alignment. This correlates with a reduced need for the AI
agent to explore alternative interaction strategies, confirming the only behavioral
pattern observed, which appeared effective.

The Goal-Oriented cluster occupies a hybrid position. Participants in this group
exhibit both Single, Dual, and Multi Modes patterns, a reflection of the variability
in their interpretation of the agent’s intentionaity. While most participants do
perceive a goal, their understanding of what that goal is tends to diverge sig-
nificantly. Multiple, sometimes conflicting goals are reported, indicating that al-
though these participants are engaged, the agent’s intentions may be ambigu-
ously communicated. This ambiguity is plausibly the result of an interplay be-
tween algorithmic constraints in modeling evolving goal structures and user-
specific interpretative responses, which jointly contribute to the observed behav-
ioral heterogeneity.

6.7 General Discussion

According to OBJ-1, the M-I-C-E methodology allows us to deepen the analysis
of the ETs experience in the experimental settings inspired by Kastanis and Slater
[239], who focused on the observable effects of proxemics-driven movement per-
suasion in controlled conditions. From a traditional hypothetico-deductive per-
spective, the hypotheses RH1 and RH2 did not yield statistically significant re-
sults with respect to the researcher’s viewpoint and Kastanis’ original research
questions on the link between proxemics and t f inal . However, our analysis shifts
the focus toward the traces of entanglement emerging from the We-subject sys-
temic vision (OBJ-2). It is worthwhile to notice that none of the participants ex-
plicitly identified the coded goal of the digital agent. This highlights a funda-
mental phase of the intra-action: rather than selecting a predefined objective, par-
ticipants entered a process of predicting the agent’s intentionality, i.e., an align-
ment phase to co-constitute a shared intentionality of the We-subject. It is pre-
cisely within this exploratory, uncertain space that the first signs of entanglement
emerge (OBJ-3). This phase can be interpreted as the relational handshake, a point
where digital and human agents begin to understand each other, unfolding early-
stage engagement patterns.

Entanglement traces, far from being a singular construct, manifested in mul-
tiple configurations throughout the proposed experiment. Figure 6.12 displays
the eight entanglement trace types identified through the M-I-C-E methodology
as a subset of the 3 ↗ 3 combinations of the relationality patterns, i.e., computer’s
experiential mirror, and perceived intentionality clusters from interview thematic
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analysis. Following the goal-understing distinction as in Fig. 6.10, two main fam-
ilies of traces emerged when participants believed a goal was present and coher-
ent, and those emerging in conditions of ambiguity or confusion. The majority of
the ETs belong to the first family when human participants can report a perceived
intentionality:

• Trace 1 (6 ETs) - Goal-Oriented, Single Mode. The experience followed a strict
path with minimal variation, likely driven by internal belief rather than adap-
tive response. This strategy may suggest a more selfish form of engagement.

• Trace 2 (7 ETs) - Goal-Oriented, Dual Modes. These interactions were focused
and ETs show moderate adaptation. This reflects a clear and effective approach
to the task, whereby ETs rapidly converged on a perceived intentionality with-
out the need to revisit or revise previous steps.

• Trace 3 (3 ETs) - Goal-Oriented, Multi Modes. The experience showed high en-
gagement but seemed to misread or misinterpret the agent’s intentionality. The
result was intense interaction that lacked coherence, as participants’ assump-
tions shifted over time, prompting them to explore multiple paths before gain-
ing confidence in the goal.

On the other hand, when the goal has been perceived as unclear, diverse ex-
ploratory intra-actions unfold:

• Trace 4 (4 ETs)-Self-Centered, Single Mode. These happened in short experiential
sessions. Participants completed the task quickly with minimal adaptation or
sense of connection. The interaction was possibly driven by low perceived
relevance of the experience.

• Trace 5 (4 ETs) - Self-Centered, Dual Modes. ETs alternated between exploring
the digital agent’s behavior and relying on human agent’s preconceptions, pro-
ducing disorientation, exposing the difficulty of sustaining coherence against
shifting assumptions.

• Trace 6 (3 ETs) - Shared-Discovery, Dual Modes. This group also showed oscil-
lation between behaviors, indicating an active search for meaning. ETs were
likely engaged but lacked sufficient clarity to stabilize their interactional pat-
tern.

• Trace 7 (2 ETs) - Shared-Discovery, Multi Modes. These ETs interacted deeply
and across multiple modes, yet failed to converge on a shared goal. Their
exploration was rich but unfocused, possibly highlighting a disconnection be-
tween the agent intentions.

• Trace 8 (1 ETs) - Self-Centered, Multi Modes. this single ET group was open to
negotiation but did not exhibit sufficient consistency. With only one example,
interpretation remains tentative but points to a space of unresolved mutual
engagement.

An open methodological question is how specific experimental a-priori pro-
cedure shapes each I–C–E component. The number of possible configurations
explodes combinatorially: proxemic boundaries (tighter vs. looser thresholds),
agent’s sound design (voice timbre, footstep salience, call frequency), goal salience
(implicit vs. lightly primed), adaptation rate of the RL algorithm (fast vs. grad-
ual), avatar embodiment (audio-only vs. audio-visual), and experiment duration.
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Considering the latter, the short duration of the sessions privileged early-stage
mutual negotiations and handshake-like alignment while impairing the devel-
opment of a more stable We-relation. This temporal constraint likely amplified
oscillations (Dual/Multi-Modes) and under-sampled later stabilisation phases,
i.e., almost all participants achieved the goal without differentiation based on
proxemics and a high number of random choices for the RL algorithm (invali-
dated RH1 and RH2). Over longer, more complex encounters, traces are expected
to evolve through phases (e.g., handshake, mutual calibration, stabilisation, and
breakdown/recalibration). Purposeful piloting can be used to open or narrow
the spectrum of intra-actions, thereby sharpening trace differentiation. More-
over, capturing this dynamics requires a dynamic network representation, e.g.,
evolving graph-style representations where tracking immersion, coherence, and
entanglement over time [359]. However, developing such tools is out of the scope
of the present study and a primary avenue for future work.

It is worthwhile to notice that if the proxemics-driven persuasion hypotheses,
HP1, had been confirmed, we would have observed a convergence toward the
researcher-coded intentionality in the simulation. Methodologically, this would
strengthen OBJ-1 from the researcher-persuasive perspective but may compress
the variety of traces and mask early relational negotiation, potentially flattening
the emergent We-subject dynamics that are central to the multi-perspective rich-
ness required by OBJ-2 and OBJ-3.

6.7.1 Challenges

Since the interviews were based on open questions and were not explicitly de-
signed to probe relationality and activity types, our thematic analysis allowed
us to sketch the M-I–C–E framework from participants’ lived experiences. A
promising and challenging next step would be to complement this with targeted,
relation-centred qualitative evaluation tools. For example, the integration of stan-
dardized questionnaires linked to the three ICE components could combine mul-
tiple presence and agency scales, such as the Igroup Presence Questionnaire (IPQ)
[360], the assessment tool for perceived agency [361]. Ultimately, designing and
validating a dedicated M-I-C-E questionnaire with an ad hoc set of items would
provide a standardized tool to formalize the data space, enabling consistent as-
sessment across studies and fostering cross-modal comparisons.

From the proposed study, it is evident that the efficacy of the M-I–C–E method-
ology presupposes a precise mirroring of the system dynamics, aiming at under-
standing human perception. Without AI explainability and transparency, the en-
tanglement traces risk becomes speculative. The proposed digital agent based on
the interpretability of Q(λ) prioritised policy transparency in logging state – ac-
tion – reward sequences, offering post-hoc policy visualisations for explainability
due to its limited size in state space. However, the challenge of Explainable AI
(XAI) is particularly critical in RL [362], where increasing complexity can easily
turn models into opaque black boxes. Beyond the current Q(λ) setup and the
relational nature of I-C-E, it is worth exploring alternative approaches, such as
actor–critic methods [363], relational RL frameworks such as Relational Markov
Decision Processes (RMDP), and relational Bayes networks [364]. Finally, policy
distillation into interpretable models, such as decision-rule surrogates, represents
another avenue could enhance transparency [365]. Finally, adopting human-in-
the-loop strategies [366], e.g., policy or reward shaping, ensures that the mirror-
ing of the system dynamics remains inspectable, keeping the I–C–E framework
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analytically robust.

6.8 Conclusion

This study has shown how the M-I–C–E methodology provides a new frame-
work for investigating human–AI relationality with immersive technologies. By
triangulating researcher, simulation, and participant perspectives, the framework
captures not only measurable behaviors but also the lived and often divergent
experiences that emerge from negotiation with digital agents. The persuasive
proxemics-based experience of an audio-voice agent demonstrated that entan-
glement traces cannot be reduced to top–down experimental conditions induced
by the research team: instead, they reveal themselves as We-subject relational
configurations that exceed design intentions, underscoring the need for multi-
perspective approaches in HCI.

From a theoretical standpoint, the observed dissonances across viewpoints il-
luminate the limits of predefined models of user response and support a shift
toward relational ontologies. In our ETs framework, Barad’s agential realism res-
onates strongly with our findings, highlighting how agency is enacted between
human and non-human agents rather than possessed by either. In this sense, the
proposed methodology does not simply evaluate interaction quality but offers a
way to account for the co-constitution of subjectivity, intentionality, and space in
VR/AR environments.

Finally, the M-I-C-E methodology can be extended beyond proxemics and per-
suasive technologies to domains such as collaborative learning, industrial train-
ing, or therapeutic applications, to name but a few, where emergent traces of
entanglement are decisive for human well-being. More broadly, it invites de-
sign research practices to embrace systemic, cross-disciplinary analyses capable
of integrating behavioral data, phenomenological concepts, and computational
models. M-I–C–E contributes to shaping a responsible and transparent vision of
future human–AI ecologies where technology participates in the co-creation of
shared experiential worlds.
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Chapter 7

Conclusions

7.1 Main Thesis Achievements

This research has contributed to the evolving fields of Sonic Interaction in Virtual
Environments (SIVE) and HCI by redefining the role of audio as a primary agen-
tial force within intelligent environments. By shifting the perspective from tradi-
tional sound reproduction to a framework of agential realism [38], this work has
established how egocentric audio technologies whithin a MR context can serve
as mediators in the mutual interaction between human (users) and non-human
(technology) entities.

Chapter 2 addressed a research gap in understanding the bidirectional, agen-
tial relationship between human users and AI-driven interfaces. This led to the
definition of the M-I-C-E framework (Multiperspective, Immersion, Coherence,
Entanglement), providing a foundational framework for analysing human- tech-
nology interaction. Building upon this, the M-I-C-E methodology was introduced
as a significant innovation to integrate the perspectives of designers, users, and
virtual agents. This conceptual development evolved the theory of the Auditory
Digital Twin into the "Entangled Twin", shifting the discourse from viewing inter-
faces as passive tools to recognising them as active participants in a collaborative
"we-relationship".

Chapter 3 introduced a possible application domain for Audio AR: Cultural
Heritage Storytelling. A systematic review discussed the role of audio in the field,
highlighting a crucial shift toward personalization. This was practically demon-
strated through "Narrami," a hypothetical case study on adaptive storytelling. On
the technical front, Chapter 4 established a robust auralization framework incor-
porating environmental room acoustics and user-specific HRTF personalization,
as well as headphones equalisation and user tracking, reconstructing a real room
(a corridor) in the virtual realm. Rigorous evaluations of consumer hardware,
such as the iPad, ensured spatial audio fidelity and tracking accuracy for the eco-
logical deployment.

Methodological advancements continued in Chapter 5 with a deep discussion
about Immersion and Conherence.

Section 5.2 is dedicated to the role of tracking introducing an evaluation of
tracking using consumer-grade devices. The following sections discussed D&DMUSHRA
and its expanded version, D&DMUSHRA+, a screening protocols that allow for
the simultaneous testing of multiple rendering factors like HRTF and equali-
sation. Experimental validation confirmed that personalisation is essential for
maintaining plausibility and co-immersion. Moreover, to visualize these complex
dynamics, the EXMap was introduced to track interactions between human users
and technological systems over time. The chapter also explored co-immersion.
By applying Signal Detection Theory (SDT), we analyse how effectively users can
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discriminate between sounds coming from real and virtual speakers using differ-
ent rendering techniques.

Chapter 6, introduced the Entanglement eXperience Map (EXMap), a design
tool aimed at representing and tracking SIVE dimensions in an actor-network
map. The second part of the chapter detailed an ecological study using a Rein-
forcement Learning virtual agent, which led to the identification of eight distinct
entanglement traces. These traces provided a novel taxonomy for understanding
how intentionality and meaning are co-constituted between human users and in-
telligent audio agents.

7.2 Future Directions

The outcomes of this thesis open promising avenues for future research in SIVE.
One primary direction involves the improvement and expansion of the Entan-
glement Traces taxonomy. While the current research primarily focused on the
initial handshake phase of interaction, future studies should consider implement-
ing longitudinal experiments in ecological environments. This would enable the
monitoring of entanglement evolving over extended periods, identifying traces
that emerge only through sustained interaction and defining formal measure-
ment metrics to quantify the depth and quality of the human-agent interaction.

Building on this, future research should focus on applying the M-I-C-E frame-
work to other multimodal contexts. Although this thesis prioritised the auditory
dimension, the methodology is designed to be extensible to MR environments
where the visual component is integrated. Investigating the coherence between
spatial audio and visual stimuli through the lens of entanglement will be cru-
cial for developing truly immersive experiences. Furthermore, the framework’s
application can be extended to the study of interaction with general UIs and so-
cial networking platforms. In these contexts, entanglement can manifest through
algorithmic feedback dynamics and personalised information flows, where the
system is an agent that actively shapes social content and user perception. This
necessitates an evaluation of coherence and immersion even in the absence of a
three-dimensional spatial component.

Furthermore, a significant opportunity can come from applying M-I-C-E frame-
work to different fields. While Cultural Heritage represented the first elected
context, the framework and technologies developed here can be applied to indus-
trial, educational, and medical fields, as well as to socio-collaborative scenarios
involving human-human-technology interaction. Exploring how egocentric au-
dio facilitates collaboration in shared environments where multiple humans and
technologies interact simultaneously could be an interesting area of development.

The technical integration of advanced algorithms and Large Language Mod-
els with the Auditory Digital Twin presents another vital opportunity. Future
work should explore how generative AI can synthesize spatialized dialogue and
environmental soundscapes that respond dynamically to a user’s verbal input
and emotional state. Implementing more sophisticated RL models will allow for
a more natural and fluid interaction, deepening the sense of co-presence.

In addition to the broader research perspectives outlined above, this work
opens several concrete and short-term research directions directly grounded in
the findings of this thesis.

A first direction concerns the systematic investigation of perceptual thresh-
olds in Audio MR. The results of Chapter 5 suggest that users tolerate a certain
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degree of approximation in tracking and audio rendering. Future studies should
aim to quantify these thresholds more precisely, identifying the minimum tech-
nical requirements needed to achieve perceptual plausibility under different con-
textual conditions.

A second direction relates to the role of sound design in shaping interaction
and entanglement. As highlighted in Chapter 6, auditory cues such as spatial-
ization, and temporal patterns may significantly influence users’ interpretation
of agent behavior. Controlled experiments focusing on these parameters would
enable a more fine-grained understanding of audio-driven interaction.

A third direction involves the development of adaptive rendering strategies.
Building on the findings of Chapter 5, future work could explore dynamic allo-
cation of computational resources based on perceptual relevance, user context, or
interaction complexity, enabling scalable Audio MR systems.

Finally, the EXMap framework introduced in Chapter 6 could be further re-
fined and validated across different application domains, including collaborative
XR scenarios and cultural heritage experiences, to assess its generalizability and
analytical robustness.

To conclude, an ambitious future direction should be a better understand-
ing of the impact that human-technology interaction has on individuals. Future
research in the field should aim to culminate in the creation of comprehensive
guidelines for the safe and ethical design of entangled systems. Ensuring that
these pervasive and intelligent environments respect user agency and well-being
is essential as they become increasingly integrated into daily life.
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