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Preface

Augmented reality (AR) has emerged as a versatile medium for enhancing human 
experience across education, design, medicine, architecture, sound, and beyond. This 
volume brings together diverse perspectives on AR, grouped into four thematic Parts 
that move from foundational questions to technical advances, practical applications, 
and critical reflections. Together, these chapters illustrate the breadth of AR research 
today and suggest directions for its future development.
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1. Immersive Technologies vs. Traditional Methods in Medical Education: Enhancing 
Spatial Understanding and Interactivity through AR and VR: Mohammed Kadri, 
Fatima-Zahra Kaghat, Ahmed Azough and Khalid Alaoui Zidani provide a compara-
tive framework for assessing immersive tools against conventional pedagogical 
practices, highlighting their ability to enhance spatial reasoning in medical contexts.

2. Effects of AR on a Mixed-Media Math Teaching Environment for Primary School 
Students: Ghina-Alexandra Garcés-Rojas and Gerardo-M. Sarria-M examine how 
augmented overlays can enrich primary mathematics education, encouraging 
engagement and conceptual understanding.
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Natural Science Museums: Delsa Silva Amino Cufuna, Gizeh Rangel-de Lazaro and 
Josep M. Duart shift focus to informal settings, showing how museum-based AR 
applications can spark curiosity and deepen science learning outside the classroom.

Section II: Technical Approaches: Sensory Modalities, Perception, and 
Interaction

4. Auditory Augmented Reality for Well-Being: Michael Frishkopf and Scott Smallwood 
investigate how soundscapes and auditory overlays can foster well-being and immer-
sive affective experience.

5. Spatial Sound Rendering for Audio Augmented Reality: Jean-Marc Jot and Michael 
Cohen introduce technical strategies for rendering and positioning sound sources in 
three-dimensional augmented space, enabling more convincing and spatially accurate 
audio-AR environments.
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Disorientation and Disappointment: William L. Martens and Frederico Pereira analyze 
the risks of mismatched sensory cues and warn of disorientation when design prin-
ciples are neglected.

7. Redirected Seating (RDS) in Helical Space: Michael Cohen and Alaeddin Nassani 
explore novel redirected interaction techniques, demonstrating how subtle manipula-
tions of perception can create entirely new spatial and bodily experiences in AR.
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Section III: Applications: Professional and Design Practice

8. Transforming Neurosurgery with Augmented Reality: Chih-Wei Huang, Chi-Ruei Li, 
Mao-Shih Lin, Chiu-Chun Chen and Hsi-Kai Tsou illustrate the high-stakes applica-
tion of AR in surgical planning and intraoperative guidance, showing its potential to 
improve precision and safety in neurosurgery.

9. Augmented Reality as a Tool for Improving Energy Efficiency in the Conservation of 
Heritage Buildings: Mihrimah Şenalp, Erdem Köymen and Enes Yaşa address the inter-
section of technology and sustainability, revealing how AR can support conservation 
practices while promoting energy efficiency in historical architecture.

10. Augmented Reality for Lighting Adjustment in a Virtual Studio: Maja Michaelis and 
Jens Herder demonstrate AR’s role in the creative industries, where designers use 
immersive tools to refine lighting and staging in virtual studios, bridging technical 
rigor with artistic expression.

VII

Section IV: Critical and Societal Perspectives: Ethics and Futures

11. AI-Powered Augmented Reality as a Threat Vector for Human Manipulation: Louis 
Rosenberg issues a timely caution about the capacity of AR, when combined with 
artificial intelligence, to manipulate perception and behavior, and calls for ethical 
frameworks to guide future deployment.

Taken together, the chapters in this volume illustrate the dual character of augmented 
reality: at once a tool for learning, a medium for sensory exploration, a professional 
instrument, and a site of ethical concern. The diversity of perspectives here, from 
classroom to operating room, from sound rendering to redirected motion, from 
heritage preservation to critical warnings, shows both the promise and the complexity 
of AR as it becomes integrated into human life.
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Chapter 1

Immersive Technologies vs.
Traditional Methods in Medical
Education: Enhancing Spatial
Understanding and Interactivity
through AR and VR
Mohammed Kadri, Fatima-Zahra Kaghat, Ahmed Azough
and Khalid Alaoui Zidani

Abstract

Medical education is increasingly in need of assessing how well emerging
immersive technologies stack up against traditional teaching methods. This chapter
offers a comparative look at spatial understanding in anatomy education across three
approaches: traditional learning (TL), augmented reality (AR), and virtual reality
(VR). We examined these teaching methods through a two-phase assessment: pre-test
baselines and immediate post-test results. Students were divided into three distinct
groups: one following traditional learning methods, another working with an AR
anatomy mobile app, and a third using our Immersive Virtual Anatomy Laboratory
(IVAL) virtual reality system. This structured evaluation lets us track initial learning
gains across all three methods. Our findings show that while both AR and VR
outperform TL in immediate knowledge acquisition, VR demonstrates greater effec-
tiveness in our context of spatial learning; however, AR may be better suited for
particular use cases requiring portability or layered visualization. These insights offer
evidence-based advice for effectively incorporating immersive technologies into
medical curricula, taking into account resource limitations and educational goals.

Keywords: virtual reality, augmented reality, immersive technologies, spatial
understanding, medical education

1. Introduction

In recent years, medical education has faced the growing challenge of developing
pedagogical approaches to anatomy that not only convey factual knowledge but also
foster spatial understanding and support long-term retention [1]. Traditional methods
often rely on textbooks and 2D images, leading to a superficial understanding of the
material, especially when it comes to visualizing complex 3D relationships between
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anatomical structures [2, 3]. Medical students must have a good understanding of how
each part of the human body functions and how each relates to the others. Many
studies emphasize the role that spatial understanding plays in knowledge retention
[4–6]. However, most universities still teach traditionally, increasing medical
students’ distress, especially when trying to project flat images into real three-
dimensional concepts [7]. The importance of this task is clearly emphasized in clinical
practice, where in-depth 3D knowledge is naturally required [8].

In response to these limitations, immersive technologies such as virtual reality
(VR) and augmented reality (AR) have emerged as promising tools to revolutionize
how anatomy is taught and learned [9, 10]. AR and VR offer unique advantages that
directly address the shortcomings of conventional teaching methods. VR employs
stereoscopic displays to create a fully immersive environment where students can
perceive depth and spatial relationships in a lifelike manner [11]. This immersive
quality enhances the sense of presence—the feeling of “being there”—which has been
shown to improve both engagement and comprehension. In contrast, AR overlays
digital information onto the real world, thereby enriching traditional learning by
adding interactive, contextually relevant layers to standard anatomical images [12].
Such real-world integration helps bridge the gap between theoretical knowledge and
practical application, making abstract concepts more tangible.

At the heart of these technologies lies a robust theoretical framework based on
three key constructs: immersion, presence, and interaction. Immersion refers to the
degree to which a VR system can envelop the user in a realistic digital environment,
thereby facilitating deep cognitive engagement with the subject matter [13]. Presence
captures the user’s subjective experience of actually “being” in that virtual space,
which enhances the learning experience by making it more memorable [14]. Interac-
tion is the mechanism by which learners actively manipulate virtual models—whether
by rotating, zooming, or dissecting them—thus reinforcing spatial and procedural
understanding [15]. For example, VR’s stereoscopic imaging allows students to per-
ceive subtle depth cues that are critical for accurate anatomical interpretation, while
AR’s capability to overlay digital content onto real-world views directly supports the
identification and contextualization of anatomical structures.

This chapter integrates these theoretical principles into a comprehensive study
comparing TL, AR, and VR in anatomical education. By linking the theoretical frame-
work with practical, hands-on experiences, the introduction sets the stage for the
experimental study, which is detailed later in the chapter. The subsequent sections
describe our methodology, present empirical findings, and discuss the implications of
these immersive technologies for modern medical education. In doing so, we aim to
demonstrate not only the technical capabilities of AR and VR but also their profound
potential to enhance learning outcomes by transforming the way students interact
with and understand complex anatomical information.

2. Background: Immersive technologies in medical education

2.1 Augmented reality (AR) in medical education: Definition and key features

AR, in the context of medical education, involves the seamless integration of
digital information – including visuals, and potentially auditory or haptic feedback –

into the learner’s real-world environment in real-time [16]. This augmentation
enhances the perception of reality and offers a powerful tool for visualizing abstract
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anatomical concepts. Unlike VR, which creates a fully immersive digital environment,
AR strategically overlays virtual elements onto the physical world, allowing students
to interact with both simultaneously [16]. This positions AR within the Extended
Reality (XR) spectrum, offering a balance between real-world context and digital
enhancement, particularly valuable for anatomy learning.

2.1.1 Defining AR for anatomy education

Building on broader definitions, AR in medical anatomy education can be defined
as any interactive system that combines computer-generated virtual anatomical enti-
ties with real-world physical elements in real time [16]. Following Azuma’s founda-
tional work [17], AR “allows the user to see the real world with virtual objects
superimposed, composed, or overlaid,” crucially complementing rather than replacing
the real environment. In anatomy, this means students can visualize 3D anatomical
models overlaid on textbooks, physical models, or even their own bodies, enhancing
their understanding of spatial relationships in situations.

2.1.2 Core characteristics of AR systems for anatomical learning

For effective application in anatomy education, AR systems should possess key
characteristics [17]:

• Combination of real scenes and virtual objects: AR should seamlessly integrate
three-dimensional virtual anatomical entities into the real world, providing
contextually relevant visualizations. For example, visualizing the skeletal system
overlaid on a patient or an anatomical model.

• Real-time interaction for active learning: AR systems must enable dynamic, real-
time interaction with virtual anatomical content. This interactivity moves beyond
passive observation, fostering active exploration and manipulation of anatomical
structures, crucial for spatial understanding. This excludes pre-rendered media,
such as films, emphasizing live engagement.

• 3D registration for spatial congruence: Accurate 3D registration is essential. Virtual
anatomical objects must be precisely aligned with the real-world environment,
ensuring spatial congruence and believable augmentation. Misalignment would
hinder spatial understanding rather than enhance it.

2.1.3 Display technologies relevant to medical AR applications

Several display technologies are utilized to implement AR in practical medical
applications:

• Video see-through AR: In this approach, virtual content is overlaid onto a real-time
video feed of the physical environment captured by outward-facing cameras.
Users do not see the real world directly through the AR device; instead, they view
a combined video stream of the real and virtual elements presented on opaque
internal displays. Common examples initially included smartphones and tablets.
More recently, sophisticated mixed reality headsets such as the Apple Vision Pro,
Meta Quest 3, and HTC Vive XR Elite utilize high-resolution video passthrough
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technology, effectively operating as advanced video see-through systems for
their AR/MR capabilities.

• Optical see-through AR: This method uses transparent display surfaces
(such as waveguides or specialized lenses) to project virtual content into
the user’s line of sight while allowing them to see the real world directly
through the display. This aims to blend virtual elements more directly into
the user’s natural field of view. Current devices utilizing this technology
include high-end mixed reality headsets like the Microsoft HoloLens 2 and
Magic Leap 2, specialized industrial solutions (e.g., Orion), and some consumer-
focused smart glasses (e.g., Ray-Ban Meta Smart Glasses). These devices
demonstrate various approaches to superimposing virtual visuals onto the
real world.

• Projection-based AR: In projection-based AR (also known as Spatial AR),
projectors are used to cast light, images, or information directly onto real-world
surfaces, effectively turning physical objects or spaces into display screens. This
method creates an augmented experience without requiring users to wear or hold
any personal devices. Examples include location-based entertainment (LBE)
projection-mapping experiences, such as those offered by TeamLab and Meow
Wolf attractions, as well as industrial applications like projecting assembly
instructions onto a workpiece.

2.2 VR in medical education: Definition and key features

2.2.1 VR’s impact on anatomy education

VR transcends being merely advanced hardware and software; it is a transforma-
tive medium capable of creating a compelling sensory illusion of presence within a
digitally constructed environment [18]. For medical education, particularly anatomy,
VR offers the potential for deeply immersive and interactive learning experiences.
This capability is primarily achieved through three fundamental characteristics:
immersion, presence, and interactivity.

2.2.2 Core characteristics of VR systems for anatomy education

• Immersion for enhanced spatial visualization: In VR, immersion refers to a VR
system’s capacity to create a vivid and encompassing illusion of reality. This is
achieved through technological capabilities such as high-resolution displays, high
refresh rates, high-quality spatial audio, and, in advanced systems, haptic
feedback. Immersion bridges the gap between technology and psychological
experience, making users feel “inside” a virtual anatomical world [13]. High
levels of immersion, especially with stereoscopic 3D and haptic elements, are
crucial for effectively conveying the three-dimensional complexity of anatomical
structures and spatial relationships. When immersed, learners become less aware
of their physical surroundings and more deeply engaged with the simulated
anatomical environment.

• Presence for enhanced engagement and retention: Closely linked to immersion is
presence, the subjective sensation of “being there” in the virtual environment,
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even while physically located elsewhere [14]. Presence depends on the
realism and coherence of the virtual environment. High levels of presence
are achieved when sensory inputs and interactions are seamlessly
aligned, creating a convincing illusion of spatial and temporal existence
within the VR anatomical space. This sense of presence can significantly
enhance engagement and potentially improve knowledge retention in anatomy
learning.

• Interactivity for active anatomical exploration: Interactivity in XR defines the
extent to which users can actively engage with and manipulate the virtual world
in real time [15]. Realistic interactivity is predicated on intuitive controls (such as
hand controllers), precise tracking of movements, and immediate feedback. This
enables users to perform natural movements within the virtual anatomy lab, such
as virtually grasping, rotating, and examining anatomical structures from any
angle. The spatial degrees of freedom (DoF) in VR systems are crucial for
enabling natural and intuitive interaction. 6-DoF systems, allowing both
translational and rotational tracking, are particularly beneficial for anatomy
exploration, mimicking real-world manipulation of physical objects. Combined
with interactive tools and haptic feedback, interactivity in VR empowers users to
navigate and influence the virtual anatomical environment dynamically,
fostering a deeper understanding of spatial relationships through active
exploration.

3. Immersive technologies in medical education

The integration of immersive technologies has transformed medical education,
particularly in anatomy learning, where spatial understanding is crucial. Recent
research demonstrates substantial improvements in learning outcomes, with 63.6% of
investigations focusing on practical skills reporting significant performance enhance-
ments [12]. AR and VR have emerged as complementary approaches to enhancing
medical education, each offering unique advantages for anatomical learning. Studies
show that both technologies significantly improve knowledge retention through
experiential learning opportunities, with VR excelling in simulating real-world sce-
narios [13] and AR making abstract concepts more tangible through interactive visu-
alization [14, 15].

3.1 AR in medical education

AR technology enhances learning by overlaying digital content onto real-world-
environments, facilitating immediate understanding and practical application
of anatomical knowledge [19]. A comprehensive meta-analysis found that AR
significantly improves learning effectiveness, motivation, critical thinking, and
practical skills [4]. In a study assessing AR’s impact on anatomical education, a
validated survey achieved an 85.4% response rate, with participants reporting
enhanced spatial relationship comprehension [20]. However, while AR
enhances practical skills and overall learning experience, its impact on
theoretical knowledge acquisition appears less pronounced compared to traditional
methods [12].
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3.2 VR in medical education

VR creates fully immersive environments where students can explore and
manipulate three-dimensional anatomical structures without real-world distrac-
tions [8]. This technology has proven particularly effective in surgical skills
development and emergency medicine training [16, 17], addressing resource
limitations, especially in low- and middle-income countries (LMIC) [18]. VR’s
immersive nature facilitates deeper engagement with learning materials,
leading to improved retention and understanding of complex anatomical
concepts [17, 18].

3.3 Key differences between AR and VR in educational contexts

AR and VR offer distinct advantages in medical education, each catering to differ-
ent learning objectives. For a detailed comparison of their learning environments and
interaction capabilities, see Table 1. AR enhances spatial understanding by inserting
3D models into real-world environments, providing contextualized views that bridge
theoretical and practical knowledge. It supports situational awareness and real-time
collaboration in physical spaces, making it ideal for anatomy visualization and hands-
on applications.

In contrast, VR immerses learners in fully virtual environments, enabling in-depth
exploration of complex spatial relationships without physical constraints. Its high level
of immersion fosters critical thinking and problem-solving in risk-free simulated
scenarios, such as virtual labs. While AR is more accessible and cost-effective, VR
delivers unparalleled engagement through complete isolation from the physical world.
Together, these technologies address diverse educational needs, offering complemen-
tary tools for accessibility, skill development, and overcoming challenges in educa-
tional contexts. For a comparison of their accessibility, applications, and challenges,
see Table 2.

Aspect Augmented reality (AR) Virtual reality (VR)

Learning
environment

Combines real-world settings with
virtual overlays for enhanced understanding.

Creates a fully immersive, simulated
environment for experiential
learning.

Interaction
with content

Enables interaction with virtual objects in
real-world settings for contextual learning.

Facilitates interaction with entirely virtual
objects and environments for active
learning.

Immersion
level

Medium: learners stay connected to the
physical world while interacting with virtual
elements.

High: learners are fully immersed in a
virtual environment.

Spatial
understanding

Overlays 3D models onto physical structures,
offering contextualized views.

Offers a fully virtual space to explore
and manipulate spatial
relationships.

Engagement Blends physical and digital worlds, enabling
real-time collaboration.

Provides total immersion, focusing
students on the virtual experience.

Table 1.
Comparison of learning environments and interaction in AR and VR.
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4. Methodology: Bridging theory and experimental design

Having established the theoretical foundations for the potential of immersive
technologies, particularly AR and VR, to enhance spatial understanding in medical
education, this section details the experimental methodology employed to empirically
investigate these claims. The study was designed to directly compare the effectiveness
of traditional learning and AR/VR methods in improving spatial anatomy knowledge
among medical students. This rigorous experimental approach allows us to move
beyond theoretical discussions and assess the practical impact of these technologies on
learning outcomes. The following subsections outline the specifics of the study,
including participant demographics, the learning modalities implemented, the
research design, and the experimental procedure.

4.1 Participants

The study included 75 participants, evenly divided into three groups: TL (n = 25),
AR (n = 25), and VR (n = 25). The participants in this study were biological and
medical students from Sidi Mohamed Ben Abdellah University in Fez, Morocco, with
an age range of 18 to 23 years (Means: TL = 19.76, AR = 19.68, VR = 19.72; SDs ≈ 1.1–
1.18). The distribution of academic years was consistent across groups, with the
majority of participants enrolling in their first or second year (TL: 48% first-year, 44%
second-year; AR: 56% first-year, 36% second-year; VR: 44% first-year, 48% second-
year). The chi-square test did not reveal a significant difference in AR/VR proficiency
levels between the groups (χ2 = 1.332, df = 3, p>0.05). The majority of participants in
both the AR and VR groups indicated high or very high proficiency. The provision of
informed consent and the preservation of participant anonymity bolstered the study’s
ethical and methodological rigor.

4.2 Learning modalities

This study employed three distinct learning modalities, ordered by increasing level
of immersion, to evaluate their effectiveness in enhancing spatial understanding and
knowledge retention in anatomy education: traditional learning (TL), augmented

Aspect Augmented reality (AR) Virtual reality (VR)

Accessibility Requires smartphones, tablets, or AR glasses;
more accessible in classrooms.

Requires specialized hardware such as
VR headsets, limiting accessibility.

Applications
in education

Ideal for topics needing real-world context, for
example, architecture or anatomy.

Suitable for subjects needing full
immersion, such as virtual labs or
medical training.

Skill
development

Enhances situational awareness and hands-on
skills in real-world settings.

Builds critical thinking and problem-
solving in risk-free environments.

Challenges Limited immersion may reduce effectiveness in
complex simulations.

High costs and technical requirements
are barriers to implementation.

Best use cases Enhancing real-world understanding and
linking theory to practice.

Ideal for simulations, virtual labs, and
inaccessible environments.

Table 2.
Accessibility, applications, and challenges in AR and VR in education.
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reality (AR anatomy), and virtual reality (IVAL). TL and AR were selected for
comparison as established methods in anatomy education, while IVAL was
custom-designed. This progression, from TL to AR to IVAL, follows the reality-
virtuality continuum, moving from purely physical learning environments (TL)
through augmented reality (AR) to fully immersive virtual experiences (IVAL).
Each modality was then carefully structured to deliver the same core anatomical
content but through fundamentally different instructional approaches, allowing for a
comprehensive and comparative analysis of their effectiveness in fostering spatial
learning. The specific platforms and procedures for each learning modality are
detailed below, presented in order from the least to the most immersive learning
experience.

4.2.1 Traditional learning (TL)

The TL approach, representing the least immersive modality and positioned at the
“real environment” end of the reality-virtuality continuum, was the control condition,
employing conventional methods widely used in anatomy education (Figure 1). This
modality provided a baseline for comparison against the immersive technologies. The
TL procedure included:

1.Visualization and identification from 2D resources: Students begin by visualizing
anatomical structures through 2D diagrams and illustrations in standard anatomy
textbooks. Using these static visual resources, they identify key anatomical
structures and their nomenclature as presented in the textbooks. This step relies
on interpreting two-dimensional representations to build an initial
understanding of anatomical forms and components.

2.Conceptual exploration of spatial relationships (Non-interactive): Learners then
engage in conceptual exploration of spatial relationships based on the 2D
information provided. Through careful study of textbook diagrams and
written descriptions, they attempt to mentally construct three-dimensional
relationships between anatomical structures. This step involves a non-
interactive, cognitive effort to infer spatial arrangements from limited visual
and textual cues, relying on their spatial reasoning abilities to build a conceptual
model.

Figure 1.
Traditional learning (TL) modality: Textbook study. (a) Visualization and identification from 2D resources,
(b) Conceptual exploration of spatial relationships, and (c) Knowledge consolidation and self-assessment through
review.
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3.Knowledge consolidation and self-assessment through review: In the final step,
students focus on knowledge consolidation and self-assessment. They are
encouraged to review the textbook material independently, along with lecture
notes and other resources. This self-directed review process serves as the primary
method for reinforcing learned material and for students to self-assess their
understanding of anatomical concepts and terminology, preparing for later
assessments. This step represents the TL equivalent of “practice” by
consolidating knowledge through repetition and self-testing.

4.2.2 Augmented reality (AR anatomy)

To represent the AR-based approach, the AR anatomy platform, offering a
medium level of immersion and positioned within the “mixed reality” range of the
reality-virtuality continuum, was implemented using the “AR anatomy” mobile
application [21], accessed on students’ personal devices (Figure 2). This readily
accessible AR application was selected to represent a practical and scalable example of
mixed-reality technology currently available for medical education. The AR anatomy
app provided a semi-immersive experience by overlaying 3D anatomical models into
the user’s real-world environment, visually integrating them with the scene, although
advanced realism features like dynamic shadow casting were not a primary focus of
this particular application. The learning process within the AR anatomy modality
involved the following steps:

1.Visualization and contextualization: Students begin by visualizing anatomical
structures overlaid onto their real-world surroundings using their device’s
camera. They can contextualize anatomical models within their physical space,
resizing, rotating, and examining them from various viewpoints using
multitouch controls. This step aims to establish an initial visual understanding
within a real-world context, bridging abstract representations with the tangible
environment.

2.Exploration and identification through interactive features: Learners then engage in
interactive exploration of specific anatomical details. Through multitouch
controls, they can isolate structures, view cross-sections, and explore anatomical
relationships in detail. The application provides labeled structures and
descriptions, supporting identification and terminology acquisition through
interactive visual exploration.

Figure 2.
Augmented reality (AR anatomy) modality: Mobile application. (a) Visualization and contextualization
(b) Exploration and identification (c) Interactive manipulation (d) Knowledge application through quizzes.
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3. Interactive manipulation for enhanced understanding: This step emphasizes
interactive manipulation of the 3D anatomical models. Using multitouch
gestures, students can rotate and manipulate the virtual structures directly on
their devices. This interactive manipulation, despite being on a 2D screen, still
provides a degree of hands-on engagement to enhance understanding of 3D
forms and spatial arrangements.

4.Knowledge application through quizzes and self-assessment: The final step focuses on
knowledge application and self-assessment. Students utilize built-in quizzes and
self-assessment tools to test their anatomical knowledge. Immediate feedback on
their responses serves to reinforce learning and identify areas for further practice
and review. This step emphasizes knowledge consolidation through practice and
self-evaluation.

4.2.3 Virtual reality (IVAL)

The immersive virtual anatomy laboratory (IVAL) platform, representing the
highest level of immersion in this study’s VR condition and positioned at the “virtual
environment” end of the reality-virtuality continuum, is a custom-developed VR-
based educational tool [22, 23], accessed via Meta Quest 2 headsets. IVAL was specif-
ically designed to offer a highly controlled, fully immersive VR learning environment
tailored for anatomy education (Figure 3). This platform was selected to explore the
potential of high-immersion VR for spatial anatomy learning. The IVAL platform
facilitated a highly interactive and completely immersive learning environment struc-
tured around a four-step learning process designed to maximize spatial understand-
ing:

1.Visualization and navigation: Students begin by visualizing anatomical structures
within the immersive VR environment. Using intuitive controls such as gaze-
based navigation and hand gestures, they navigate freely within the virtual
space, examining structures from multiple perspectives. This step is crucial for
developing an initial holistic spatial understanding of anatomical arrangements
in a 3D context.

2. Interactive exploration and identification: Learners then engage in active
exploration of specific anatomical structures. Utilizing interactive tools such as a
virtual laser pointer and receiving audio feedback, students identify and examine

Figure 3.
Immersive virtual anatomy laboratory (IVAL) modality: VR environment. (a) Visualization and navigation,
(b) Interactive exploration and identification, (c) Manipulation and interaction for spatial reasoning, and
(d) Knowledge application through placement and practice.
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individual bones and their nomenclature. This step combines visual and auditory
sensory inputs to reinforce memorization of anatomical components and their
names within a spatial context.

3.Manipulation and interaction for spatial reasoning: This step focuses on hands-on
interaction with virtual anatomical structures. Using bimanual Meta Quest
Touch controllers, students can grasp, rotate, and manipulate individual bones,
mimicking real-world handling. This direct manipulation is designed to enhance
spatial reasoning skills by allowing learners to actively explore the three-
dimensional form and spatial relationships of anatomical parts.

4.Knowledge application through placement and practice: In the final step, students
apply their acquired spatial knowledge through a practical task. They must
position virtual bones correctly onto a virtual skeleton model. Immediate
feedback is provided to validate their understanding and reinforce accurate
spatial placement, solidifying learning through application and practice.

While all three modalities deliver identical core anatomical content, their instruc-
tional processes differ in structure and emphasis. Traditional learning consists of a
linear, three-step process that emphasizes the visual nature of the material, an intro-
duction to exploratory concepts or processes and assessment. We added an interactive
phase to the AR anatomy method, introducing a fourth step: learners are able to touch
and therefore augment their learning through touch as well as seeing and exploring.
Virtual Reality (IVAL) can take these steps further by offering highly immersive,
hands-on interaction in a unified experience that combines exploration and manipu-
lation seamlessly. This comparative framework highlights how different levels of
immersion—ranging from simpler TL to more complex AR to our equivalent IVAL—
provides increasingly rich environments for developing spatial understanding for
these modalities while noting that each modality’s approach is specific to its own
adopted technological and pedagogical affordances.

4.3 Research design and data collection

This study employed a between-subjects experimental design to compare the
impact of traditional learning (TL), augmented reality (AR), and virtual reality (VR)
on spatial understanding in anatomy education. Participants were randomly assigned
to one of three groups: TL, AR, or VR. The independent variable was the learning
modality (TL, AR, and VR), while the dependent variable was spatial understanding,
assessed through pre-test and post-test evaluations.

To measure learning outcomes, we designed an anatomical vocabulary test focused
on spatial understanding. This test included six multiple-choice questions (see the
Appendixes), with three administered before the learning session (pre-test) and three
after (post-test). The questions, carefully selected by medical experts, required par-
ticipants to identify anatomical structures from images. Different questions were used
in the pre-test and post-test to minimize recall bias and ensure a more accurate
measurement of learning progression.

4.4 Procedure

The study commenced with obtaining ethical approval and informed consent from
all participants. Initially, participants underwent a pre-test spatial understanding quiz

13

Immersive Technologies vs. Traditional Methods in Medical Education: Enhancing Spatial…
DOI: http://dx.doi.org/10.5772/intechopen.1010976



to establish their baseline knowledge. After that, we randomly assigned participants to
one of three groups: TL, AR, and VR. The traditional methods group studied using
textbooks and 2D diagrams, the AR group interacted with anatomical structures using
an AR platform, and the VR group experienced an immersive learning environment
through IVAL. As illustrated in Figure 4, the procedure included a structured flow
from pre-test to assigned learning modality and post-test, ensuring systematic
approach to data collection and analysis. Post-intervention, participants completed a
post-test quiz to evaluate improvements in spatial understanding. We conducted the
study in a controlled laboratory setting to ensure consistency across all groups.

5. Results and discussion

5.1 Findings

Table 3 presents the descriptive statistics for the pre-test and post-test scores
of the three groups: TL, AR, and VR. The TL group did not show a significant
improvement from pre-test (M = 2.44, SD = 0.69) to post-test (M = 2.84,
SD = 0.92), with ANOVA results (F(1.48) = 2.86, p = 0.097) and pairwise t-test
(t(24) = �4.00, p = 0.0005, d = 0.48). The AR group demonstrated a significant
improvement from pre-test (M = 2.68, SD = 0.88) to post-test (M = 3.52, SD = 0.57),
with ANOVA results (F(1.48) = 15.295, p = 0.0003) and pairwise t-test
(t(24) = �8.89, p < 0.001, d = 1.11). The VR group showed a significant improve-
ment from pre-test (M = 2.52, SD = 0.70) to post-test (M = 3.88, SD = 0.32), as
indicated by the ANOVA results (F(1,48) = 74.58, p < 0.001) and pairwise t-test
(t(24) = �10.66, p < 0.001, d = 2.44).

Figure 4.
Overview of the study procedure.
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5.2 Discussion

The findings of this study provide robust evidence supporting the value of
immersive technologies in enhancing spatial understanding when compared to tradi-
tional learning (TL) methods. While all three conditions led to learning gains, the
traditional group showed the lowest post-test performance, as detailed in Table 3
(descriptive statistics) and Table 4 (comprehensive T-test analysis). Furthermore,
retention rates for the TL group, illustrated in Figure 5, were notably lower (10.39%)
compared to the other conditions, suggesting that traditional methods may be less
effective for long-term knowledge retention in this context. The AR group demon-
strated higher post-test scores and improved retention than TL, indicating the benefits
of spatial overlays and interactive content in supporting learners’ spatial cognition.
However, the AR condition still lagged slightly behind VR in terms of engagement and
performance. Among the three modalities, the VR group (IVAL) exhibited the stron-
gest performance, both in immediate post-test results and long-term retention. This
may be attributed to the immersive, hands-on experience offered by VR, which
supports deeper cognitive processing. Nevertheless, it is important to note that these
findings are context-specific and that alternative tasks, tools, or participant
populations may yield different results.

5.2.1 TL shows limited improvement

TL group showed only modest improvement, with a mean increase of 0.40 points
from pre-test (M = 2.44, SD = 0.69) to post-test (M = 2.84, SD = 0.92), as shown in
Table 3. The effect size was small (Table 5) Cohen’s d = 0.48, and the improvement

Pre-test Post-test N

Group Mean SD Mean SD

TL 2.44 0.69 2.84 0.92 25

AR 2.68 0.88 3.52 0.57 25

VR 2.52 0.70 3.88 0.32 25

Table 3.
Descriptive statistics for pre-test and post-test scores.

Phase Comparison t-statistic p-value Cohen’s d Effect size

Pre-test VR vs. AR �0.6963 0.4896 0.1969 Small

VR vs. TL 0.3967 0.6933 �0.1122 Small

AR vs. TL 1.0458 0.3009 �0.2958 Small

VR vs. AR 2.673 0.010 �0.756 Medium

Post-test VR vs. TL 5.2000 0.0000 �1.4708 Large

AR vs. TL 3.062 0.004 �0.866 Large

Table 4.
Comprehensive T-test analysis.
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was not statistically significant (p = 0.097). This highlights the limitations of tradi-
tional teaching methods in fostering spatial understanding, as they often rely on
passive learning and lack the interactive and immersive elements that AR and VR
provide.

5.2.2 AR outperforms TL with a large effect size

The AR group also demonstrated significant improvement, with a mean increase of
0.84 points from pre-test (M = 2.68, SD = 0.88) to post-test (M = 3.52, SD = 0.57), as
shown in Table 3. This improvement was supported by a large effect size (Table 5)
Cohen’s d = 1.11. As highlighted in Table 4, the post-test comparison between AR and
TL revealed a large effect size (t = 3.06, p = 0.004, d = �0.87), indicating that AR
significantly outperformed TL. The effectiveness of AR can be attributed to its
ability to overlay spatially relevant information onto the real world, providing
learners with dynamic visual cues and interactive elements that enhance spatial reason-
ing. This suggests that AR, while less immersive than VR, still offers a significant
advantage over traditional methods by making abstract spatial concepts more tangible
and accessible.

5.2.3 VR outperforms TL with a large effect size

As shown in Table 4, the VR group significantly outperformed the TL group, with
a large effect size (t = 5.20, p < 0.001, d = �1.47). The mean post-test score for the

Figure 5.
Pre- vs. post-test scores and retention rates by group.

Group t-statistic p-value Cohen’s d Effect size

TL �4.000 0.0005 0.479 Small

AR �8.887 0.0000 1.106 Large

VR �10.663 0.0000 2.443 Large

Table 5.
Pre- and post-test pairwise comparison.
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VR group (M = 3.88, SD = 0.32), as presented in Table 3, was significantly higher than
that of the TL group (M = 2.84, SD = 0.92). This large effect size underscores the
transformative potential of VR in enhancing spatial understanding compared to tra-
ditional methods. Immersive and interactive nature of VR allows learners to engage
with spatial concepts in ways that are not possible with static, traditional teaching
approaches.

5.2.4 VR outperforms AR with a medium effect size

The VR group showed the largest improvement, with a mean increase of 1.36
points from pre-test (M = 2.52, SD = 0.70) to post-test (M = 3.88, SD = 0.32), as shown
in Table 3. This improvement was supported by a large effect size of Cohen’s d = 2.44
(Table 5). As seen in Table 4, the post-test comparison between AR and VR revealed
a medium effect size (t = 2.67, p = 0.010, d = �0.76), indicating that VR significantly
outperformed AR. This superiority can be attributed to the immersive nature of VR,
which provides a fully interactive and engaging environment. The high level of
immersion in VR likely enhances spatial understanding by allowing learners to
manipulate and explore spatial concepts in a more intuitive and hands-on manner.

6. Conclusion

6.1 Summary of key findings and implications for medical education

This study compared TL, AR, and VR conditions for enhancing spatial under-
standing in anatomy education among medical students. The key findings, supported
by ANOVA and t-test analyses, demonstrate the superior effectiveness of both AR-
and VR-based pedagogies over traditional learning for immediate knowledge acquisi-
tion. Specifically:

• Traditional learning (TL) resulted in the smallest learning gains, with only a
modest improvement and a small to medium effect size (Cohen’s d = 0.48),
significantly lower than both AR and VR.

• Augmented reality (AR anatomy) also demonstrated a substantial and
statistically significant improvement over traditional learning, with a large effect
size (Cohen’s d = 1.11), although to a lesser extent than VR.

• Virtual reality (IVAL) significantly outperformed all other modalities, showing
the largest learning gains with a large effect size (Cohen’s d = 2.44) and achieving
the highest post-test scores.

These statistically significant results have potential implications for consideration
in medical education. Recognizing that effective anatomy instruction is crucial and
that traditional methods may have limitations in conveying certain spatial aspects, the
AR and VR applications used in this study present evidence-based options. The find-
ings highlight that such immersive technologies can contribute to anatomy learning,
specifically by facilitating the transition from 2D resources to 3D spatial understand-
ing important for healthcare professionals. However, these results pertain to the
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specific implementations studied, and the optimal integration of such tools likely
depends on various contextual factors.

6.2 Limitations

While the statistically significant findings of this study are promising, several
limitations warrant consideration. Firstly, the modest sample size, drawn from a
single university in Morocco, limits the generalizability of the results to diverse stu-
dent populations, varying cultural contexts, or different levels of technological access.
Future research should address this by including larger and more diverse samples.
Secondly, the study’s conclusions are specific to the AR (AR anatomy) and VR (IVAL)
platforms evaluated. Given the platform-dependent nature of immersive technology
outcomes, these findings cannot be generalized to all AR or VR applications; further
research should compare a broader range of platforms. Thirdly, this study only
assessed immediate post-intervention learning gains, and thus, the long-term reten-
tion of spatial understanding remains unexamined. Longitudinal studies with delayed
post-tests are necessary to evaluate the durability of learning. Finally, although statis-
tically addressed, the use of self-reported AR/VR proficiency introduces a potential
for selection bias, as subtle pre-existing differences in attitudes or aptitudes for tech-
nology cannot be entirely excluded. Despite these limitations, this study provides
valuable initial insights into the comparative effectiveness of AR and VR for enhanc-
ing spatial understanding in anatomy education within the studied context, strongly
suggesting the pedagogical promise of immersive technologies for this learning out-
come.

6.3 Future directions

Future research should consider longitudinal studies to track retention of spatial
understanding over extended periods. Additionally, correlational studies that explore
the relationship between learning outcomes and subjective experiences with the tech-
nologies could provide valuable insights. It would also be beneficial to investigate the
practical implementation of AR and VR in educational settings, including cost-
effectiveness and the role of instructor training in maximizing the potential of these
technologies. Exploring how these technologies can be integrated into existing curric-
ula and examining their impact on different learner types are also important areas for
future exploration.

In conclusion, this study’s findings give evidence of the effectiveness of both AR
and VR in anatomy education, enhancing spatial understanding. Although VR gener-
ally performed better overall—the quickest learning gains in our experimental condi-
tions—different modalities have unique benefits. In environments where technology
resources are limited or self-paced, low-cost study is desired, traditional learning (TL)
is still an attractive option. In general, these findings suggest that the successful
adoption (uptake) of a modality depends on a selection process that balances perfor-
mance metrics with crucial contextual factors, such as resource availability and learn-
ing preferences. In essence, AR’s situated, real-world overlay may be not only more
accessible but also more appropriate in contexts where portability, ease of integration,
or contextually based interactions are of utmost importance. While the findings are
promising, further research is needed to fully understand the long-term benefits and
practical applications of these technologies in education.
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Chapter 2

Effects of AR on a Mixed-Media 
Math Teaching Environment for 
Primary School Students
Ghina-Alexandra Garcés-Rojas and Gerardo-M. Sarria-M.

Abstract

This chapter serves as a proof-of-concept (PoC) for an AR-based mixed-media 
system in early mathematics education. It explores the impact of an interactive 
system that incorporates Augmented Reality (AR) to teach foundational mathematical 
concepts to bilingual children aged 6–10. The target audience consisted of students 
who had previously participated in an intensive mathematics program due to 
persistent difficulties in understanding the concept of number. Observations and 
initial assessments using their school’s digital learning platform revealed significant 
challenges in completing basic numerical exercises. An exploratory implementation 
was conducted to evaluate the effectiveness of the proposed system, comparing stu-
dent performance with and without the mixed-device approach. The results indicate 
notable improvements in task efficiency and accuracy when using the interactive 
system. Although this exploration does not constitute a controlled experiment with 
randomized trials, the observed benefits align with prior research on the role of 
interactive and embodied learning in mathematics education. AR-based learning 
environments have been shown to enhance engagement, reduce cognitive load, and 
support conceptual understanding by providing dynamic, hands-on interaction with 
abstract ideas. The findings suggest that the integration of AR and mixed-media 
tools into early mathematics education can positively influence learning outcomes, 
warranting further investigation through larger-scale studies.

Keywords: numeracy, learning environment, mixed media, digital learning tools, 
physical manipulatives, educational technology

1.  Introduction

Integration of technology in contemporary education has been instrumental 
in promoting equity and inclusion by democratizing access to diverse information 
sources and enabling flexible, student-centered learning experiences. This advance-
ment represents a pivotal shift in teaching and learning paradigms. However, despite 
these benefits, the incorporation of technology often fails to adequately address 
the unique needs of young learners. Most of the educational applications used in 
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classrooms focus on digitizing mathematical concepts, relying heavily on screen-
based interactions to make education portable. While these methods are convenient, 
they often fail to engage students deeply or foster meaningful understanding. This is 
particularly evident in mathematics, where abstract concepts demand a more tangible 
and interactive approach to learning.

Traditional screen-based educational tools have significant limitations. Research 
indicates that students retain less information and engage in shallower cognitive 
processing when interacting with screens compared to physical media. This phenom-
enon, known as “screen inferiority,” is exacerbated by the repetitive and unisensory 
nature of most digital learning tools. The problem with a lot of these applications 
is that they do not take into account the way the human brain has been learning for 
millennia, which is a process that includes the entire variety of physical stimuli. These 
tools typically engage only vision and, occasionally, the auditory senses, neglecting 
the potential of tactile and kinesthetic interactions to create deeper neural connec-
tions and enhance memory retention.

1.1 Augmented reality and pedagogy

This PoC explores the potential of Augmented Reality (AR) technology in over-
coming these limitations by integrating interactive and tangible elements into math-
ematical learning environments.

1.2 PoC: AR-based mathematical learning system

An exploratory implementation is presented to illustrate the application of AR in 
early mathematics education. The investigated learning system utilized AR technol-
ogy to transform abstract mathematical concepts into interactive physical media. 
Through this system, learners engaged with mathematical representations via real-
world interactions aided by AR. Results indicate measurable improvement in both 
concept comprehension and learner engagement, highlighting the potential of AR to 
enhance mathematical education.

Due to the very limited scope of the PoC in question, which focused on a single 
very basic concept in the early math learning process, the whole range of applicability 
of AR technology is not explored. Despite that, this chapter also provides examples of 
how it could be further integrated into educational applications with a wider scope, 
both in math and in other areas of knowledge.

2.  Background

The integration of technology into education has encountered numerous 
challenges, primarily due to an overemphasis on portability and accessibility via 
screen-based platforms rather than the pedagogical efficacy of these media. Current 
educational technology frequently neglects the fundamental conditions necessary 
for effective learning, prioritizing digital accessibility over cognitive engagement and 
comprehension.

This section examines empirical studies that have shown effective and ineffective 
learning methodologies with a specific focus on mathematics education. This discus-
sion serves as a foundation for understanding the potential role of emerging technolo-
gies, such as AR, in addressing existing limitations.
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2.1 Semiotic representations of Duval

The theory of semiotic representations in mathematics, developed by French 
researcher Raymond Duval, explores the diverse ways mathematical concepts are con-
veyed. These representations include symbolic notation, natural language, graphical 
elements, and diagrammatic tools, all of which contribute to meaning construction 
and conceptual understanding. Duval categorizes these semiotic systems into iconic, 
discursive, and symbolic representations [1].

According to Duval, mathematical comprehension is deepened by transitioning 
between multiple semiotic representations, as each provides unique cognitive affor-
dances. The interplay among these representations facilitates flexible problem-solving 
and a more profound grasp of mathematical structures. In early mathematics educa-
tion, Duval advocates for integrating concrete actions with visual representations and 
symbolic manipulations to effectively scaffold learning [1].

One of the major pedagogical challenges is guiding learners through the transition 
from visual to symbolic representation systems, a process in which oral language plays 
a pivotal intermediary role. Young learners often struggle to independently establish 
these interconnections, necessitating instructional strategies that present multiple 
representations simultaneously. Ensuring that these associations are effectively 
developed is crucial to foster a robust mathematical foundation.

2.2 Screen inferiority

Research has demonstrated that contemporary virtual education often suffers 
from “screen inferiority,” a phenomenon wherein students exhibit lower retention 
and comprehension when engaging with digital texts as opposed to printed materials. 
Empirical studies indicate that learners tend to perform worse on assessments follow-
ing screen-based reading, often displaying overconfidence in their perceived knowl-
edge, which results in shorter study durations and diminished outcomes compared to 
those who engage with print media. Psychological research [2] suggests that cognitive 
and behavioral disparities arise depending on the medium through which informa-
tion is conveyed. Specifically, screen-based content presentation typically encourages 
faster, more superficial reading strategies, leading to reduced comprehension.

Moreover, findings suggest that digital reading is more conducive to scanning and 
keyword-based searching rather than deep engagement with textual content. Studies 
further propose that the medium itself serves as a contextual cue in information 
retrieval, prompting individuals to allocate fewer cognitive resources toward compre-
hension and metacognitive processes [2].

Neuro-scientific research [2] has underscored the cognitive benefits of physical 
engagement in learning activities. Studies reveal that movement and interaction with 
tangible materials stimulate more extensive neural connectivity than passive screen 
interaction. These enriched connectivity patterns are crucial for memory formation 
and the encoding of new information, thereby enhancing learning efficacy [2].

Further evidence from research on neural plasticity suggests that proprioceptive 
and visual integration, facilitated by controlled hand movements, play a significant 
role in shaping brain connectivity patterns relevant to learning [2]. For instance, 
studies comparing handwriting to typing have demonstrated that the intricate motor 
movements associated with handwriting elicit more widespread theta/alpha con-
nectivity coherence patterns between critical neural hubs, reinforcing the cognitive 
benefits of multi-sensory engagement in learning [2].
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While early research on screen inferiority predominantly focused on extended 
reading tasks, recent studies [3] have confirmed similar deficiencies in comprehen-
sion even for brief digital reading exercises. Evidence suggests that the contextual 
characteristics of electronic devices trigger cognitive patterns associated with 
shallow processing, ultimately impairing reasoning and problem-solving abilities 
[4]. Furthermore, these deficits appear to be modality-independent, affecting both 
multiple-choice and open-ended assessments alike. Interestingly, even individuals 
who express a preference for digital media tend to revert to paper when faced with 
complex mathematical problem-solving tasks. Research indicates that “while in-
depth text processing is the default in print media, an external trigger is required to 
activate such engagement in digital formats” [3].

2.3 Multi-sensory approaches in mathematics education

Mathematics education presents unique cognitive challenges, requiring abstract 
reasoning and problem-solving skills that can induce anxiety and disengagement in 
young learners. Multi-sensory instructional approaches have been identified as effec-
tive in mitigating these challenges by engaging multiple sensory modalities—visual, 
auditory, kinesthetic, and tactile—to enhance comprehension and cognitive retention 
[5]. Empirical evidence supports the premise that integrating multi-sensory experi-
ences fosters deeper neural connectivity, enabling students to approach mathematical 
concepts from multiple perspectives and solidify their understanding.

Pedagogically sound mathematics instruction incorporates physical manipula-
tives, interactive games, counters, and spatial models to facilitate the representation of 
abstract mathematical concepts. Such tools help construct mental frameworks that sup-
port various types of mathematical reasoning, including numerical systems, geometric 
structures, probabilistic analysis, and algebraic relationships [5]. A foundational aspect 
of early mathematics education involves fostering understanding of mathematical 
relationships and operations within meaningful problem-solving contexts.

Still, prevailing digital educational tools frequently fail to align with these peda-
gogical principles. According to Rojas [6], many mathematics software programs 
emphasize repetitive drilling over conceptual understanding, provide inadequate 
scaffolding, and restrict learner autonomy by relying predominantly on keyboard-
based input. This unisensory approach undermines cognitive engagement and 
neglects the benefits of sensory integration.

To address these limitations, educational technology must evolve toward a para-
digm that emphasizes embodied cognition and multi-sensory engagement. Mishra, 
Henriksen, and the Deep-Play Research Group [7] advocate for the development of 
digital learning environments that support transdisciplinary, interactive, and project-
based learning experience. Such innovations should prioritize cross-modal sensory 
involvement to enhance cognitive processing and conceptual retention.

Traditional mathematics instruction has historically been unisensory, predomi-
nantly relying on visual inputs through textbooks and whiteboards. However, given 
that human cognition naturally integrates information from multiple sensory chan-
nels, incorporating multi-sensory learning strategies significantly enhances con-
ceptual understanding [5]. Research has demonstrated that integration of all senses, 
though developing relatively late in early childhood, can be accelerated through 
deliberate educational interventions. There are also indications that early exposure 
to multimodal learning environments strengthens neural connectivity and facilitates 
acquisition of foundational mathematical competencies [5].
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2.4 The role of manipulatives in mathematics education

The integration of manipulatives, physical objects used to explore mathematical 
concepts, has a long-standing tradition in mathematics education. Nemirovsky et al. 
suggest that engagement with manipulatives fosters deeper cognitive insights and 
more intense mathematical interactions compared to visual representations alone [8]. 
While the mere presence of manipulatives does not guarantee automatic learning, 
they provide a learning experience that is difficult to replicate through digital screens. 
A key distinction lies in their ability to incorporate tactile and proprioceptive (kines-
thetic) feedback into mathematical problem-solving, enhancing depth of conceptual 
understanding.

A contemporary perspective, known as exploratory vision, posits that vision is 
inherently integrated with other sensory modalities and motor actions. According 
to this model, static visual representations alone fail to fully engage the perceptual 
system, whereas complementary sensory inputs enhance completeness of the infor-
mation processed [8]. This perspective aligns with earlier work by Poincaré, who 
emphasized the critical role of bodily movement in spatial cognition, arguing that 
“the localization of objects in space is conceived through muscular sensations that 
accompany real or imaginary movements within that space” [9].

Empirical studies have demonstrated that children using manipulatives in math-
ematical problem-solving not only generate a greater number of solutions but also 
adopt more conceptually developed strategies. Their approaches exhibit systematic 
relational reasoning, whereby consecutive solutions are linked coherently within 
the problem space, fostering deeper exploration of permutations and variations 
[10]. These findings highlight the pedagogical value of manipulatives in cultivating 
abstract mathematical reasoning through embodied interaction.

2.5 Proprioception in learning

Proprioception, commonly referred to as kinesthesia, is the body’s intrinsic ability 
to sense movement, position, and spatial orientation. Although it is often considered 
a distinct sensory modality, proprioception arises from the integration of kinesthetic, 
auditory, and visual inputs [11]. The brain continuously processes muscle contrac-
tions, spatial positioning, and environmental cues to construct an internal representa-
tion of body dynamics and spatial relationships.

Several studies suggest that proprioceptive development is fundamental to 
cognitive and academic success. Insufficient proprioceptive integration has been 
linked to attentional difficulties, as the brain prioritizes postural control and spatial 
awareness over higher-order cognitive tasks [11]. When proprioception remains 
underdeveloped, even minor balance instabilities can result in substantial cognitive 
resource allocation toward bodily coordination, thereby limiting focus and academic 
engagement.

Given its multi-sensory nature, proprioception is particularly relevant in early 
childhood education, where foundational learning experiences are shaped by bodily 
interaction with the environment. Educational activities that integrate movement 
and sensory engagement can, therefore, play a critical role in supporting both cogni-
tive development and mathematical understanding. By leveraging proprioceptive 
feedback in learning environments, instructional strategies can foster more profound 
conceptual comprehension and improve students’ capacity to engage with complex 
mathematical constructs.
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3.  AR in education

Augmented reality (AR) can be defined as “a technology that allows computer-
generated virtual imagery information to be overlaid onto a live, direct, or indirect 
real-world environment in real time” [12]. It is recognized as a form of interaction 
that replaces screens of devices such as laptops with a more natural interface that 
enables a more natural interaction with virtuality [12]. It could be said that AR’s 
objective is fundamentally different from Virtual Reality (VR) in that AR brings 
virtual information to a real environment, while VR transports the users’ senses to 
another environment. Due to this, it has been said that “AR bridges the gap between 
the real and the virtual in a seamless way” [13].

According to Koumpouros [14], AR can be classified into different categories 
based on how they work, although many result in a combination of them. They can be 
categorized by tracking:

Marker-based AR: This type of AR uses optical markers captured by a video 
camera to add 3D effects to the scene; it is usually used to add information to a scene. 
ArUco library for Python uses marker-based AR.

Position-based AR: The device camera and sensors use GPS, accelerometer, magne-
tometer, and/or gyroscope to provide position, speed, acceleration, and orientation to 
the application. An example of this would be Pokémon Go,1 which uses geo-location 
to place virtual images in the real world.

Or categorized by medium:
Projection-based AR: Through the use of projectors or smart glasses, digital images 

are projected onto real-world surfaces. Projections on buildings or on walls for art 
exhibits count as projection-based AR.

Superimposition-based AR: Applications of this type use overlay technology to 
replace an object with a virtual one using object recognition, usually by partially 
or completely replacing the view of an object with an augmented view. A common 
example of this is Social Media filters that superimpose images on a person’s face 
using object recognition.

Mobile AR, which refers to AR that works through portable devices such as 
smartphones and tablets, has started to become more common and can range from 
simple experiences like camera filters to interactive games [14]. Due to not requiring 
expensive hardware, AR has started to be introduced as a practical technology in 
many industries. Its ability to provide more interactivity than a conventional screen 
while packing a lot of information in a small space has made it a point of interest in 
education, as a way to provide an exploratory experience for learning.

AR in education allows users to interact with virtual applications that use multi-
media, simulations, and animations to explain and demonstrate concepts. It is usually 
used in conjunction with gamification, which creates highly rewarding and motivat-
ing lessons that can make learning less like a chore and more like a fun endeavor. Even 
repetitive tasks can become more engaging when treated as a form of progressive 
refinement through continued practice and when there is an immediate reward for 
getting an answer right. This technology “effectively complements the traditional 
forms of teaching and learning by promoting critical thinking and improving student 
engagement and perception” [15].

According to Fingent [15], teaching courses at primary and secondary levels 
through AR has been shown to increase motivation, improve learning performance, 

1 https://pokemongolive.com
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and enable students to exert minimal effort to acquire the knowledge. Well-designed 
environments that use AR can decrease the cognitive load of students, ensuring 
effective learning, cultivate problem-solving skills, improve learning outcomes, and 
develop a positive attitude toward comprehending complex concepts [15]. AR also 
improves remote learning by allowing interactions in the classroom that provide an 
engaging experience regardless of the location of the students, making it an invalu-
able resource for remote learning.

There have been numerous documented uses of AR that have been designed and 
implemented for the purpose of teaching subjects such as Mathematics, Natural 
Sciences, Astronomy, Environmental Education, Language Skills, and more. The 
pedagogical approaches recorded include gamified learning, situated learning, 
constructivism (defined by Piaget as learners constructing understanding through 
experience), and investigative learning [14].

Some of the common applications of AR for education are:
Concept visualization: 3D models can be overlaid into the real world to help stu-

dents see a concrete picture at a small scale. This could be used for anything from 
the Solar System to the human body. Allowing the manipulation of this 3D model 
through rotation or scaling can also help users create a more intricate mental repre-
sentation. Examples of this are Human Anatomy Atlas 2025,2 an application that uses 
AR to visualize the human body in 3D, allowing students to explore organs, systems, 
and structures in detail. Dinosaur 4D+3 is another example that uses interactive AR 
flashcards to show dinosaurs and their features.

Virtual field trips: 3D visualization can help students learn about different envi-
ronments from the comfort of their classrooms or homes by importing information 
from other places into close spaces. This approach was used in the now-discontinued 
Google Expeditions,4 where users could “take virtual field trips” about many different 
topics guided by their teachers. ARZoo5 is another application that focuses on bring-
ing images of animals and their biomes to the student’s desk.

Gamification: AR can be used to create interactive games that promote problem-
solving and collaboration while making the tasks more fun. Applications like Catchy 
Words AR6 gamify the skill of spelling by having kids “catch” the letter blocks in the 
air to correctly build the words. QuiverVision7 combines coloring pages with AR to 
bring student drawings to life in interactive, gamified ways, teaching concepts like 
geometry and biology.

Simulations: 3D visualization can be used to practice real-world scenarios to 
develop skills like decision-making. These simulations can even be used in real train-
ing. Microsoft HoloLens8 is one of the greatest examples, being used in medical train-
ing to simulate surgeries or in engineering to visualize and interact with 3D models 
of machinery. Timelooper9 is another app that lets users experience historical events 
in the locations where they occurred, such as walking through a medieval market or 
witnessing a famous speech.

2 https://support.visiblebody.com/hc/en-us/categories/202598228-Human-Anatomy-Atlas
3 https://play.google.com/store/apps/details?id=com.OctagonStudio.ARDinoVR
4 https://artsandculture.google.com/project/expeditions
5 https://www.monash.edu/mada/student-work/ar-zoo
6 https://twiceapps.com/catchy/catchy.html
7 https://quivervision.com
8 https://learn.microsoft.com/en-us/hololens
9 https://www.timelooper.com/
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As the cost of AR hardware continues to decline, widespread adoption of this 
technology in educational settings is expected to increase. Advancements in AR, 
particularly through the integration of Artificial Intelligence (AI), have the potential 
to enhance adaptive learning by tailoring instructional content to individual students’ 
progress and cognitive profiles. Additionally, incorporation of haptic feedback and 
multi-sensory interactions may further bridge the divide between digital and physical 
learning, fostering more immersive and effective educational experiences.

4.  Exploration

A small-scale implementation was created to introduce an innovative educational 
approach, a mixed-media environment that integrates physical media with digital 
systems to teach foundational numerical concepts. By leveraging tangible elements, 
the system bridges the gap between abstract mathematical ideas and concrete experi-
ences by focusing on the way humans have evolved to learn: through all senses at 
once. This approach aligns with pedagogical research emphasizing the importance of 
multi-sensory learning, which not only enhances engagement but also fosters a more 
profound understanding of numerical relationships and operations.

The topic chosen for the activities in this implementation was the concept of 
number, which is the basis of mathematical theory. Other math topics could have 
been considered for this demonstration, but the project intended to show how this 
technology can be applied even to fundamental concepts at the earliest ages, where 
abstract thinking represents a greater challenge for children.

This PoC identified essential achievement markers that guided the design of 
pedagogical activities for teaching the concept of number. These include recognizing 
different representations of numbers—such as numerals, words, and magnitudes—
and the ability to switch between them. Additionally, learners must develop skills in 
representing quantities, understanding numerical order (cardinality), and counting. 
It also emphasized the importance of reading and writing numbers, as well as com-
paring numerical magnitudes to determine relations such as greater than, less than, or 
equal to. Finally, foundational arithmetic operations, including addition and division, 
were introduced, highlighting their real-world applications. While subtraction and 
multiplication were not explicitly implemented, their inclusion as inverse operations 
demonstrates their potential for seamless integration into the learning framework.

To keep the scope small but significant enough for the activities, the numbers 
from 0 to 10 were considered, including sums up to 10 and divisions of numbers 10 
and below. The target audience for this evaluation consisted of bilingual children 
aged 6–10 who were in early stages of their mathematical education in English. These 
children had previously participated in a four-week intensive mathematics program 
due to persistent difficulties in foundational numerical concepts. Through sustained 
interaction and observation, it became evident that their struggles were rooted in 
deficits in their understanding of the concept of number. To assess their baseline 
proficiency, students completed fundamental numerical exercises using the digital 
platform provided by their school. The results indicated significant challenges, with 
some students requiring up to 2 hours to complete basic tasks. This preliminary 
assessment became the inspiration and base comparison for this exploratory study.

The decision to use English as the primary language of instruction was driven by 
several factors. First, it aligns with the language in which these students are learn-
ing mathematical concepts, ensuring consistency in their education. Additionally, 



31

Effects of AR on a Mixed-Media Math Teaching Environment for Primary School Students
DOI: http://dx.doi.org/10.5772/intechopen.1011787

presenting the study in English broadens its accessibility to a wider audience, facili-
tating the dissemination of findings. Furthermore, English was chosen due to the 
advanced capabilities of voice recognition and synthesis technologies in the language, 
enhancing interactive aspects of the application.

Physical media were prioritized over a screen-only approach due to their proven 
ability to stimulate multiple sensory pathways, facilitating deeper comprehension and 
more meaningful learning experiences. AR, in particular, plays a crucial role in mak-
ing mathematics tangible by overlaying digital content onto physical objects, enabling 
learners to interact with numbers and operations in a hands-on manner. While this 
exploratory study does not constitute a rigorous controlled experiment with random-
ized trials or statistical modeling, it provides an initial appraisal of the potential benefits 
of an interactive, multimodal learning environment for early mathematical education.

4.1 Design

The design phase of this project consisted of gathering data from both students 
and teachers from first-hand and second-hand experience to understand the needs of 
the affected parties. This project follows human-centered design principles, prioritiz-
ing innovation and technology while ensuring a user-focused solution that enhances 
learning experiences in meaningful ways.

The Discover phase of the project commenced with the identification of key 
challenges in teaching numerical concepts, particularly the limitations of traditional 
educational tools. Existing screen-only applications were found to lack the engage-
ment and cognitive depth required to effectively teach abstract concepts, especially to 
young learners. Research indicated that students frequently struggled to comprehend 
mathematical relationships when lessons relied exclusively on digital methods, 
as these tools failed to engage multiple senses or provide hands-on experiences. 
Additionally, screen devices introduced the challenge of retaining the student’s atten-
tion against the accessibility of other unrestricted applications installed on it.

To address these challenges, interviews and surveys were conducted with edu-
cators, parents, and students to gain insights into the difficulties of integrating 
technology into classrooms. Observations of current teaching practices revealed an 
over-reliance on repetitive and passive learning techniques, such as mechanical drill-
ing, which limited opportunities for active participation and reflective learning.

User insights emphasized the need to evaluate the types of interactivity that cur-
rent hardware and software either foster or fail to foster in digitally mediated learning 
experiences. Challenges related to interfaces, data processing issues, and difficulties 
with attention and memory when working on screens, alongside the passive roles 
often assumed by students, influenced the development of initial ideas for potential 
solutions.

The Define phase consisted of establishing clear objectives and solution require-
ments based on insights from the Discover phase. Research highlighted the impor-
tance of multi-sensory interactions for children, as these stimulate neural pathways 
and improve memory retention. This insight shaped the project’s focus on blending 
physical and digital media to create an immersive learning experience.

The goal was to design an educational tool that eliminated screen limitations by 
shifting the focus from screens to an interactive environment with physical objects. 
The design emphasized engaging multiple senses, including touch and propriocep-
tion, alongside traditional audiovisual stimuli, to enhance comprehension through 
varied neurological associations. Another focus was removing the distractions from 
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devices such as tablets and laptops by creating an isolated screen in a space where all 
elements refocused students’ attention on the activities.

The project also prioritized accessibility, affordability, and ease of use, ensuring 
compatibility with common hardware such as projectors and cameras. The interface 
was tailored for young learners with vibrant visuals, simple instructions, and child-
friendly interactions to maintain engagement and foster independent exploration. 
The different types of interactions considered for this project, along with the tech-
nologies taken into account for each type, were as follows:

1. Visual interactions are those that rely on visual perception, such as seeing im-
ages, colors, shapes, and text on a screen or through other visual media. This in-
cludes Graphical User Interfaces (GUI) and technologies such as AR that overlay 
digital images onto the physical world.

2. Auditory interactions engage hearing and involve the perception of sound, 
including spoken language, music, tones, and other auditory cues. Using spoken 
command, receiving auditory feedback, whether in words or sound effects, and 
sonification, representing data through sound, all represent auditory interactions.

3. Kinesthetic interaction involves physical movement or manipulation of objects 
to interact with technology. It encompasses gestures, motion, and other physi-
cal actions. Kinesthetic interactions involve the sense of proprioception, or the 
awareness of one’s own body parts in relation to other elements and the world. 
Using physical elements, such as controllers or objects to navigate through the 
digital interfaces by moving or manipulating said elements, and using AR to 
move digital images through physical media are all examples of kinesthetic 
interactions.

4. Tactile interaction involves physical contact with objects or surfaces, providing 
sensory feedback through the sense of touch. It encompasses the feel of differ-
ent textures, pressures, and temperatures. The tactile experience in writing by 
hand includes feeling the texture of the writing surface, the pressure exerted 
by the writing instrument, and the movement of the hand when forming letters 
and shapes.

In the process of mapping out how existing technologies could be integrated into 
the system, AR emerged as one of the most versatile options due to its ability to enable 
complex interactions using simple tools, such as a printed marker. AR was chosen not 
only for its accessibility and the maturity of its implementations but also for its capac-
ity to provide extensive data about the spatial position of objects, their distance from 
the user, and their orientation, including movement, inclination, and rotation.

The choice of AR was also influenced by its ability to seamlessly integrate physical 
and digital interactions without requiring expensive or complex hardware. While AR 
systems often leverage screen-based features, such as projecting objects or animations 
on top of markers, these functionalities were deliberately excluded from this project 
to align with its “screen-less” philosophy. The aim was to emphasize tactile and physi-
cal engagement, minimizing distractions that screens might introduce. Nevertheless, 
it is worth noting that these screen-based features hold significant potential for future 
educational applications, particularly in scenarios where visualizing three-dimen-
sional objects or dynamic simulations could enhance learning.
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The Develop phase focused on building and refining the application through itera-
tive prototyping. Python was chosen as the core development language for its impres-
sive array of libraries that could cover all technological needs of the project. Pygame10 
was used as the base engine to manage audio and visual aspects of the application, 
while OpenCV11 was in charge of handling video capture and processing, and gTTS12 
was used as a speech synthesizer to create the spoken commands that guide the 
user. Specific libraries like speechrecognition13 and the ArUco14 library were used to 
provide complete features to the application. Even more complex technologies, such 
as Tensorflow,15 were used to create a model trained with data from MNIST (Modified 
National Institute of Standards and Technology),16 a publicly available source of 
handwritten characters, to recognize handwritten digits captured by the camera.

The hardware setup was designed to accommodate the various inputs required 
for the system to function effectively. It consisted of a web camera, a projector, a 
microphone, and speakers, all arranged to facilitate seamless interaction between 
the user and the application. A custom-designed button with an enlarged contact 
area, doubling as a left mouse button, replaced traditional input devices to better 
suit young learners; this button is examined in the next subsection. The devices were 
strategically positioned to allow the application to be projected onto a defined surface 
that simultaneously served as the camera’s capture area. This designated surface 
became the primary workspace for users, enabling them to interact with the system.

4.2 Delivery

The Delivery phase focused on transforming the system’s design into a functional 
and user-friendly educational tool. Taking into account the research and the key 
points designated in the design phase, the following digital interactions were imple-
mented to provide a suitable dynamics for teaching math through physical objects. 
The result was a design, shown in Figure 1, that integrated both hardware and 
software and which allows inclusion of the designated manipulatives. The implemen-
tation of the screen being projected onto a surface (be it a table or the floor, or even a 
board on which to write) instead of a digital screen can be categorized as Projection-
based AR. The basic interface turns real-life elements into part of the application.

4.2.1 ArUco markers as a quantity

ArUco markers are a type of fiducial marker system used in computer vision, 
consisting of square black-and-white patterns that cameras can detect and iden-
tify. Each marker has a unique ID, but in this interaction, the focus is on counting 
how many markers are fully within a designated rectangle, rather than identifying 
individual markers. This method assigns a numerical value based on the number of 
detected markers, ignoring those that are only partially inside the area, as can be seen 
in Figure 2.

10 https://www.pygame.org
11 https://opencv.org
12 https://pypi.org/project/gTTS
13 https://pypi.org/project/SpeechRecognition
14 https://github.com/cmower/aruco_markers
15 https://www.tensorflow.org
16 https://www.kaggle.com/datasets/avnishnish/mnist-original
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This approach helps children understand numbers as representations of real-world 
objects, making abstract mathematical concepts more tangible. By physically mov-
ing the markers, children can perform basic arithmetic operations such as addition, 
subtraction, and grouping, reinforcing the connection between numbers and every-
day actions.

This marker-based AR interaction was implemented in educational activities, 
shown in Figure 3, where users determined the number of items needed to answer 
a question. The representation is very straightforward, with each printed marker 
representing one item. Putting markers in a single group represents a quantity, and 
this quantity is then associated with the numeral on the screen. This works for any 

Figure 1. 
Image of the hardware setup.

Figure 2. 
The camera recognizes the markers inside the specified rectangle. The number of items is shown on the top left.
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quantity, including zero (0), where the representation is an empty group. In the 
Feeding Animals activity, users matched the number on the screen by placing the cor-
rect number of markers in a designated area, linking symbolic numerical representa-
tion to real-world quantities. A more advanced version introduced division by having 
users not only count the correct amount but also group items into equal sets, helping 
them grasp the concept of division as distributing elements into groups.

4.2.2 ArUco markers as cards

Another application of the ArUco library involves using the unique IDs of markers 
to create special cards for mathematical learning. Instead of counting markers, this 
interaction recognizes individual marker IDs within a designated rectangle, allowing 
only one card to be detected at a time. Number cards (0–10) are identified as digits, 
while special cards represent comparison relations (less than, greater than, and equal 
to), helping children understand mathematical notation and relationships between 
quantities. Figure 4 shows cards being recognized by the application.

These cards follow a well-documented educational approach, with one side 
displaying a numeral or symbol and the other showing its corresponding visual 

Figure 3. 
Activities that use markers as interactive items that users must place inside rectangles.

Figure 4. 
The relation card is being recognized by the application.
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representation. Number cards feature a numeral on one side and a quantity image on 
the other, while operator cards pair mathematical symbols with their written names. 
This dual representation helps children grasp abstract concepts and allows for offline 
practice, extending their learning beyond the application’s runtime.

The cards were used in the activities in Figure 5 that required recognizing num-
bers and mathematical relations. In “Sequence Trucks,” users identified missing 
numbers in a sequence, switching between numeral and visual representations. This 
activity helps kids understand cardinality by locating numbers in a sequence and by 
using the physical cards to go through the numbers while they search for the right 
card, sometimes turning the cards to the other side to check the number of items 
each numeral represents. In “Comparing Trees,” children determined the relationship 
between two quantities and selected the correct relation card (less than, greater than, 
or equal to) to represent the comparison. This activity served the purpose of help-
ing kids understand magnitudes from visual representations and, at the same time, 
understand the symbolic representation of the comparison relations.

4.2.3 Handwriting recognition

Mathematical notation is a crucial aspect of mathematics, allowing abstract 
concepts to be represented through symbols and characters. Indo-Arabic numerals, in 
particular, are essential for students to learn, both in recognition and proper hand-
writing. Writing numerals by hand is not merely a byproduct of learning to write, but 
also plays a key role in clarity and accuracy in problem-solving. Poorly formed numer-
als can lead to misinterpretation and errors in mathematical operations.

Handwriting has been shown to enhance knowledge retention more effectively 
than typing or tracing on a screen due to the increased neural connections formed 
during the process. Writing by hand also helps children understand spatial distribu-
tion, reinforcing the concept of place value and its importance in mathematical 
operations. Practicing handwriting ensures numerals are clean and well-formed, 
fostering better problem-solving skills.

To support this learning process, a handwritten digit recognition system was 
developed using a TensorFlow model trained on the MNIST dataset, focusing on digit 
recognition. The system requires users to write numbers within designated rectangles, 
with each rectangle identifying a single digit. This interaction is exhibited in Figure 6.

This interaction was used in educational activities (seen in Figure 7) where 
students manually wrote numerals in designated locations. In “Counting Animals,” 

Figure 5. 
Activities that feature cards with printed markers as playing cards.
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users practiced writing clear and proportional numerals recognizable by the software, 
reinforcing spatial organization in mathematics. “Adding Baskets” expanded on this 
by having students place handwritten numerals correctly within an equation, helping 
them develop structured problem-solving skills.

4.2.4 Beat recognition

Sonification is the process of converting information into sound. In “Rhythm 
Cow,” numbers are represented through beats, which users must count and interpret 
into movement or visual representations on screen. The beats are played in patterns, 
separated by short silences within groups and longer silences between groups. Users 
must listen carefully to identify group boundaries and count the beats, engaging 
multiple cognitive processes such as auditory-to-numerical conversion, time interval 
differentiation, and working memory retention.

To interact, users position their mouse over rectangles representing pattern 
groups, clicking to increase the stored count. A specially designed button, pictured 
in Figure 8, requires larger arm movements instead of simple clicks, engaging more 
muscles and enhancing proprioception. This increased physical effort activates 
additional neural pathways, reinforcing cognitive engagement with the activity.

Figure 6. 
The user writes a number on paper inside the bounds drawn by the application.

Figure 7. 
Activities where the student had to manually write the numbers on paper.
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4.2.5 Speech recognition

Speech recognition is commonly used in language learning applications to assess 
pronunciation, provide immediate feedback, and improve learning. In a math teach-
ing application, it helps users learn the verbal representation of numbers, reinforcing 
their ability to switch between representations.

Modern speech recognition is highly accurate, even accommodating different 
accents, making it beneficial for both native English speakers and students learning 
math in English. While the “Reading Numbers” activity currently focuses on number 
pronunciation, it could be expanded to verbalizing math problems to enhance reason-
ing and comprehension.

The implementation activates the microphone on click, records the uttered 
speech, transcribes it into text, and compares it to the correct answer. If mispro-
nounced, the system prompts the user to try again, reinforcing accurate pronuncia-
tion and understanding. The following Figure 9 shows the interface of this activity in 
the application.

Figure 9. 
The interface of the speech recognition activity.

Figure 8. 
Left: Button used in this activity. Right: Interface of the activity.
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4.3 Evaluation

The evaluation phase tested the system’s impact on children, conducted in their 
homes to reflect real-world conditions. This approach provided insights into how the 
application performed in diverse environments, even if ideal conditions were not 
always met. The evaluations were done in two iterations, with children engaging in 
activities while their interactions were observed and recorded, as seen in Figure 10. 
After each session, the children provided feedback on the usability and comprehen-
sion of the app.

The testing revealed that the users enjoyed the variety of activities and actively 
engaged with them, eagerly awaiting results. They particularly enjoyed using the 
manipulatives to solve problems and even continued to engage with them during their 
free time, suggesting that physical elements helped students transfer knowledge beyond 
the lesson. The children, especially those who had previously struggled with traditional 
methods, showed significant improvements in confidence and problem-solving abili-
ties. Progress was observed in counting, number recognition, and solving simple equa-
tions, with notable reductions in error rates and faster completion times. A comparison 
was made between the performance of the students based on 30 total exercises related 
to the concept of number resolved through both the digital platforms and the interactive 
environment to measure the improvement in time and accuracy of the children when 
confronted with similar types of exercises. This comparison is shown in Table 1.

The multi-sensory approach, combining visual, auditory, and tactile stimuli, 
proved to be highly effective in helping students grasp and retain abstract mathemati-
cal concepts. One of the factors most thought to have influenced these results is the 
level of engagement and interest the children showed when it came to solving the 
same exercises through objects. Kids who were usually disinterested and even frus-
trated by the math exercises showed evident motivation and initiative in using the 
system to do math.

Figure 10. 
Users engaged in the activities during the evaluations.
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The evaluation concluded that the system successfully created an interactive and 
tactile learning environment that fostered meaningful engagement and measurable 
learning outcomes. This demonstrated the system’s potential for broader educational 
applications, providing a promising model for future learning tools.

5.  Conclusions

This PoC implementation has demonstrated the potential of AR as a transforma-
tive tool in early mathematics education. By integrating AR into a mixed-media learn-
ing environment, we addressed key challenges associated with traditional digital and 
physical learning methods, such as a lack of engagement, limited sensory stimulation, 
and shallow cognitive processing. The results of our case study support that interac-
tive, multi-sensory learning experiences improve mathematical comprehension, 
enhance retention, and increase motivation.

The evaluation reinforced the idea that learning mathematics is most effective 
when it engages multiple senses. Our findings align with existing research on multi-
sensory education, indicating that combining visual, auditory, and kinesthetic inter-
actions significantly enhances cognitive processing and conceptual understanding. 
The use of tangible objects, handwriting recognition, and interactive tasks facilitated 
deeper engagement and comprehension of numerical concepts among young learners.

Integration of augmented reality (AR) with traditional manipulatives marks a 
transformative shift in both teaching and learning paradigms. Technologically, AR 
extends the capabilities of physical materials by offering dynamic, immersive, and 
interactive learning experiences that enrich student understanding. Pedagogically, it 
fosters deeper engagement, comprehension, and retention through a multi-sensory, 
experiential approach, enhancing students’ ability to connect with abstract concepts. 
The potential of AR in education, though still unfolding, is already reshaping how 
students engage with complex subjects, particularly those requiring visualization of 
abstract ideas. As AR, AI, and machine learning continue to advance, they are paving 
the way for a new horizon in human-machine collaboration. Ongoing evolution of 
these technologies promises to further elevate the effectiveness and depth of learning, 
creating richer, more individualized educational journeys in the future.

The results of the exploratory study indicate that the use of a mixed-device system 
significantly improved task completion time and accuracy compared to the exist-
ing digital platforms that use a screen-focused approach. These findings align with 
existing research [2, 5, 7] on the benefits of interactive and embodied learning in 
mathematics education. The observed improvements in this implementation suggest 
that integrating interactive systems into early mathematics education has the poten-
tial to enhance learning outcomes and task efficiency. Future research should further 
explore these findings through controlled studies with larger sample sizes to validate 
and expand upon these initial results.

Measurement Digital platforms Interactive system Improvement

Time spent in the activities 68.1 min 23 min 66.2%

Number of correctly solved exercises 39% 77% 97.4%

Table 1. 
Comparison between initial assessment and performance of the students with the interactive system.
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Traditional teaching methods often struggle to capture students’ attention, 
particularly when dealing with abstract or complex topics. AR introduces an interac-
tive, hands-on component that encourages active participation rather than passive 
learning. By allowing students to manipulate objects, experiment with variables, and 
explore concepts in a hands-on manner, AR transforms learning into an immersive 
experience. This level of engagement can lead to increased retention rates, deeper 
understanding, and a more positive attitude toward learning.

By integrating AR into education, institutions can enhance learning experiences 
across multiple disciplines, making complex concepts more accessible and engaging. 
Its ability to merge visualization, interactivity, and real-world application underscores 
its transformative potential in reshaping how students learn and apply knowledge.
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Abstract

The integration of augmented reality (AR) into science museums has emerged as 
a novel approach to enhancing visitor experiences. This chapter presents a framework 
to use the AR user-friendly Merge Edu application to facilitate interactive, inquiry-
based learning in museums as spaces for informal education. For this pilot analysis, 
CosmoCaixa in Barcelona is proposed as a case study. In this chapter, we discuss the 
potential of AR to visualise natural science museum artefacts in 3D, highlighting how 
the merging of digital content and physical exhibits sparks curiosity and inquiry. We 
propose that AR-powered interactions, such as those enabled by Merge Edu, offer 
immersive possibilities for small-group experiences, making complex scientific con-
cepts more accessible. Challenges include developing digital infrastructure, training 
staff, and striking a balance between technology and the museum’s cultural mission. 
Ultimately, this chapter argues that adopting AR in museums can enhance visitor 
engagement and democratise the learning of natural science concepts in a tangible, 
inclusive manner.

Keywords: augmented reality (AR), pedagogy, museology, Merge Edu, interactive 
learning

1.  Introduction

Museums play a fundamental role in the conservation and dissemination of 
knowledge, serving as spaces where communities can explore cultural and scien-
tific heritage. With time, their educational models have evolved to actively engage 
visitors in meaningful learning processes [1]. This shift has led to the adoption of 
practical and immersive activities [2]. Functioning as dynamic centres of culture 
and informal education, museums encourage visitors to construct knowledge 
actively [2–4]. Museums have incorporated contemporary pedagogical dynamics to 
provide alternative learning experiences that stimulate inquiry, encourage manipu-
lation of real objects, and integrate digital tools to explain complex scientific and 
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cultural concepts [3]. This evolution toward more participatory approaches reflects 
the growing demand for inclusive, accessible, and engaging educational spaces [5].

As part of this trend, augmented reality (AR) has gained followers by overlay-
ing immersive digital content onto physical objects or exhibits [6, 7]. The introduc-
tion of AR has revolutionised the visitor experience by facilitating interaction with 
digital reconstructions and simulated real environments [8]. This digital overlay 
enriches knowledge by transforming static exhibits into dynamic learning initia-
tives. For example, AR can incorporate animations to demonstrate how an extinct 
creature moved or how an artefact was used in its original context. This approach 
enriches the scene with temporal and interactive content that a static display can-
not provide.

Museums in the United States, such as the Smithsonian National Museum of 
Natural History, have incorporated AR technologies into their exhibits, allowing visi-
tors to interact with digital reconstructions of fossils and historical artefacts, which 
enriches the understanding of natural history [4, 9]. Similarly, the British Museum in 
London has experimented with digital layers overlaid on historical objects, enabling 
dynamic and contextualised interaction with cultural heritage, which has contributed 
to renewing the museum experience for diverse audiences.

Likewise, institutions such as the Louvre in Paris and the Museum of Modern Art 
(MoMA) in New York have integrated immersive experiences that combine AR and 
other digital technologies. For example, the Louvre has utilised AR to reimagine its 
collections, enabling visitors to access interactive and personalised narratives that add 
an extra dimension to their encounter with the artworks [10]. At MoMA, digital inter-
faces have been developed to encourage active participation, sparking exploration 
and dialogue around contemporary art [11]. These initiatives reflect a trend toward 
reinventing museums as spaces for interactive and multisensory learning, expanding 
their educational reach.

In Spain, museums are progressively transforming traditional exhibition spaces to 
introduce dynamic environments that foster active learning, playing a key role in the 
informal education of visitors [2, 12]. The CosmoCaixa Science Museum in Barcelona 
is an example of this transformation. Created in 2004 by the ‘la Caixa’ Foundation, its 
exhibits feature interactive displays showcasing palaeontological remains and fossils 
from the plant and animal worlds, including the Protoceratops, Chilotherium (fossil 
rhinoceros), and Triceratops horridus (Figures 1 and 2).

Visitors can observe palaeontological skeletal remains and learn about palaeo-
ecology and the changes the Earth has undergone throughout its history, fostering 
curiosity and interest in natural sciences. The educational philosophy of CosmoCaixa 
emphasises active learning, where visitors physically interact with the displayed 
objects and directly experience scientific principles. This reflects the strategies 
currently observed in many Spanish museums, where tangible interactions and 
immersive technologies create memorable learning environments [2, 6]. The institu-
tion collaborates with schools to reinforce formal curricula, providing educational 
materials and organising field trips that serve as a bridge between classroom theory 
and museum practice [3, 4, 6].

Using CosmoCaixa as a case study, this chapter presents a framework for integrat-
ing AR into the dynamics of informal education in museums, facilitating interactive, 
object-based learning.

The methodology presented here can be applied to other institutions seeking to 
integrate inquiry-based and constructivist learning into their visitor experiences 
(Figure 2). Particularly in science museums, where AR can be integrated into 
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exhibitions and educational activities to enhance hands-on, interactive experiences 
and encourage visitors to explore and familiarise themselves with scientific concepts.

2.  Object-based learning activity proposal

In designing this framework, we utilised the Merge Edu app, along with the inte-
grated applications ‘Merge Explorer’ and ‘Object Viewer’ [13]. Using the ‘World’ feature, 
this is low-cost and compatible with numerous device applications, enabling users to 
manipulate and view three-dimensional objects through the camera of a mobile device.

Figure 1. 
Visitor interaction with fossils and extinct species remains at CosmoCaixa. Note. On the left (A), a Protoceratops 
skeleton; on the right (B), a Chilotherium (fossil rhinoceros) skull, limb bones, and a partial skeleton. Also, on 
the lower right, there is a complete crocodile skeleton. Source: Photograph taken by the authors at the CosmoCaixa 
Museum, Barcelona.

Figure 2. 
Visitor interaction with a digital reconstruction in Merge Edu, featuring a Triceratops at the CosmoCaixa 
Museum in Barcelona. Note. The AR experience overlays the model into the exhibition space (A), allowing 
realistic exploration (B). Source. Photograph taken by the authors at the CosmoCaixa Museum, Barcelona.
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In this way, the user can observe and explore these AR models in their own space, 
interacting with them from different perspectives (Figure 3) [13]. Our proposed 
activity aims to foster object-based scientific learning using artefacts from the 
CosmoCaixa Museum of Science. This is achieved through the sensory and visual 
exploration of fossils, complemented by AR visualisation using the Merge Explorer 
and Object Viewer. Table 1 defines, and Figure 1 exhibits, the objective of the 
activity, focusing on interaction with authentic fossils and integrating technology. 
This proposal is framed within active learning methodologies that promote student 
participation through exploration and hypothesis formulation [4].

The activity structure is based on the ‘See, Think, Wonder’ approach, a method 
used in education to stimulate observation, critical thinking, and questioning [14]. 
In the ‘See’ phase, participants will explore the fossils without prior knowledge of 
their identity, using touch and observation as a first encounter. In the ‘Think’ phase, 
they will be provided with contextual information and encouraged to reflect on the 
objects, their origin, and their evolutionary background. Finally, in the ‘Wonder’ 
phase, the use of AR resources will allow them to visualise the reconstruction of the 
fossils in their original state, raising new questions about their life, appearance, evolu-
tionary adaptations, and preservation [12, 15, 16].

This approach enables participants to connect the past to the present through 
technology, thereby strengthening understanding of scientific concepts and fostering 
a deeper curiosity about history. The combination of sensory exploration and digital 
tools makes the activity an immersive experience that drives scientific inquiry [17]. 
Thus, a balance is achieved between interaction with physical elements and digital 
visualisation, allowing for a more comprehensive educational experience.

To engage with fossils and the Merge Edu ‘World’ feature in a hands-on storytell-
ing scenario, participants will work in small groups to create a personalised, immer-
sive learning environment where each one can directly interact with both the physical 
fossils and the AR application (Figure 4).

Figure 3. 
Visitor interaction with 3D models in the physical environment using the Merge Edu ‘World’ function. Note. The 
participant has placed a virtual 3D model of a fossil in real space via the mobile device. AR view and is moving 
around it to observe the object from various angles (A and B). Source. Photograph taken by the authors at the 
CosmoCaixa Museum, Barcelona.
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By reducing group size, sensory exploration and hypothesis formulation could 
occur in a more structured manner, encouraging participants to share observations 
and ask probing questions without feeling rushed. Moreover, such a facilitator can 
provide targeted guidance, ensuring everyone masters the ‘World’ feature’s interac-
tive capabilities and fully experiences the ‘See, Think, Wonder’ methodology.

See (discovering and touching 
the past)

Think (about the objects) Wonder (about the past, present, 
and future)

The participants find themselves 
facing a mysterious box. They 
know that inside are ancient 
fossils, fragments of the past that 
tell stories of a world that existed 
millions of years ago.
But,

• What will it be?

• What will it look like?

• What creature does it come 
from?

With one hand, without looking, 
they explore the texture, the 
shape, and the weight. They 
perceive the roughness of a sharp 
tooth, the hardness of a fossilised 
piece, and the spiral shape of an 
ammonite. The first contact is 
sensorial, awakening imagination 
and expectation. Each participant 
takes out a fossil without yet 
knowing what it is.

Now, a brief history is presented:
‘Millions of years ago, a predator 
ruled the seas. Its teeth were as big 
as a human hand and could crush 
bones with ease…’
Questions are asked to guide them:

• What do you think you are hold-
ing in your hands?

• What do you think it looked like 
in its natural environment?

• What do you think this creature 
ate or lived like?

• How do you think this fossil was 
acquired?

The answers are varied, ideas are 
exchanged, and hypotheses emerge 
from the participants. These are 
discussed as a group and compared 
with what others have perceived.

Finally, the fossil box is transformed 
into a window into the past. Using 
AR, participants see in actual size 
what once was that tooth, that 
ammonite, that coprolite. The 
tiny fragment in their hands now 
comes to life on the screen, visually 
revealing its actual size, and they 
can see representations of such 
fossils as they would have been in 
life.
They can generate a 3D model in 
their environment using the AR 
application and the Merge Edu tool, 
rotate the 3D image, zoom in, and 
view the megalodon or sea urchin as 
a real urchin, rather than a fossil.
His initial questions find answers, 
but new ones also emerge:

• How can we protect these 
vestiges of the past?

• What other amazing creatures 
existed that we have not yet 
found?

Thus, the activity concludes with 
a bridge between the past and 
the present, where science and 
technology combine to awaken 
curiosity and the desire to explore 
further.

Summary of activity phases

In this phase, participants will 
have the opportunity to formulate 
initial hypotheses, encouraging 
them to interact with the fossils 
and reflect on their physical 
characteristics.

Here, participants will reflect on the 
evolutionary history of the fossils 
and provide additional context that 
helps participants connect their 
observations with scientific theory.

In this phase, they will actively 
explore by manipulating 3D 
models, which will increase their 
understanding and interest in the 
fossils, transforming them into 
a complete representation when 
viewed in an interactive format.

Finally, after implementing the three (3) phases, students will reflect on what they have learned and discuss new 
questions that have arisen from the experience. Open-ended questions that stimulate critical thinking will be 
encouraged. The discussion will focus on evolutionary adaptations and ecological changes that led to the extinction 
of species like the ammonite.

Table 1. 
See, think, wonder: A multisensory journey into fossil exploration with AR.



Augmented Reality – Situated Spatial Synergy

50

Furthermore, a small number of participants allows the facilitator to provide 
more effective pedagogical support, ensuring that each student receives the guid-
ance necessary to maximise their experience in the activity. This method will allow 
for more meaningful interaction with the learning objects, promoting a deeper 
understanding and a clearer connection between initial observation, critical reflec-
tion, and digital visualisation. In this way, the educational approach based on the 
‘See, Think, Wonder’ model is reinforced, enabling students to engage in an active 
learning process.

2.1 Proposed evaluation methods

Here, we outline the potential evaluation methods that can be used to assess the 
impact of the proposed framework, utilising the AR Merge Edu app, on the learning 
experience in science museums.

Quantitative Analysis:
Pre- and post-activity surveys will be used to measure the impact of the educa-

tional experience on the visitors’ understanding.

• Pre-activity survey: Before the activity, participants will complete a diagnostic 
survey that assesses their prior knowledge of fossils and evolution. This survey 
will serve as a baseline to compare knowledge before the educational interven-
tion [18].

• Post-activity survey: After the AR activity, participants will complete a similar 
survey to measure the change in their understanding of fossils and evolution 
[18]. The survey will include closed-ended questions using a Likert scale (from 1 
to 5), which will assess aspects such as:

Figure 4. 
Storytelling with Fossils and AR at CosmoCaixa Museum of Science. Note. A composite of six moments from the 
activity: exploring fossils blindly, forming hypotheses, and visualising 3D reconstructions with Merge Edu. Source. 
Photograph taken by the authors at the CosmoCaixa Museum, Barcelona.
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 ⚬ The degree of understanding of concepts related to fossils and evolution.

 ⚬ The level of enjoyment of the activity.

 ⚬ The perception of the effectiveness of AR in enhancing understanding.

The pre- and post-activity surveys will enable the analysis of changes in partici-
pants’ knowledge and understanding. Additionally, the responses will be compared to 
assess the impact of interacting with AR on their knowledge of scientific concepts.

Qualitative analysis:
For the qualitative analysis, this study will employ data collection techniques 

recommended by [18, 19].

• Interviews: Semi-structured interviews will be conducted with participants to 
capture their subjective experiences, opinions, and insights regarding the use of 
AR and Merge Edu tools in informal learning environments, such as museums.

• Focus groups/workshops: Will be utilised to facilitate collective discussions and 
interactions, allowing a deeper exploration of participants’ perceptions and 
collaborative reflection on their learning process.

• Observation: Observation will also be carried out during the AR activity to 
record group interactions and participants’ interactions with both physical 
museum artefacts.

The data obtained from these qualitative methods will be thematically analysed to 
identify recurring patterns, key insights, and emerging themes. This will help to gain 
a deeper understanding of participants’ learning experiences and perceptions regard-
ing the integration of AR in informal educational settings.

3.  Discussion

As museums evolve into dynamic and participatory learning environments, 
the integration of AR has emerged as a powerful tool for enhancing educational 
engagement [20]. AR facilitates interactive and multisensory exploration of complex 
scientific and historical content, encouraging inquiry-based learning and promot-
ing deeper engagement among visitors [21, 22]. Unlike traditional exhibits, which 
are characterised by passive observation, AR enables active participation, fostering 
curiosity and reflection.

Platforms such as Merge Edu exemplify this pedagogical shift by allowing visi-
tors to engage directly with 3D models of artefacts. These experiences align with 
frameworks like ‘See, Think, Wonder’, guiding users from initial observation through 
reflective analysis to question generation. Such methods not only support knowledge 
retention but also foster meaningful connections with the material. AR’s capacity 
to democratise learning is particularly significant. By making content accessible to 
diverse audiences—including young learners, individuals with disabilities, and those 
with limited access to formal education—AR supports inclusivity and differentiated 
learning. Its compatibility with standard mobile devices, such as in the case of Merge 
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Edu’s ‘World’ feature, minimises financial and logistical barriers while maximising 
accessibility [7, 23, 24].

In natural science museums, AR enhances experiential learning by integrating 
digital content with physical exhibits, allowing for the visualisation of complex 
phenomena without compromising the integrity of original specimens [25, 26]. 
Research has shown that such interactive exhibits significantly improve knowledge 
retention and visitor engagement [27], aligning with contemporary pedagogical 
approaches that emphasise hands-on learning, curiosity, and scientific literacy [10]. 
Institutions like CaixaForum are leading this transformation, redefining museums 
as active facilitators of informal education. Merge Edu’s ‘World’ feature, for instance, 
enables visitors to scan their surroundings and visualise 3D objects in situ, enhancing 
spatial understanding and immersion. While the use of AR glasses could offer a more 
seamless experience, the tool remains highly effective with basic technology.

Object-based learning through AR further deepens understanding of scientific 
principles. For example, enabling users to compare the skeletal structures of prehis-
toric and modern species supports the study of evolution and adaptation mechanisms 
[28]. This aligns with what [29] points out, highlighting that AR can also strengthen 
visitor social interaction and enhance the collective experience within exhibitions. 
Additionally, collaborative features—such as AR-guided tours and gamified experi-
ences like scavenger hunts—promote group learning and dialogue, making AR 
especially beneficial for school groups and family visits [7, 25, 26, 30].

AR also significantly improves accessibility. Many applications offer features such 
as multilingual support, sign language narration, and audio descriptions for visu-
ally impaired users [13]. Providing sign language narration can be preferable to text 
descriptions for Deaf visitors, as it delivers information in their primary language 
and more directly conveys the content than written text. The integration of QR codes 
within exhibitions provides supplementary information, enriching visitors’ under-
standing and engagement with the material.

Despite its clear benefits, implementing AR in museums poses challenges. High 
development costs, the need for staff training, and technical limitations such as 
internet dependency and device compatibility may hinder widespread adoption [7]. 
To ensure successful and sustainable integration, museums must adopt a strategic 
approach that includes:

• Budget planning for infrastructure and long-term content updates [7].

• Inclusive design, incorporating accessibility features such as audio narration and 
sign language [13].

• Pedagogical alignment, ensuring AR supports and enhances institutional educa-
tional goals [13].

The sustainability of AR applications also depends on the continual updating of 
3D models and digital content. Emerging technologies, such as artificial intelligence 
and machine learning, present promising opportunities for personalising AR experi-
ences based on user profiles, including age, interests, and prior knowledge [31]. 
Studies show that AR increases visitor engagement and time spent in exhibitions, 
indicating a stronger educational impact [26].

In natural history museums, augmented reality (AR) transforms exhibitions 
into immersive environments that enhance visitor collaboration and foster a deeper 
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appreciation for science and conservation. To ensure long-term success, institu-
tions must adopt adaptive and inclusive strategies that align with their missions. 
Overcoming technical barriers, such as software calibration and infrastructure 
optimisation, is crucial for fully democratising these experiences. Future research 
should evaluate the long-term educational impact of AR, compare the ‘World’ feature 
of Merge Edu with similar tools, and explore its integration with other immersive 
technologies, such as virtual reality.

However, AR has limitations in certain exhibits. Large-scale architectural works 
or aesthetic pieces like expansive paintings and sculptures may not benefit much 
from digital augmentation. Overlaying AR content on these objects can sometimes 
distract from the original artwork. In contrast, small and midsized objects like fossils 
or anatomical models are well-suited for augmented reality (AR), providing detailed 
and dynamic experiences. However, scaling 3D models in AR presents challenges. 
Incorrect scaling can reduce visual quality and realism, particularly with larger 
objects. For example, when representing a life-sized dinosaur on a handheld device, 
its scale must be reduced, which may lessen the viewer’s perception of its actual size. 
Conversely, if the object is not scaled down at all, only a portion of the dinosaur 
would be visible on the screen. Therefore, achieving the appropriate scale requires 
balancing practical limitations to accurately convey size and proportions.

Despite the availability of AR content for personal devices at home, in-person 
museum visits remain essential. Museums provide sensory engagement with authen-
tic artefacts and social interaction that virtual experiences cannot fully replicate. AR 
can enhance these aspects but cannot replace them. Lastly, AR fosters collaborative 
learning in museum spaces. With tools like the Merge Edu ‘World’ feature, multiple 
visitors can engage with the same AR objects simultaneously, promoting shared 
exploration, discussion, and collaborative meaning-making. For example, a single 
Merge Edu ‘World’ can be utilised by a small group. Each member can use their own 
device to view the augmented reality content from various angles. Alternatively, they 
can take turns using one device, allowing the entire group to experience the same 
digital model together. This shared AR interaction enriches both the learning and 
social experiences of museum visits.

4.  Conclusions

This chapter argues that AR, through the ‘World’ function of Merge Edu, can 
transform visitor experiences in science museums by fostering inquiry-based learn-
ing. AR allows visitors to interact with digital models of fossils in real time, bridging 
tangible artefacts with intangible concepts. It is especially effective in small group 
activities, promoting discussion and meaning-making.

While challenges such as staff training and hardware maintenance remain, AR 
stands out as a democratising technology that expands access to diverse audiences. 
By reducing conceptual distance, such as showing how a fossil fragment belonged to 
a large extinct creature, AR creates an immersive sense of wonder. When integrated 
into a museum’s pedagogical strategy, AR enhances both knowledge retention and 
emotional engagement.

The value of AR goes beyond novelty, aligning with the evolving role of museums 
as active facilitators of knowledge. Future research should focus on long-term knowl-
edge retention, inter-institutional collaborations, and improving group experiences 
to help visitors establish lasting connections with science and heritage.
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However, AR has limitations in certain exhibits. Large-scale architectural 
works or aesthetic pieces, such as paintings and sculptures, may not benefit from 
digital manipulation. In contrast, small objects such as fossils or anatomical 
models are ideal for AR, offering detailed and dynamic experiences. Scaling 3D 
models in AR is also challenging—incorrect scaling can compromise visual qual-
ity, especially for large objects; however, scaling enables a better understanding of 
size and proportions.

Despite the availability of AR at home, in-person museum visits remain essential. 
They provide sensory engagement, authentic artefacts, and social interaction that 
virtual experiences cannot replicate. AR enhances these aspects but cannot replace 
them. Lastly, AR fosters collaborative learning in museum spaces. With tools like the 
Merge Edu ‘World’ feature, multiple visitors can engage with the same AR objects, 
promoting shared exploration and discussion and enriching both the learning and 
social experiences of museum visits.
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Abstract

Augmented reality (AR) harbors an ocularcentric bias toward visual augmented 
reality (VAR), at the expense of auditory augmented reality (AAR). The latter is 
more readily available, technologically simpler and lower cost, with great potential 
for improving human well-being, what we call AAR for Well-being (AAR4W). In 
our chapter, we discuss the history of AR from this perspective, then present sev-
eral AAR4W projects, each extending reality with acousmatic sound, as informed, 
in varying proportions, by disciplines of sound art, electroacoustic composi-
tion, ethnomusicology, and health sciences, including context, technical descrip-
tions, experience, and future implications. Each is designed to enhance well-being 
using soundscapes, which we define as steady-state, nonperiodic sound, primarily 
admixtures of natural, musical, and synthetic sounds. Soundscapes offer enormous 
potential to alter mood and promote mental health, while remaining subliminal. Our 
projects are designed to support reflection, meditation, relaxation, and focus, with 
explicit intentions ranging among aesthetic priorities of sound artists, multicultural 
educational priorities of ethnomusicologists, and therapeutic priorities of health 
care providers. We consider soundscapes an ideal AR vehicle for well-being, as they 
naturally blend seamlessly with the real world, mixing harmoniously with each other, 
requiring minimal technological intervention or cost, and fading non-distractively 
into the perceptual background, unlike VAR presentation of visual information, 
which tends to be perceptually and cognitively disruptive.

Keywords: augmented reality, sound, soundscapes, sound art, mental health, 
well-being, machine learning, soundwalking

1. Introduction: The varieties of AR experience 

1.1 Definitions: AR, VAR, AAR

In a broad sense, augmented reality (AR) can be defined as a simulated sensory 
environment seamlessly superposed upon ordinary reality, rather than replacing it 
entirely, as in virtual reality (VR), such that the user perceives this environmental 
fusion through sensory channels. While the human senses are more numerous than 
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the Aristotelian five,1 AR encompasses primarily visual and auditory channels; olfac-
tory, haptic, and gustatory channels are rarely addressed due to technological obsta-
cles. But for the most part, AR combines possibilities offered by visual augmented 
reality (VAR) and auditory augmented reality (AAR).2 AAR and VAR may aim for 
coordinated, congruent sensory fusion, providing auditory and visual perspectives on 
a common multisensory simulated environment (e.g., matching sights and sounds of 
wild animals, a moving vehicle, or a trumpet player), or they may generate indepen-
dent auditory and visual environments.

Frequently, AR is narrowly equated (sometimes tacitly) with VAR. As Yang, Barde, 
and Billinghurst state in their review, referencing earlier authors: “…the overwhelm-
ing majority of AR research has been focusing on visual augmentation” [6, 9–11]. 
Prevailing definitions center on computer technology generating graphical images 
augmenting natural vision, using optical see-through displays to superimpose virtual 
visual objects over reality [12]. The following entry in a technical dictionary is typical 
of the ocularcentric bias:

augmented reality the idea that an observer's experience of an environment can 
be augmented with computer generated information. Usually this refers to a system 
in which computer graphics are overlaid onto a live video picture or projected onto a 
transparent screen as in a head-up display [13].

Modern VAR is predicated upon high-tech devices developed only in recent decades—
such as stereographic (binocular) head-mounted or head-up displays (HMDs, HUDs), 
AR eyeglasses and contact lenses, and virtual retinal displays (VRDs)—to present virtual 
images to the user [14, 15]. Indeed, though AR dates to Morton Heilig’s 1962 Sensorama, 
which combined visual, acoustic, and olfactory stimulation [16, 17], and Sutherland’s 
early HMD [18], the term “augmented reality” was not coined until 1992, with the devel-
opment of digital HMD technologies [19], which came to be intimately associated with 
the concept [20]. Textbook treatments of AR generally pay short shrift to sound, limiting 
it to a support role in the service of virtual images [15] (for instance, both virtual avatars 
and NPCs may need to speak) despite the fact that AAR is, in many respects, simpler, less 
expensive, and more emotionally powerful.

Actually, Mavor and Durlach’s foundational 1995 edited volume on virtual envi-
ronments devotes its entire third chapter to the auditory channel, following prefatory 
remarks, presciently echoing our own observations on low-tech AAR:

As indicated previously, the accomplishments and needs associated with the auditory 
channel differ radically from those associated with the visual channel. Specifically, 
in the auditory channel, the interface devices (earphones and loudspeakers) are 
essentially adequate right now. In other words, from the viewpoint of synthetic envi-
ronment (SE) systems, there is no need for research and development on these devices 
and no need to consider the characteristics of the peripheral auditory system to which 
such devices must be matched. What is needed, however, is better understanding of 

1 As Aristotle enumerated and affirmed in his De Anima, Book 3, Part 1, “one may be satisfied that there are 
no senses apart from the five (I mean vision, hearing, smell, taste, and touch)…” [1, 2]. Modern perceptual 
science recognizes at least seven senses, including proprioception and the vestibular sense [3, 4].
2 Others have used the same initialism for the roughly synonymous terms audio augmented reality [5–7] or 
augmented aural reality [8].
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what sounds should be presented using these devices and how these sounds should be 
generated. Accordingly, most of the material presented in this section is concerned not 
so much with auditory interfaces as with other aspects of signal presentation in the 
auditory channel [21].

There follows a discussion of how to communicate information to the user through 
the auditory channel, including (on p. 136) the related but distinct techniques of data 
audification and sonification (these terms are elaborated below), as well as spatial 
sound, all within the broader field of auditory display technology [22], while noting 
that “…relatively little attention has been given to augmented reality in the auditory 
channel” [21].

However, despite this broad “vision” for AAR early in AR’s history, in practice 
most subsequent AR research has focused on the visual field, as well as practical 
informational applications (medical, robotic, etc.), rather than creative or therapeutic 
ones, at least until the more recent era of AR gaming. Several widely cited overviews 
of AR exclude the auditory field entirely. Thus, Dey et al., citing Azuma: “Augmented 
Reality (AR) is a technology field that involves the seamless overlay of computer 
generated virtual images on the real world, in such a way that the virtual content is 
aligned with real world objects, and can be viewed and interacted with in real time 
(Azuma, 1997)” [9], or Zhou et al.: “Augmented Reality (AR) is a technology which 
allows computer generated virtual imagery to exactly overlay physical objects in real 
time” [10].

Yet, in his pioneering article, Ronald Azuma himself defined AR broadly as a 
system with three characteristics: “1) Combines real and virtual; 2) Interactive in 
real time; 3) Registered in 3-D” ([23], section 1.2). And while nearly all his exam-
ples are visual, he also emphasizes AR’s multisensory nature, specifically mention-
ing the possibility of AAR:

Augmented Reality might apply to all senses, not just sight. So far, researchers have 
focused on blending real and virtual images and graphics. However, AR could be 
extended to include sound. The user would wear headphones equipped with micro-
phones on the outside. The headphones would add synthetic, directional 3–D sound, 
while the external microphones would detect incoming sounds from the environment. 
This would give the system a chance to mask or cover up selected real sounds from the 
environment by generating a masking signal that exactly canceled the incoming real 
sound (Durlach and Mavor 1995). While this would not be easy to do, it might be 
possible [23].

Azuma’s definition of AR emphasizes an important ingredient noted by many 
other authors (e.g., [20]), namely interactivity: the simulated sensory environment 
(whatever its modalities) is required to respond to the subject’s spatio-temporal 
environment: location, orientation, movement, time, and potentially internal 
physiological variables (e.g., heart rate) as well. While perhaps “not easy to do” 
at the time of his writing (1997), interactive augmentation in the auditory field is 
readily available today. For instance, earbuds can directionalize sound depending 
on head orientation or cancel unwanted noises, enabling greater focus on desired 
sounds. Hearing aids are a case in point. AAR may also interact with the visual 
field, for instance, reading visible texts aloud [8] or providing an audible dimen-
sion to virtual images. Several projects have developed sophisticated AAR for the 
blind and visually impaired, rendering the world as sound [24–29]. But AAR need 
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not be technologically complex to be effective. Unfortunately, nearly 30 years 
after Azuma’s speculations, comprehensive explorations of AAR concepts, tech-
nologies, applications, taxonomies, and potentials remain scarce, though several 
recent articles and one book (by a sound designer) herald an emerging disciplinary 
maturity (see [5–7, 30]).

1.2 AAR and VAR compared

VAR generally entails the technological complexity and cost of a mobile, head-
mounted visual display in order to effectively fuse the simulated visual field with the 
real one. But when AR is defined as a computer-generated overlay occupying any sen-
sory modality [31], a far lower-tech version is possible in the acoustic domain, where 
“…virtual auditory content is blended into the physical world to augment the user’s 
real acoustic environment.” Yet, “audio augmented reality (AAR) remains relatively 
under-explored” [6] as well as under-theorized, though the recent grounded theory 
taxonomy by Dam et al. [5, 30] represents a salutary step toward establishing AAR 
on a more solid foundation. As in feature film or video game soundtracks, auditory 
channels, though universally acknowledged as critical, tend to be subordinate to the 
visual ones. But, like VAR, AAR is powerful, though in a different way, and presents a 
much lower technological bar.

In its broadest form, AAR is familiar as recorded audio content played over a loud-
speaker. Such AR offers a potentially enormous range of content without the need 
for more advanced technology, and thus at a much lower cost, with fewer barriers to 
entry. No digital technology is required for AAR; open-backed or bone-conduction 
headphones suffice, allowing the audio stream to blend seamlessly with the real envi-
ronment. Indeed, any acousmatic3 sound fulfills AR’s broad sense definition. With 
the advent of portable, personal listening devices starting with the cassette-based 
Walkman (1979), through the portable CD and MP3 players, to the contemporary 
smartphone and the latest crop of smart glasses and lightweight speakers (head-
phones or earbuds), the radical impact of acousmatic environmental augmentation 
became portable too [33–36].

Played through loudspeakers, sound is broadcast relatively omnidirectionally, 
providing a collective augmented reality by diffusing, reflecting, and diffracting 
throughout a space, circumnavigating solid objects that would block light, and 
thereby affecting all who inhabit it, as well as drawing them together through shared 
auditory experience. Played through personal listening devices, sound becomes 
mobile and can be personalized. Either way, acousmatic sound can transform mood 
and color other perceptual modalities far more readily than in the visual domain. The 
low-tech VAR equivalent to the loudspeaker, for instance, projecting images on one 
wall of a room,4 is far less immersive. Even when the projected image is large enough 
to encompass peripheral vision, the user is required to look in a particular direction. 
But augmentation of visual reality via smart eyewear, the equivalent of a personal 
listening device, requires the complexity and expense of an HMD in order to blend 

3 The acousmatic, a concept developed by Pierre Schaeffer, founder of musique concrète, is that which is 
heard without the cause being seen [32].
4 It is possible, if expensive and usually impractical, to project omnidirectionally across walls and ceilings 
of special-purpose spaces, such as a planetarium, or the projective VAR popular at location-based entertain-
ment (LBE) venues such as Meow Wolf (USA) and TeamLab (Japan), thereby obviating special eyewear.
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seamlessly with visual reality.5 Furthermore, at its simplest, the auditory modality 
is emotionally powerful, widely viewed as more affective, unmediated, soulful, 
or embodied than the visual, as numerous philosophers and neuroscientists have 
variously discussed across the ages ([40–43]; [44] book 3, section 402). Even newer 
AR technologies have begun to recognize the advantages of AAR. Indeed, Meta’s first 
foray into the world of AR glasses, the Ray-Ban Meta smart glasses, has resulted in a 
system that is mostly geared toward sound and lacks an HMD due to current con-
straints of technology and cost.6

One technology critic has noted that music is the simpler, original AR: 
“Augmenting our visual field is a new feat, but augmenting our sense of sound is one 
of the oldest human tricks… When music plays in the background, it provides an 
emotional undertone for everyone in its presence.” And it does so without the need for 
intrusive, distracting devices strapped to one’s body. “Having music at our fingertips 
gives us something many of us lack but crave–control over our environment as well 
as control of our emotions… Even Google may have realized that augmented reality 
solutions don’t need a screen. They just need sound” [46].

AAR’s relative simplicity and lower cost depend in part on the fact that providing 
an immersive auditory field does not require bringing auditory objects into spatial 
focus, unlike the visual field, where reality augmentation requires spatial focusing 
on the retina. Indeed, the power of acoustic AR lies partly in the unfocused nature 
of sound, which tends to permeate enclosed spaces without casting sharp shadows. 
The tonotopic cochlea performs frequency analysis, and while auditory spatializa-
tion follows in the auditory cortex, sonic spatialization is relatively crude compared 
to spatialization of the visual field. Acousmatic sound takes advantage of these facts 
while radically widening the range of sonic possibility to anything that has been 
recorded. Acoustically transparent headphones are thus a simple, relatively low-tech 
way to augment acoustic reality without blocking it.

However, simply playing music or other sounds in the background does not satisfy 
everyone’s definition of AR. As stated earlier, in a narrower sense, AR (and VR) 
require a simulated interactive sensory environment responsive to, as well as super-
posed upon, the real one. To meet this definition, both AR and VR must respond to 
the user’s spatial attributes, location, and orientation, using sensors and processors 
to track GPS position, as well as head, hand, eye, or body movements. Interactivity 
makes both VAR and AAR more difficult and costly: simulated visual and acoustic 
fields must be continuously recomputed with corresponding changes in the user 
position. Such requirements entail additional input and output technology: cameras, 
accelerometers, magnetometers, gyroscopes, microphones, and GPS to map the 
environment and detect body and eye location, orientation, and movement; binocu-
lar displays and binaural speakers to render the virtual sensible. AR can thereby adjust 
the projected scene according to the real scene, combined with subject movement.

But even subject to this narrower definition, AAR is simpler than VAR. Given a 
user trajectory within an AV environment, each AR audio channel is a map from time 
to amplitude, while each video channel is a map from time and 2D raster pixel space 

5 Excellent earbuds are available for around $100 USD, headphones for around $300, while a good HMD 
costs over $1000. Within Apple’s pricier product line, the AirPods 4 earbuds retail for $129, AirPods Max 
headphones for $549, and Apple Vision Pro HMD for $3499 [37–39].
6 Meta’s new augmented reality system, Orion, is deemed “too complicated and expensive to manufacture 
right now” [45].
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to the four channels defining each pixel (e.g., R, G, B, alpha). And displaying visual 
information is far more complex than displaying acoustical information, as has been 
noted. Furthermore, when performing realistic AR modeling through binaural and 
binocular representations, auditory channels are less variable than the visual due to 
the more omnidirectional propagation of sound compared to light in the real domain 
and therefore also in the virtual one. Vision is highly directional, while audition is 
more omnidirectional and diffused, even when fully modeling binaural hearing by 
computing a head-related transfer function (HRTF). When the subject moves or 
turns, VAR necessitates rapid computations corresponding to the quickly changing 
spatial visual field; in contrast, the spatial auditory field remains more constant, even 
when computing binaural sound as a function of position, at least when simulating 
realistic sensory environments.

Interactive sonic technologies have been developed with far fewer technological 
machinations than required for their visual counterparts. To quote the same techno-
logical critic: “Further augmenting its effect, the music we hear can now be respon-
sive to our environments. Spotify allows users to discover popular tracks in their 
cities or even sync their music to their run. Technology also exists to sync music with 
gaming experiences or to soundtrack your surroundings” [46–50].

But interactivity may also entail responsiveness to a user’s physiological attributes 
by means of biometric data, including heart rate (HR, indicating physiological 
arousal), heart rate variability (HRV, reflecting stress and autonomic nervous system 
activity), galvanic skin response (GSR, measuring emotional arousal), respiration 
rate (RR, related to stress and relaxation), and skin temperature, as well as data from 
electroencephalography (EEG, indicating brain activity) and electromyography 
(EMG, indicating muscle activation). This sort of interactivity is crucial in several 
AAR applications we discuss in this chapter.

VAR and AAR also differ in relation to cognitive (informational) communication 
versus emotional (affective) evocation: mentation vs. mood. The visual field super-
imposed in VAR is highly effective for the former, for instance, conveying airspeed to 
a pilot via a HUD, rendering critical data as a colored plot, or indicating positions of 
monsters in Pokémon Go [51]. AAR may function in the same way, carrying cognitive 
content via language (for instance, a synthesized voiceover describing a scene, virtual 
or real), as well as nonverbal auditory displays, including sonification (data-controlled 
sound) and audification (data rendered as sound) [22]. Using sonification, one might 
detect patterns in a dataset (perhaps a lengthy DNA sequence) by hearing it, while 
audification can render bounded oscillations (seismological data, say) audible. Whole 
research labs are dedicated to such topics [52]. Likewise, both VAR and AAR evoke 
mood and arouse emotion. But here the latter is more effective. Perhaps the affec-
tive power of sound is most widely recognized in the form of music. However, in our 
projects, we focus not on music as usually understood, but rather on “soundscapes.”

The soundscape concept first came to prominence through the work of Canadian 
composer and environmentalist R. Murray Schafer, who in the early 1970s wrote an 
influential text, The Tuning of the World, in which he introduced the term, encourag-
ing the reader to consider the world soundscape as “a macrocosmic musical composi-
tion” [53]. With this text, along with a series of research projects out of Simon Fraser 
University, Schafer and his colleagues founded the field of acoustic ecology, along 
with the World Forum for Acoustic Ecology, an organization that still exists today, 
with its own journal, entitled The Soundscape. Schafer’s project, part activism and 
part artistic inquiry, inspired a new generation of listeners who combined this “world 
soundscape” sensibility with Deep Listening methodologies of Pauline Oliveros, an 
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American composer and improviser who cultivated an immersive life practice of 
listening that complemented many of Schafer’s ideas [54].

Our projects center on soundscapes not as occurring naturally in the world, but 
rather soundscapes that are deliberately fashioned for aesthetic-educational-therapeutic 
purposes and generated acoustically. Therefore, our definition is much narrower. For 
our purposes, we succinctly define a soundscape as a stochastically steady-state, non-
periodic (and hence extensible), non-distractive (hence non-denotative7) acousmatic 
sound. Such sounds include collages of static natural sounds, such as rain, wind, surf, 
insects, or dawn choruses; sounds of human activity (e.g., highway traffic, cafe babble); 
synthetic “colored” noise (white, brown, pink, etc.; see [55]); as well as ambient and 
minimalist music, especially drones, and so-called sonic or acoustic “wallpaper” 
[56, 57]. Brian Eno, for example, who coined the term ambient music in the 1970s, 
conceived of room ambiences enhanced through musical processes, by which spaces 
could be suffused with “an atmosphere, or a surrounding influence: a tint” [58]. A great 
variety of sounds fit, or can be made (through judicious editing) to fit, our definition 
of soundscape, including various combinations of natural sounds, synthetic sounds, 
and musical sounds in genres such as ambient, drone, or minimalism, though not the 
broader category of music as usually conceived (and especially not song!). Following 
from their definition, it is easy to see that the set of all soundscapes (quite unlike music) 
is additively closed: mixing two soundscapes produces a third. This closure property—
not shared with music—is quite useful, as we will observe. Furthermore, again, unlike 
most music, soundscapes tend to be non-distractive, fading into the perceptual back-
ground, rendering them more suitable for inducing mental calm and focus.

While visual content may trigger emotional responses, as in the visual arts, 
and especially via emotionally disturbing imagery, the auditory channel is widely 
regarded as far more potent in this regard [59, 60], generating an affective response 
by indexing environment features, carrying paralinguistic emotion, evoking affective 
memory, or setting a mood via musical properties like timbre, melody, and harmony. 
Our response to natural soundscapes is probably shaped by evolution, stimulating the 
autonomic nervous system directly, triggering a stress response (sympathetic nervous 
system) for some sounds (e.g., roaring lion) and a relaxation response (parasympa-
thetic nervous system) for others (e.g., chirping crickets) [61–67]. Further, audition 
is naturally immersive; unlike light, sound waves suffuse an enclosed space, and our 
auditory system is, correspondingly, always “open.” There is no auditory counterpart 
to “looking away” (“hearing away”?); as Schafer famously remarked, “there are no 
earlids” [68].

Yet another contrast between VAR and AAR lies in the possibilities for a collective 
social media experience. VAR can, of course, be synchronized across users, but for the 
purposes of realism, the technology must uniquely tailor visual imagery to each user in 
order to achieve perspectival interactivity; unless similarly positioned, no two people 
will receive the same signal (though they may access different perspectives on the 
same virtual space, by which the technology can nevertheless induce mediated social-
ization). However, AAR opens the possibility of a realistic collective social experience 

7 This attribute—required because all denotative reference tautologically entails distraction, through the 
cognitive shift from sonic signifier to signified—is relative to the listener. In particular, any verbal content 
must be incomprehensible, either due to dense polyphony (the buzz of a crowded cafe) or linguistic unfa-
miliarity (a monolingual English speaker hearing Mandarin, though even the uncomprehending perception 
of meaningfulness may be distracting).
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in which a group of people simultaneously hears the same sounds. This collective 
experience enables AAR to generate broad social connections in a way that VAR does 
not, just as a concert, which may gather thousands to participate in a synchronous 
communal aural event, is a more effective generator of collective experience than a 
museum exhibit, in which shared experiences are scarce and largely unsynchronized.

1.3 Auditory augmented reality for well-being (AAR4W)

In this chapter, we are primarily interested in the use of AAR to generate an 
independent simulated auditory environment, without any coordinated VAR analog, 
to enhance well-being. Compared to VAR, the relative technical simplicity, immer-
siveness, emotional power, and collective experience of AAR render it more effective, 
as well as more practical and economical, toward the promotion of well-being.

Well-being admits a wide array of definitions; here we focus on its broadest psy-
chological and sociological dimensions: human health in a general sense—physical, 
mental, and social—particularly stress reduction, serenity, focus, insight, and inter-
personal connection. Soundscapes appear to be ideal for well-being in this general 
sense. In our work, we therefore focus upon soundscapes, either as intentionally ther-
apeutic tools or as sound art compositions inducing well-being as a side effect of an 
intended aesthetic experience. Being steady-state and non-distractive, soundscapes 
are extensible to arbitrary length, fading into the sensory background while strongly, 
if subliminally, shaping mood. The closure property mentioned earlier enables sonic 
mixing and collaging, opening new possibilities for their creation, deployment, and 
optimization: effective soundscapes can be combined and composited.

Such soundscapes serve to alter the intersensory perception of one’s environment, 
powerfully and unobtrusively shaping consciousness as surely as other environmental 
factors, such as lighting, temperature, and wall color. While both sounds and the AR 
devices that produce them may become objects of perceptual focus, they can also 
recede into the background realm of utility as naturalized practical instruments for 
interacting with the world, what Heidegger called “ready-to-hand” [69]. Just as a sea-
soned pianist, for whom the piano is a virtual bodily extension, needn’t think about 
her musical tool, neither must the wearer of a portable acousmatic playback device, 
which likewise becomes a bodily extension.

There is a large literature on the value of music and sound for well-being [63, 70–
74], including among students [75–80]. Many of these studies focus on soundscapes 
using a definition comparable to ours (steady-state aperiodic), though typically they 
do not describe these possibilities as AR. Sounds that activate the parasympathetic 
autonomic nervous system and thus elicit a relaxation response are widely regarded as 
therapeutic in a broad as well as specific sense, from accelerating convalescence in the 
hospital to enhancing focus in the classroom and generally improving mood [81–83]. 
Soundscapes (by our definition) tend to have this effect. The literature suggests that 
colored noise [84, 85] and predictable natural soundscapes are particularly effective 
[86–92]. No doubt human beings have evolved over millennia to interpret predictable 
(hence low-information) nature soundscapes featuring stochastically steady-state 
sounds resulting from the sonic summation of myriad unthreatening agents (such as 
chirping crickets, croaking frogs, rustling leaves, light rain, and gentle surf) as audi-
tory streams requiring minimal perceptual attention, to which we therefore respond 
with decreased stress, increased relaxation, and improved mood. Such sounds 
contrast with unpredictable high-information impulse sounds emitted by potentially 
dangerous agents, like the roar of a wild animal or unexpected footsteps in one’s 
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home, which trigger a high perceptual alert, requiring rapid processing and stimulat-
ing a stressful fight-flight response8 [86, 94–96].

Another immersive practice, soundwalking, adds to the already recognized practice 
of walking (for physical and mental health): a method of listening and attunement to 
the sense of place through a specific, often artistically curated pathway. Soundwalks 
can be self-directed or curated and guided, and at a basic level involve moving 
attentively through an environment and practicing what Pauline Oliveros called Deep 
Listening, or listening with attention to analytical detail, intentionally [54]. Hildegard 
Westerkamp—an original member of the aforementioned acoustic ecology move-
ment of R. Murray Schafer, Barry Truax, and others—has written extensively on 
soundwalking as a practice, describing it as an “intense introduction to the experience 
of uncompromised listening” [97].

Soundwalking can also be mediated through technology, and this is where it leans 
into an AR practice. For example, Janet Cardiff ’s audio walks, a huge part of her oeuvre 
since the 1990s, require the listener to wear open-backed headphones, which allow the 
local soundscape to leak through a mediated version of that same soundscape Cardiff 
recorded earlier, alongside her reflections, instructions, musings, and storytelling [98]. 
In another example, Christina Kubisch’s Electrical Walks uses special headphones and 
instructions for listening to sounds that are created through magnetic induction noises 
in modern electronics spread throughout cities, including ATMs, security electronics, 
and other electronic equipment found in everyday urban environments. For this work, 
the listener is hearing sounds that normally would not be possible to hear, bringing 
into sonic awareness a whole layer of existence that we normally would not notice [99]. 
These two examples differ in their approaches to the normative soundscape of the 
environments in which they happen, Cardiff ’s being more attuned to the sense of place 
and its potential for narrative and historical reflection, whereas Kubisch’s work brings 
us into a hidden layer where our imaginations can interpret the experience in personal 
ways. Additionally, both of these examples involve solo reflections, although often they 
are presented in groups of individual listeners who walk together.

Soundwalks can be mediated by older technologies as well, such as musical instru-
ments or other sounds. One of the current authors experienced such a soundwalk in 
Koli National Forest in Finland, led by Pessi Parvianinen in 2010. In this walk through 
the forest, Parvianinen secretly populated the trail with musicians, each in a solo 
environment playing excerpts of music by Finnish composers or improvising with 
birds. It was a lovely way to bring an additional sonic layer into the natural sounds 
of the environment, inviting the participants to consider generations of musicians 
whose music was influenced by this environment.

Whether intended as aesthetic, therapeutic, or wellness interventions, and 
whether deliberately combined with real sounds (as in soundwalks) or not, AR 
soundscapes can contribute to well-being.

2.  AAR4W: Past and present

Soundscape-based AR for well-being lies on a continuum between art and utility. At 
the former pole, projects seek to extend the scope of music composition by integrating 

8 Or perhaps also the unpredictability of most music, requiring intensive perceptual processing, triggering 
an affective response by undercutting expectations, as hypothesized by Leonard Meyer [93].
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sound with the lived environment, beyond the concert hall, embedding sound through 
installations. At the latter, projects explicitly seek to enhance well-being, using AR 
soundscapes to support mental health, especially mitigating stress and promoting calm 
focus. What follows is a review of some representative case studies.9

2.1 Coronium 3500 (Lucie’s Halo)

In 2014, the second author (Smallwood) created an environmental, site-specific 
sound installation called Coronium 3500 (Lucie’s Halo) on the site of Caramoor Center 
for Music and the Arts in Katonah, New York [101–103]. Part of a larger group of 
sound installations by various artists, this piece sought to tie the soundscape directly 
to the environment by (a) creating sounds inspired by the natural sounds of the site’s 
birds and insects and (b) creating sounds that were entirely dependent on avail-
able sunlight (see Figure 1). The resulting “solarsonic” voices, which used custom 
electronics, played through several small speakers distributed around a grassy area. 
These speakers were powered by solar panels without batteries, which thus produced 
a variable level of real-time energy, affecting both the intensity and tempo of musical 
phrases (see [101] for technical details).

Although it has since been exhibited elsewhere, the original intention was to 
create a piece tied directly to Caramoor, incorporating its sounds into a mix of other 
sounds. Field recordings of the installation site were used to create the sound-making 
circuitry in order to engineer a soundscape inclusive of the local one. Then, when the 
piece was installed, the environment itself “played” the piece through a combina-
tion of sunlight and shadows created by large deciduous trees surrounding the site. 
Indeed, even the changing seasons played a role in the resulting soundscape, since 
the sun’s angle, the presence or lack of leaves on the trees, and other environmental 
factors had a direct bearing on the sounds of the electronic “critters.” This was a risky 
proposition, since the piece was exhibited on-site for 2 years, and the visitor’s aural 
experience of the piece could not be controlled or determined. On a cloudy day, for 
example, the piece would be very quiet, with some voices never sounding at all. It was 

9 Descriptions of Scott Smallwood’s projects are available in greater detail online [100].

Figure 1. 
Coronium 3500 (Lucie’s Halo), installed at the Caramoor Center for the Arts in Katonah, NY, in 2014 and 2015. 
Photograph by Scott Smallwood.
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fun to watch people experiencing the piece, especially when the sun would suddenly 
come out from behind clouds to awaken previously silent voices, to the surprise and 
delight of the visitors.

2.2 Emergences/Expanded Anatomies

In another work from 2024, entitled Emergences/Expanded Anatomies, Smallwood 
collaborated with visual artist Sean Caulfield on a site-specific installation on the 
historic townsite of Malvina, Quebec, a colonial-era village near the New Hampshire 
border [104]. In this work, combining multichannel audio with Caulfield’s prints and 
drawings, many of which were made on-site, the piece captured the historic and cur-
rent reality of Malvina, inclusive of a garden with its wooden fence and small garden 
cottage (see Figure 2). The sound piece included sounds of found objects, including 
many historical objects from the original town, loaned by local residents, and worked 
into drones and textures created on-site by the artist. In addition to these sounds, the 
idea was to also include the remarkable sounds of Malvina’s birds, the wind and rain, 
the creek running by, and occasional tractors driving down the gravel road. Due to the 
lack of highway noise, these sounds were ever present in this “high fidelity” environ-
ment, and so rather than attempting to record them, the piece simply left room for 
them by including sparse spaces and silences through which they could be heard.

In both of these examples, the “AR” is clear: the pieces incorporate the sounds 
of the place where the piece happens, making the place itself integral to the work. 
This work owes some inspiration to many of Schafer’s concert works, in which he 
eschewed the “temples of silence” that are concert halls in favor of natural environ-
ments that become part of the music and stories told in the work, often requiring 
the audience to travel to remote locations in northern Ontario and elsewhere [105]. 
Schafer’s work reflects a more general shift towards inclusion of space and place as 
active parameters, due, in part, to the rise of multichannel sound, but also to the 
opening up of sonic materials to include our human soundscape. In fact, the rise of 
sound art in the 1980s, a genre of art born in visual art culture in which sound is an 
artistic medium, introduced ways of thinking about the artistic uses of sound beyond 
music, and this includes sound in the context of site-specificity.

2.3 Sounding the Garden

Sounding the Garden [106] is an interdisciplinary, educational AR sound art 
project situated at the intersection of fine arts, humanities, social sciences, artificial 

Figure 2. 
Emergences, a 4-channel audio piece, with Sean Caulfield’s Expanded Anatomies, in Malvina, Quebec, August 
and September 2024. Photographs by Scott Smallwood.
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intelligence, and engineering. It draws on student contributors, including electro-
acoustic music composers, world music performers, designers, and ethnomusicolo-
gists, aiming to support their development as artists and scholars.

In 2013, the Canadian Centre for Ethnomusicology (CCE) [107] and the Aga Khan 
Trust for Culture [108] collaborated on an international event entitled “I am a bird from 
Heaven’s Garden: Music, Sound, and Architecture in the Muslim World,” heralding the 
creation of a new Islamic garden (later named the “Aga Khan Garden”) to be funded by 
the Aga Khan and located on the site of the University of Alberta’s Botanic Garden [109, 
110]. Out of this initiative emerged an AR project funded by the Canadian government’s 
Social Science and Humanities Research Council (SSHRC) entitled “Evolving the Botanic 
Garden,” which provided AR overlays as educational and aesthetic enhancements of the 
garden experience via visitors’ mobile devices [111].

As CCE director, the first author (Frishkopf) led construction of an AAR layer, 
Sounding the Garden [106], aiming to enhance the garden experience with poetry, music, 
and other sound, with a Sufi interpretation: the garden stroll becoming a mystical-
aesthetic path. A team was recruited, including both authors along with graduate students 
in composition, ethnomusicology, computer science, design, and drama.

Sounding the Garden is a spatial mapping of mystical language, projecting a famous 
poem by the Persian Sufi poet Farid al-Din Attar (c. 1145–c. 1221) entitled “Language 
of the Birds” (Mantiq al-Tayr), with its seven-stage spiritual journey toward enlight-
enment, onto the physical garden. We associated each stage—or “valley” (wādi), 
to adopt Attar’s metaphor—with a section of the garden. An ensemble comprising 
students, alumni, and faculty of our music program then collectively created and 
recorded ambient improvisatory music in a Persian dastgah (melodic mode) cor-
responding (according to prominent Iranian music scholar, performer, and composer 
Majid Kiani) to each such “valley.” We also embedded relevant tracks from a CD 
series, “Music of Central Asia” [112], at specific locations in the garden’s augmented 
reality space, along with bird calls and poetic recitations of Attar’s masterpiece in 
Persian, with English translations and interpretations.

Traversing the garden counterclockwise (aligning with Islam’s spiritual direc-
tion), one progresses through the seven valleys in order while experiencing associated 
poetry, sounds, and music (see Figure 3). User position is tracked via GPS (or sig-
naled by tapping on-screen icons), triggering the soundscape. In this way, the piece 
provides visitors a new sonic layer overlaid upon the remarkable soundscape of the 
garden itself, deepening affective understanding and enhancing well-being through 
sound.

2.4 Autonomous adaptive soundscapes

In 2012, sound artist and composer Yoko Senn found herself in the emergency 
room of a hospital in New York, and the sonic hellscape she described and sought 
to escape was almost more traumatic than her medical reason for being there. As an 
electronic musician and composer, Sen started to imagine ways that such a hospital 
soundscape could be “composed” by sound artists to create a calming space, rather 
than one of chaos. Her project to redesign hospital alarm sounds and noises has 
caught the attention of hospital administrators and researchers, and experiments are 
now underway to collaborate with equipment manufacturers to create a more sup-
portive sonic environment [113].

Hospital environments are excellent candidates for augmenting a stressful 
reality with soothing sounds. High stress levels and anxiety, associated with 
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delirium and sleep deprivation, are very common in critically ill patients and 
may compromise recovery and survival, as well as increase the length and costs 
of hospital stays [114–116]. Pharmacological approaches typically used to treat 
these conditions have non-negligible expense, limited effectiveness, and serious 
side effects. As a means to counter high stress levels and related effects, music and 
sound therapies are low-cost and noninvasive, with far more limited side effects 
than medication. Research (including our own systematic review) has shown them 
to be highly effective if customized to the patient [117, 118]. However, critically ill 
patients cannot be expected to communicate effectively with music therapists, who 
are scarce, frequently unavailable, and costly. Linguistic or cultural differences 
between the patient and therapist may also limit their effectiveness. Furthermore, 
as discussed above, soundscapes (as we define them) present many advantages 
over music.

Building on and integrating knowledge from multiple disciplines (music, music 
therapy, computer science, nursing, and critical care medicine), we developed 
autonomous adaptive soundscapes (AAS), an intelligent bio-algorithmic system gener-
ating therapeutic soundscapes for critically ill patients, using machine learning and 
biofeedback to induce relaxation, improve sleep, and reduce agitation, anxiety, and 
delirium [81]. AAS seeks to optimize a patient’s sonic environment by dynamically 
selecting, tuning, and mixing soundscape files (currently around 10) drawn from an 
audio library spanning a wide range of recordings (natural, musical, and synthetic). 
A reinforcement learning approach [119] developed by computer scientist Martha 
Steenstrup guides the search of the soundscape space based on autonomic biosignals 
indicating the patient’s current state, thereby delivering a customized soundscape 
to the patient (see Figure 4). No conscious, active engagement with the system is 
required from the patient. Our objective is a system suitable for the intensive care 

Figure 3. 
Sounding the Garden entails mapping the seven mystical valleys of Attar’s “Language of the Birds” onto the Aga 
Khan Garden in a counterclockwise circuit (starting from the Garden entrance, upper left): 1. The valley of the 
quest, 2. The valley of love, 3. The valley of insight into mystery, 4. The valley of detachment, 5. The valley of 
unity, 6. The value of bewilderment, 7. The value of poverty and nothingness.



Augmented Reality – Situated Spatial Synergy

74

unit (ICU), one that is highly effective, always available, simple to operate, minimally 
intrusive, and low risk.

AAS also promises enormous potential beyond the ICU, as stress, anxiety, and 
insomnia are pervasive social problems. Recent evidence-based research supports the 
use of music and sound for sleep [121] and has led to the specification of sonic criteria 
(rhythm, pitch, frequency, volume, genre, and duration) suitable for relaxation [122]. 
However, this research has not yet been operationalized in autonomous adaptive 
soundscapes. Experimentation with AAS was difficult to conduct in practice due to 
restrictions surrounding ICU access, particularly during the pandemic, but we ran 
experiments using a medical simulation laboratory [123]; results are pending.

2.5 Mindful Social Listening (MSL)

We decided to modify AAS to provide adaptive soundscapes for relatively healthy 
subjects outside medical facilities but nevertheless in need of support, starting with 
those closest to us: our students. For Mindful Social Listening (MSL), we removed the 
constraint that no conscious, active engagement with the system is required. However, 
we also imposed a new one: the MSL system should select soundscapes suitable for 
group rather than individual listening in order to catalyze student socialization and 
reduce isolation, exacerbated by the use of headphones and earbuds while studying in 
the library.

The motivation for such a system stemmed from a simple observation: Academic 
life is replete with exploration, discovery, learning, creativity…and stress. How can 
soundscapes enhance student well-being and academic success? Across all disciplines, 
postsecondary students suffer from the stress that inevitably accompanies the harried 
occupation of university life, impeding learning and jeopardizing well-being. This 
dire situation has become a veritable mental health crisis. As university mental health 
programs are woefully under-resourced, students rely on various forms of self-care. 
Our pilot study revealed that over 75% of students experience high levels of stress, 
94% use music and sound to cope, and about 80% find this use highly effective, wear-
ing personal listening devices (headphones, earbuds) to enhance concentration, mask 
distractions, and reduce stress. However, students may not be optimizing their sonic 
environments for stress reduction and focus; often, their selected soundscapes, or 

Figure 4. 
The autonomous adaptive soundscape system (from poster session; see [120]).
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preferred genres of music, are actually distracting them from work by demand-
ing attention. Furthermore, personal listening devices can not only be deleterious 
to hearing but also contribute to social isolation. We sought instead to develop an 
autonomously evolving, shared, non-distracting augmented sonic reality: a soothing 
sonic factor analogous to such common (but nonadaptive) ergonomic factors as room 
temperature, lighting, seating, and interior design.

We address these limitations by developing an autonomous system that gener-
ates a responsive soundscape environment in a social listening space. Building on 
AAS, combining data mining, machine learning, and algorithmic composition, and 
drawing on field recordings, applied ethnomusicology, health science research, and 
creative sound art, we have designed a responsive soundscape environment that can 
autonomously adapt to feedback from socially interacting users, enhancing mindful 
calm and supporting academic well-being. Installed in a library study room on the 
University of Alberta campus, this octophonic system10 operates by gathering con-
scious feedback from students, then compiling this information to update a “value” 
for each soundscape, as shown in Figure 5.

MSL deploys a “multi-armed bandit” reinforcement learning algorithm, balanced 
between exploration (seeking the optimal soundscape) and exploitation (making use 
of current knowledge), quite similar to that of AAS, and requiring calibration of three 
critical parameters:α, ε, and T. Each soundscape has a value ∈ [−1,1], adjusted over 
time according to user feedback, comprising a vector. Initially, all values are set = 1. 
After playing a soundscape for T minutes, we compute its reward as the average 
user response: reward ∈ [−1,1]. Next, we recompute its value as a weighted average 
between the new reward (weight = α) and the old value (weight = 1−α). Finally, 
we select the next soundscape: with probability ε, select at random (exploration); 
with probability 1−ε select the highest-valued soundscape (“greedy” exploitation). 
Currently, we explore a small set of 10 (like AAS) but plan to develop the algorithm 

10 Actually 8.2, with all speakers securely mounted on walls and floor. Soundscapes are octophonic; 
subwoofer LFE channels are derived automatically via low-pass filtering. We have also developed a simpler, 
more portable stereo version that can be set up anywhere, in use for experimentation at the University of 
Calgary.

Figure 5. 
Left: Autonomous adaptive feedback cycle to optimize soundscape selection. Right: Flowchart representation of the 
MSL algorithm [124].
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to enable exploration of larger sets (see below). Adaptation is difficult due to change: 
users may enter or exit, and their preferences may shift. Simulations show that with 
proper parameter settings, such a system can effectively adapt to play effective sounds 
addressing user preferences, provided the change is not too rapid.

3.  Conclusion: Possible AAR4W futures

As Yogi Berra (or perhaps Niels Bohr) famously quipped, it is always difficult to 
make predictions, especially about the future. Yet, in our exploration of auditory 
augmented reality for well-being, many future avenues have suggested themselves, 
and we are currently exploring several.

AAS currently depends on heart rate alone, a biosignal that is easy to measure 
but does not fully capture stress. We are considering other noninvasive real-time 
metrics, including HRV, GSR, RR, EMG, and EEG, and currently experimenting with 
the latter outside the ICU. We are intending to extend MSL by incorporating a portal 
system, allowing users to log in so that individual value vectors can be computed and 
persistently retained from one session to another. Combining this concept with the 
idea of a single-user system would allow users to establish a value vector representing 
their own preferences prior to entry into a common listening environment. Then the 
social listening system would adjudicate among known preferences for the group of 
users presently inhabiting the space, rather than having to relearn for every group of 
users, as is now the case. Using collective or individual value vectors to identify the 
most popular soundscapes and then mixing them together (relying upon the addi-
tive closure property) is a possible strategy toward maximizing MSL’s effectiveness, 
highlighting a distinct advantage of soundscapes over music.

For both AAS and MSL, it may be possible to estimate the value vector rather than 
learning it from scratch, given each user’s demographic profile and sufficient data 
linking such profiles to sonic preferences. We have already conducted experiments 
along these lines, correlating various demographic parameters (including gender, age, 
place of birth, personality traits, education, musical preferences, and medical his-
tory) with sonic preferences, and all that is required is to gather more data.

It may also be possible to explore far larger collections of soundscapes if they can 
be arranged in a hierarchical or structured way, rather than as a flat data set, so as to 
facilitate heuristic search. For instance, if an algorithm can determine that users wish 
to hear sounds of water flowing rather than bird sounds, then the category of water 
flowing sounds can be explored through structured browsing, analogous to “drill-
down” menus, or a progressive gallery exposure.

In any sort of social listening space, it may also be possible to localize soundscapes 
by spatially tracking users, delivering relevant sound to the subjects who prefer them 
(while avoiding others who do not). This sort of tracking is increasingly possible with 
advances in geolocation technologies together with the availability of directional 
loudspeakers, as well as recently emerging technologies for constructing audible 
enclaves that can be transmitted through curved paths in space [125], though taken 
to an extreme, personalized sound undermines the principle of social listening (and 
could be implemented more simply and effectively through headphones). MSL could 
also incorporate autonomic biosignal data, similar to AAS.

Moving beyond biosignals, nonhuman environmental signals in the listening space 
could also be included in an MSL-type system, including acoustic, optical, thermal, 
temporal, and geospatial sensors (e.g., adapting sound to the user’s perceptual field, 
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using cameras and AI to link to physical landmarks or lighting, as well as tem-
perature, season, time of day, or place). Imagine a computer equipped with sensors 
for sound (microphones), lighting, temperature, humidity, GPS, and a clock, and a 
sensor to estimate how many people are in the room. All such data could be combined 
with biosignals and conscious responses as a means of determining, for example, that 
people prefer a certain kind of soundscape at dusk versus dawn.

MSL team member Khurram Javed has developed a prototype spatial sound 
single-user system, allowing the subject to position sounds relative to an on-screen 
avatar, then indicate the degree of satisfaction for each configuration [126]. The idea 
is that the system will explore the possibilities while bearing in mind configurations 
that have already been evaluated in this way. The same system can be used for social 
listening situations with public speakers, combining the spatial sound preferences 
of everybody in the room. Experimentation with this system, in collaboration with 
students at NYU’s MARL [127], to address the needs of attention deficit hyperactivity 
disorder (ADHD) students is in its initial phases.

New soundscapes for these and other projects can be developed using audio 
resources gleaned by combing through archives, online and off, as well as new record-
ings made both in the studio and in the field, and new compositions in the emerging 
domain of sound art. Indeed, we have already curated over 700 soundscapes using 
online sources alone. Stacy Bliss [128]—educator, musician-improviser, and sound 
artist/therapist—specializes in the sonorities of gongs and bowls for sound baths 
of meditative healing. In 2023, we invited her to the University of Alberta to record 
improvised gong performances in our Sound3Lab recording studio. With these 
recordings, we generated a library of gorgeous textures, which we hope to use in 
future systems as layers for soundscape generation, potentially linked to user profiles 
and preferences. Two graduate students are currently working on 8-channel pieces 
utilizing these recordings. Similarly, composer and sound designer Greg Mulyk 
contributed field recordings, and he and composer Nicolás Arnáez composed sound-
scapes for MSL.

It is also possible to conceptualize generalizations of soundscapes that operate 
beyond the range of hearing, exploring low and infrasonic frequencies that are 
sensed haptically more than auditorily, or tapping into the auditory system directly 
in a manner analogous to retinal displays. Not only are low frequencies known to be 
therapeutic, but also such a system would be advantageous for the hard-of-hearing or 
deaf community.

However, soundscapes extend beyond data in the form of sound files and could 
include procedural algorithms, including stochastic processes and generative AI. One 
of our graduate students, Deepak Paramashivan, is developing promising generative 
AI techniques to produce therapeutic soundscapes from smaller bits of sound, granu-
lar synthesis, potentially down to the level of an individual sample. Such a system 
might also be able to generate a soundscape given a user’s stated musical preferences. 
Although music and soundscapes are different according to our definitions, it may be 
possible to transform music into a soundscape using AI or other techniques, focusing 
on static aspects, such as timbre, sonority, harmony, and texture, rather than melody, 
rhythm, or developmental form.

Extending to other sensory systems, such soundscapes as have been described 
could be combined with visual displays. Projecting a soundscape into the visual field 
can be affected in a variety of ways, from the low-tech (e.g., variable lighting in the 
room, including color, or corresponding images on a display screen) to the high-tech 
(all the apparatus of AR, from glasses to retinal projection).
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As we enter an age of increasing use of wearable technology with lower costs, 
lighter weight, and better quality, sounds tied to bodily states and daily function 
are increasingly likely use cases. Already, one can walk to the gym, swim laps, and 
walk from there to work, while one’s smartwatch tracks every step and stair climb 
and knows how many strokes one swam and how many calories one burned, all with 
very little prompting. And already, one’s wireless earbuds serve endless musical and 
podcast content, often controlled through voice commands and no physical interfac-
ing. Features such as noise cancelation can shut out much of the world, while bone-
conductive technologies can provide good-quality sound without blocking the ears’ 
listening mechanisms.

The technologies of sound production are also now linked to technological forms 
of personalization, including physiological responses through sensors, but also to our 
social media data; yet, the linking of these things has only just begun to come into 
focus.11 One aspect of this is the personal space of the phone/earphone-scape, but 
what is really exciting to us is the possibility of group soundscape generation, where 
the soundscape is linked to a group of individuals in real time, reflecting a kind of 
“public hum,” inside of which would be places for individual escape or contemplation.

In addition to technological affordances, cultural use of sound has expanded 
beyond music produced in “temples of silence” [105] and includes a whole panoply of 
soundscape and nature recordings, ambient music, site-specific sound art, and other 
sound designs meant to enhance one’s mood within their current environment. We 
have surveyed some artists who work in these realms, but it is also worth noting the 
various genres of meditative practices that commonly use music designed specifically 
for mindfulness and healing. Many artists have found places for themselves within the 
larger ecosystems of mindfulness practices. For example, Kaitlyn Aurelia Smith’s 2013 
album Tides: Music for Meditation and Yoga was commissioned by her mother for use 
in her meditation practice and became a sensation in the electronic music community, 
being rereleased with special vinyl editions in 2019. Much of this music is created 
with analog synthesizers and harmonized vocals, which create uniquely rich forms of 
droning textures.

In summary, whether explicitly geared toward meditation, mental health, or aes-
thetic experience, or whether conceived as sound art, music, education, or therapy, 
the affective power of acousmatic auditory augmented reality presents innumerable 
possibilities for creative innovation, experimentation, and deployment, ranging far 
beyond AR’s usual ocularcentric limitations, to support human well-being in the 
widest possible sense.
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Chapter 5

Spatial Sound Rendering for Audio 
Augmented Reality
Jean-Marc Jot and Michael Cohen

Abstract

Interactive audio spatialization technology is an essential component of platforms 
supporting shared immersive virtual experiences, including co-presence, remote 
collaboration, and entertainment. Modern wearable virtual and augmented reality 
display devices integrate real-time binaural audio engines that dynamically render 
multiple sound objects and allow users and their avatars to navigate seamlessly across 
real and virtual acoustic environments. To support such experiences, a shared audio 
scene rendering interface facilitates the creation and exchange of immersive, interac-
tive, and persistent 3D soundscapes across multiple independent applications. This 
chapter presents a practical approach for realizing parametric, six-degree-of-freedom 
(6-DoF) interactive audio rendering engines that deliver to a user the perceptual audi-
tory cues ensuring audio–visual congruence and virtual-real coherence in extended 
reality experiences. The description model accounts for the effects of room acoustics, 
reflective surfaces, and obstacles in “acoustic digital twins” of real or virtual spaces. 
The rendering interface is interoperable across diverse applicative platforms and 
allows modeling each audio object as a natural sound source with controllable attri-
butes such as distance, orientation, size, and acoustic radiation properties. By facili-
tating the interoperability of augmented audio reality applications with generic audio 
display devices, this solution enables seamless integration of immersive audio into the 
evolving XR ecosystem, enabling engagement, personalization and free-viewpoint 
navigation in both interactive experiences and recorded or broadcast media.

Keywords: spatial audio, augmented reality (AR), virtual reality (VR), extended 
reality (XR), room acoustics, reflections, reverberation, application programming 
interface (API), auditory rendering, Audio Metaverse

1.  Introduction

We begin this chapter by considering the applicative context of augmented audio 
reality (AAR), and of 3-DoF or 6-DoF immersive audio content creation and distribu-
tion. Section 3 reviews the progression of interactive audio application programming 
interfaces (APIs) since their inception in the late 1990s, leading to a 6-DoF audio 
scene description interface suitable for representing sonic digital twins of virtual or 
physical environments in modern AAR applications.
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Section 4 outlines the composition of a rendering engine compliant with this 
general audio scene description interface, suitable for implementation in wireless 
power-constrained devices such as head-worn AAR displays.

The immersive audio scene description and rendering model presented here was 
introduced in Ref. [1]. In a subsequent elaboration [2], its application to esthetics-
driven music production was examined, showing that this model is compatible with 
the reproduction of immersive music or soundtracks created with IRCAM Spat—an 
audio spatialization tool for the creation and performance of immersive music and 
soundtracks in flexible audio formats [3–5]. In more recent publications comple-
menting the present chapter [6, 7], the notion of an Acoustic Object is introduced, 
extending object-based immersive audio interchange and transmission file formats 
to support the distribution of linear content (such as recorded music or cinema 
soundtracks), as well as interactive AAR experiences, to generic consumer devices. 
Independent content generation applications can deliver sounds presented to end 
users employing compatible AAR or immersive audio playback appliances (such as 
automotive sound systems, for instance) and can enable user-end customization or 
interaction features such as remixing, karaoke, language dubbing, or virtual naviga-
tion within the immersive audio scene.

2.  From 3- to 6-DoF object-based audio

In this section, based on Ref. [1], we review developments in immersive audio 
creation and distribution technology and its applications, including recorded music 
and cinema soundtracks, as well as AAR experiences in which the spectator is able to 
navigate and communicate within a digitally rendered virtual world.

2.1 Recent developments in 3-degree-of-freedom media

Spatial audio reproduction technology has evolved since the mid-twentieth cen-
tury, progressing from mono through stereo and surround to immersive formats [8]. 
George Lucas famously observed that audio constitutes “half the experience” when 
integrated with visual display in cinema [9]. The adoption of new immersive multi-
channel audio formats in the cinema industry has enabled a greater degree of spatial 
alignment between on-screen visual cues and audio localization cues. These advance-
ments, delivered via loudspeakers to fixed (seated) audience members in theaters or 
location-based entertainment (LBE) venues, enhance perceptual congruence and 
deepen the viewer’s sense of immersion.

These emerging multichannel audio formats enable the distribution of immersive 
cinematic VR experiences, where content is experienced via head-mounted display 
(HMD) systems. Such systems incorporate head-tracking technology, enabling a 
three-degree-of-freedom (3-DoF) experience, in which changes in the user’s head 
orientation are dynamically accommodated in both the visual and auditory domains. 
These formats have introduced immersive and positional audio features to main-
stream consumers and to the entertainment industry [10–12], surpassing the limita-
tions of traditional stereo or multi-channel audio:

• Enhanced spatial audio resolution and coverage, incorporating eleva-
tion (“height”) cues and realistic rendering of spatially diffuse room 
reverberation.
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•   Flexible loudspeaker playback configurations, supporting encoding and repro-
duction of audio scenes using object-based or ambisonic techniques [ 13 ].  

•   The ability to substitute or modify selected elements of the audio mix, repre-
sented as discrete audio objects, enabling content customization for applications 
such as language localization and hearing enhancement [ 14 ].    

 Some limitations persist. For instance, in current 3-DoF immersive audio formats 
(such as Dolby Atmos and MPEG-H [ 10 ,  12 ]), it is not practical to allow the consumer 
to substitute audio objects that carry spatially diffuse reverberation, or to allow free 
listener navigation “inside the audio mix” at playback time. Essentially, a 3-DoF audio 
object mimics a virtual loudspeaker permanently oriented toward the listener and 
allowed variable position on a surrounding surface, as illustrated in   Figure 1   (see 
Refs. [ 6 ,  7 ] for an analysis of this limitation in modern immersive audio formats).  

   2.2 Toward the 6-degree-of-freedom audio Metaverse 

 In interactive AR experiences, audiovisual presentation must accommodate both 
rotational motion of the user about three axes ( yaw, pitch , and  roll ) and translational 
movement along three directions ( x, y, z ). This enables simulated 6-Degree-of-Freedom 
(6-DoF) navigation within networked virtual environments, hereafter referred to 
collectively as the “Metaverse” [ 16 ,  17 ]. Similar to the physical world, the Metaverse 
can be modeled, from a human perception and cognition perspective, as a collection of 
audiovisual objects. Each of these objects may function as a sound source or reflector, or 
as a light emitter or reflector, coexisting within an environment that manifests itself to 
the observer through ambient lighting, acoustic reflections, and reverberation. 

  Figure 1.
  In 3-DoF object-based immersive audio formats, each mono-waveform audio object represents a virtual 
loudspeaker with a dynamically adjustable angular position (drawing adapted from Ref. [ 15 ]).          
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Unlike 3-DoF experiences, 6-DoF scenarios allow a user to approach an object or 
move around it, and allow an object to be freely repositioned. Properties of an audio 
object should include its directivity pattern, so that acoustic intensity and spectral 
changes are modulated convincingly upon variation in its orientation relative to the 
position of the listener [18]. Existing 6-DoF scene representation formats and tech-
nologies for authoring and rendering navigable virtual worlds include VRML (for 
web applications) [19, 20], MPEG-4 (for synchronized multimedia delivery) [21], 
and game engines [22]. More recent standards—such as OpenXR [23], WebXR [24], 
and MPEG-I [25]—address AR content and devices (the latter including support for 
listener navigation across multiple ambisonic audio scene capture locations [26]).

2.3 The coming-of-age of wearable 3D audio appliances

On the device side, several technological advancements have accelerated the adop-
tion of 6-DoF immersive audio technology [27]:

• 3-DoF spatial audio formats and devices have brought head-tracking technology 
into the mainstream, enriching traditional “head-locked” headphone listening 
with dynamic spatial audio, even in the absence of visual display. A prominent 
example is gyroscope-equipped earbuds. The emergence of low-latency wireless 
audio transmission technologies such as Bluetooth has enabled unleashed mobile 
listening, granting users increased freedom of movement without sacrificing 
audio synchronization.

• Acoustically transparent binaural playback devices now support AR audio repro-
duction [28]. These include hear-through earbuds, bone conduction headsets [29], 
AR eyewear, audiovisual HMDs, and hearables. Hearables are wearable devices 
worn on or near the ear that may integrate conventional transducers (e.g., loud-
speakers and microphones) with computational capabilities, biometric sensors, 
and wireless communication features. Also associated with personal sound ampli-
fication products (PSAPs) or hearing-enhancement earbuds, such devices enhance 
auditory perception for both entertainment and accessibility purposes [30].

In traditional headphone audio reproduction, binaural processing has often been 
considered optional, intended to “help the listener forget that they are wearing head-
phones” by delivering natural, externalized listening experiences [31].

Breaking with this traditional assumption, the latest generation of non-intrusive 
wireless wearable playback devices requires binaural 3D audio processing, not as an 
enhancement but as a fundamental necessity, ensuring that the audio playback system 
remains unobtrusive and seamless [28, 32].

2.4 Shared immersive experiences in the Audio Metaverse

Categories of applications enabled by this technological evolution include:

• Social co-presence, encompassing virtual meetings, remote collaboration, and 
interaction with virtual assistants

• Assisted training and education, as well as applications in diagnosis, surgery, 
design, and architecture
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•   Virtual travel, including immersive navigation, tourism, and enhanced situ-
ational awareness  

•   Immersive entertainment, spanning movies, interactive games, music experi-
ences, and virtual concerts.    

 In some of these use cases, as illustrated in   Figure 2  , a portion or layer of the 
Metaverse may be experienced simultaneously by multiple connected users, each 
navigating independently or actively engaging in communication or collaboration. 
Portions of the audio environment data may be served or updated at runtime by 
multiple independent applications, which employ a common syntax and protocol 
to transmit compatible partial scene descriptions. These descriptions must then be 
parsed, consolidated, and processed by each local rendering device.  

 A general, versatile audio technology solution supporting these applications 
should accommodate both  “you are there”  experiences (VR, teleportation to a 
virtual world) and  “they are here”  use cases (AR, digitally extending the user’s 
physical world without obstructing their environment). From an ecological 
perspective, the goal of this technology is to  suspend disbelief : reducing the user’s 
cognitive effort by aligning with implicit expectations formed through prior 
natural experience.  

  2.5 Environmental 6-DoF audio for VR and AR 

 Regarding the modeling of acoustic reverberation and sound propagation, an 
application programming solution for the Audio Metaverse should meet the following 
criteria:

  Figure 2.
  Example of a 6-DoF Metaverse experience: attending a virtual live music event together with real and/or virtual 
audience members, performers, and environmental elements, using a wearable AAR display device connected to 
multiple cloud-hosted applications (background image credit:  restofworld.org/2021/vtubers ).          
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• In VR applications, reverberation characteristics should be adjustable by the 
sound designer via perceptually meaningful parameters—thereby expanding 
creative flexibility beyond the limitations of strictly physics-based environmen-
tal simulation [2, 6, 7].

• In AR applications, acoustic scene representations must dynamically adapt 
to real-time environmental data. This includes matching local reverberation 
profiles, and accounting for the spatial layout and material properties of both 
real and virtual acoustic elements such as reflectors and obstacles.

Accordingly, the following capabilities should be supported by a versatile pro-
gramming and rendering solution:

At creation, defining a collection of virtual sound sources along with their intrinsic 
properties, including acoustic directivity and an audio generation method. Possible 
generation methods include prerecorded audio, real-time voice communication (such 
as VoIP), procedural audio synthesis, AI-generated sound, and deep learning-based 
audio [22].

At runtime, dynamically adjusting source and sink (virtual listener) positions, 
modifying reverberation properties, and tuning acoustic simulation parameters to 
align with conditions of the local or virtual environment, based on the application 
scenario and triggered events.

2.6 Spatial sound rendering technology for audio augmented reality

Binaural 3D audio rendering is essential for delivering realistic 6-DoF virtual 
experiences on wearable or head-mounted displays. Audio augmented reality (AAR) 
[33–36], also known as augmented audio reality, is an expression of AR that enhances 
the real world with auditory elements rather than (or in addition to) visual overlays. 
It features adaptively spatialized audio and real-time sound manipulation, rendered 
dynamically based on user or object movement to blend virtual sounds into one’s 
environment for interactive experience, as in navigation assistance [37, 38], immer-
sive storytelling, and museum guides. In this chapter, requirements for effective AAR 
are broken down as follows:

Binaural rendering: A perceptually grounded audio signal processing frame-
work must efficiently allocate computational resources while requiring minimal 
processing footprint. To ensure compatibility with wearable and battery-powered 
devices, scalability is a key requirement (as in methods reviewed in Section 4 of 
this chapter). Predictability and consistency of audio fidelity across different plat-
forms and operating conditions are essential design considerations. Additionally, 
rendering complexity should be prioritized based upon perceptual significance 
of audio features, optimizing the trade-off between computational efficiency and 
realism.

Application development can be advantageously structured around two distinct 
levels of application programming interface (API):

• Low-level audio rendering API providing fine-grained control over spatial audio 
rendering, adhering to psychoacoustically grounded principles. Section 3 
outlines the iterative development of a practical and general interface, extending 
the established standards in PC and mobile game audio technology.
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• High-level scene description  API designed to optimize development efficiency by 
exposing only critical functional elements required for spatial audio integration 
in application software.    

Figure 3   illustrates the functional composition of the overall audio generation, 
transmission and rendering system considered in this chapter—proposing a practical, 
multi-application, multi-platform Audio Metaverse data model. This model includes 
a generic, object-based acoustic  rendering interface , supported across interoperable 
AAR devices, and agnostic to the scene generation application. The high-level  scene 
description  interface, which derives per-object renderer property settings, performs a 
translation specific to each content generation application (labeled “App1” or “App2” 
in   Figure 3  )—which may be, for example, a VR game, teleconferencing platform, 
music streaming service, or live event broadcast.  

 By ensuring both flexibility in content generation paradigm and interoperability 
with any compliant consumer device, such a framework is instrumental to fully 
realize the promise of 6-DoF spatial audio technology innovation, outlined above in 
Section 2.4. The rendering model, described in the following sections of this chapter, 
is compatible with the encoding and transmission of recorded, broadcast, or linear 
immersive media exploiting the notion of  Acoustic Objects —facilitating end-user 
interaction such as music remixing, language dubbing, or navigation in a free-view-
point recorded immersive audio and video scene [ 6 ,  7 ].   

  3.  Audio rendering interface for the Metaverse 

 Computer-generated audio display technology for VR and AR leverages several
decades of signal processing advancements in interactive audio rendering systems and 
APIs, building upon prior developments in computer music and architectural acous-
tics. These include binaural sound reproduction techniques, artificial reverberation 
algorithms, physical room acoustics modeling, and auralization [ 5 ,  39 – 41 ]. 

 We begin this section, largely based on Ref. [ 1 ], with an overview of early 
developments in interactive audio standards for PC, console, and mobile gaming, 
tracing their progression toward the OpenAL EFX API published in the mid 2000’s 
[ 42 ]. In Section 3.2, we examine audio rendering model enhancements introduced 
more recently to support the development of modern AAR applications, illustrated 
by Magic Leap’s Soundfield Audio API (MSA) [ 1 ,  43 ,  44 ]. In Section 3.3, we outline 
acoustic simulation principles that can be employed to govern the derivation of 
low-level generic renderer parameters from high-level physics-based Audio Metaverse 
scene descriptions. 

  Figure 3.
  Audio generation, transmission, and rendering for the Metaverse: high-level functional system synopsis.          
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Table 1 summarizes the evolution of interactive audio rendering API standards, 
highlighting successive upgrades in object-based audio scene description capabili-
ties. The final stage (labeled ‘AAR’ in Table 1) enables efficient per-source control of 
perceived source-to-sink distance, through the spatialization of “grouped” acoustic 
reflections (as described in Section 3.2.3). This improvement supports the creation of 
convincing 6-DoF interactive audio experiences, and unlocks sound design capabili-
ties equivalent to those exposed in immersive audio creation tools such as IRCAM 
Spat [2–4, 7]. The functionality of the renderer technology described in this chapter 
is compatible with the creation and distribution of object-based immersive audio 
experiences whose narrative paradigm is nonlinear (as in VR or video games) or linear 
(as in TV or sport broadcast, recorded music, or cinema soundtracks) [6, 7].

3.1 Interactive audio standards for PC and mobile gaming

Technology standards for PC audio were established in the 1990s, followed later 
by mobile audio standards, to meet the demand for interoperable hardware platforms 
and 3D gaming software applications. This need parallels the motivation behind 
more recent XR industry initiatives, such as OpenXR [23] or file format X3D [45, 46]. 
Shared API conventions were developed for graphics rendering—most notably 
OpenGL—and analogously for audio rendering—including I3DL2 [47], EAX [48], 
and OpenAL [49].

3.1.1 Positional audio properties

In I3DL1/DirectSound3D [50], VRML97 [19, 20], OpenAL [49], and OpenSL ES 
[51], an acoustic scene is represented as a collection of sound sources and a single sink 
(listener), which are characterized by the following attributes:

• The position (including location and orientation) of the sink and each sound 
source, along with a per-source gain correction.

Audio rendering API 
features

(3-DoF) I3DL1, 
DSound

I3DL2, 
EAX2

OpenAL EFX AAR, MSA

Direction of arrival 
(per-object)

✓ ✓ ✓ ✓ ✓

Distance or proximity 
(per-object)

⚬ ✓ ✓ ✓ ✓

Source orientation (per-object) ⚬ ✓ ✓ ✓ ✓

Source directivity (per-object) ⚬ ✓ ✓ ✓ ✓

Filtering effects (per-object) ⚬ ⚬ ✓ ✓ ✓

Listener’s room (global) ⚬ ⚬ ✓ ✓ ✓

Multiple rooms (global) ⚬ ⚬ ⚬ ✓ ✓

Grouped reflections 
(per-object)

⚬ ⚬ ⚬ ⚬ ✓

Control frequencies (global) ⚬ ⚬ Fh Fl, Fh Fl, Fm, Fh

Table 1. 
Evolution of interactive object-based immersive audio rendering interface capabilities.
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• Velocity vectors  assigned to the listener and sound sources, with a  Doppler_factor  
property that controls the strength of the pitch-shifting Doppler effect for moving 
objects (see, e.g., ([ 49 ], p. 28)).  

•   Automatic relative attenuation of acoustic intensity as a function of source-sink 
distance, beyond a  Reference_distance  (see   Figure 4  ), configurable using a 
Rolloff_factor  property.  

•   A simplified  source directivity  model (see   Figure 5  ). Note that more general radia-
tion models have also been proposed, such as those in Refs. [ 21 ,  52 ].      

  Figure 4.
  Illustration of automatic range (distance) attenuation differentiated for direct sound, early reflections, and late 
reverberation.          

  Figure 5.
  Source directivity represented by axis-symmetric “radiation cone” model (adapted from Ref. [ 51 ]).          
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   3.1.2 Environmental audio extensions (single room) 

 I3DL2 [ 47 ] and EAX 2.0 [ 48 ], followed by OpenAL EFX [ 42 ] and OpenSL ES 
[ 51 ], introduced properties to describe an “environment” (room) in which the virtual 
listener and virtual sound sources are situated. These frameworks decompose the 
rendered audio signal for each source into direct sound, early reflections, and late 
reverberation, while providing the following features:

•    Room impulse response model (see   Figure 6  ), parameterized by: 

⚬    A triplet of gain coefficients ( Direct ,  Reflections ,  Reverb ), specified at 
a  Reference_distance .  

⚬   Onset times:  Reflections_delay  and  Reverb_delay .  

⚬   Reverberation parameters:  Decay_time ,  Density , and  Diffusion
(see Section 4.2).    

•   Reference frequency  Fh , where high-frequency attenuations and the property 
Decay_hf_ratio  are specified (the latter is defined as the high-frequency 
reverberation decay time divided by the mid-frequency reverberation decay time).  

•   Per-source control of gain and high-frequency attenuation for  Direct and 
Room  (the latter combining early  Reflections  and late  Reverb  decay tail).  

•   Spectral extension of the source radiation model: high-frequency attenuation 
Outer_gain_hf , which controls a low-pass filter (LPF) effect dependent on 
source orientation (detailed in Section 3.2.2).  

•   Globally defined air absorption model, controlling a distance-dependent low-
pass filter effect.  

•   Extension of the distance-based model, automatically applying rela-
tive attenuation to reflections and reverberation for distances beyond the 

  Figure 6.
  The Reverberation response model in I3DL2, EAX, and OpenAL EFX, visualized here as an “echogram” 
articulating direct sound, early reflections, and late reverberation.          
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Reference_distance . This includes a per-source  Room_rolloff_factor 
property and a physical simulation mode (reviewed in Section 3.2.4).  

•   Sound muffling effects for simulating sound transmission through a room 
partition ( Occlusion ) or through and around an obstacle inside the room 
( Obstruction ).     

   3.1.3 Multi-room extensions 

 EAX 4.0 and OpenAL EFX enabled loading up to four concurrent I3DL2/EAX 
reverberator plugins into “auxiliary effect slots,” while introducing the following 
capabilities [ 42 ,  53 ]:

•    Indicating which of the four reverberators simulates the listener’s environment at 
any given time.  

•   Independently controlled per-source contributions into multiple reverberators 
(see   Figure 7  ).  

•   Reverberator output occlusion and diffuse panning model (see   Figure 8  ).  

•   3-band spectral effect control, using two reference frequencies,  Fl  and  Fh 
(see Section 3.2.1).      

    3.2 From OpenAL to audio augmented reality 

 OpenAL and its EFX extension address a wide range of requirements for modern 
XR applications, supporting interactive reproduction of feature-rich audio scenes. 
In this section, we describe the details of EAX/OpenAL functions and examine their 
extension to provide a comprehensive yet efficient spatial rendering API for the Audio 
Metaverse:

  Figure 7.
  In EAX 4.0 and OpenAL EFX, each source can contribute to multiple auxiliary effect slots, with each slot hosting 
a reverberator that simulates a room in the listener’s surroundings. The reverberator generates a multi-channel 
output signal, which is then routed into the main output bus (adapted from Ref. [ 54 ]).          
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• Extended spectral control of source radiation patterns allowing for more realistic 
modeling of 6-DoF objects.

• Per-source spatialization of grouped reflections for enhanced spatial rendering of 
distant audio objects and geometry-driven acoustic simulation.

• Distance-dependent normalization and spectral attenuation of reflections and 
reverberation, leveraging the acoustical characterization of rooms through their 
reverberation fingerprint [56, 57].

MSA differs from OpenAL EFX by more explicitly distinguishing between low-
level API (audio object rendering) and high-level API (audio scene description)—a 
distinction introduced in Section 2.6. Scene geometry, including listener location and 
orientation tracking, is managed allocentrically (i.e., based on external references) 
within the high-level scene description API. In contrast, the low-level rendering API, 
described in this section, is egocentric, meaning that source location and orientation 
coordinates are defined as “head-relative.”

3.2.1 3-band parametric spectral control

Three control frequencies (Fl, Fm, Fh) are specified globally and referenced 
throughout the audio rendering API to define or compute frequency-dependent 
properties and parameters. This approach—inherited from IRCAM Spat, I3DL2, and 
EAX—leverages the proportionality property of the shelving equalizer described in 
Ref. [58] and illustrated in Figure 9. This property enables the consolidation of mul-
tiple cascaded dual-shelving equalizer effects into a single second-order (“biquad”) 
filter section, provided that they share a set of control frequencies [58, 59]. As a 
result, the rendering engine realizes computationally efficient implementation of 
global and per-source gain corrections across three frequency bands.

Figure 8. 
Illustration of the “divergence panning” model for spatially extended sound source simulation and for optional 
reverberation output directional emphasis in EAX 4.0 and OpenAL EFX (adapted from Ref. [55]). Black circles 
represent head-locked equatorial-plane virtual loudspeakers.
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 Acoustic obstruction and occlusion effects are modeled by the high-level API. The 
low-level API, in contrast, provides access to rendering filter gain offsets, which can 
also be utilized by the programmer for other purposes, including dynamic creative 
effects [ 43 ,  44 ].  

  3.2.2 Frequency-dependent source directivity 

 The  Outer_gain  property of a source is frequency dependent, allowing the 
direct sound component to be automatically filtered based on orientation of the 
source relative to the sink’s location. This results in a dynamic spectral correction 
effect, which adapts to listener navigation or changes in source direction (increasingly 
muffled when the source points away from the listener). 

 Additionally, a dual-shelving filter approximating the  diffuse-field transfer func-
tion  of the sound source is derived and applied to its reflections and reverberation. 
As a result, simulating a source with greater directivity at higher frequencies, as is 
typical of natural sound sources, automatically introduces a LPF correction to its 
reverberation. This effect is a distinctive timbral characteristic of each sound source, 
determined by its frequency-dependent directivity and predicted by the statistical 
reverberation model developed in Ref. [ 60 ].  

  3.2.3 Grouped reflections spatialization 

 Plausible rendition of the effects of early reflections does not require 
exactly reproducing each one individually [ 61 – 63 ]. A computationally efficient 
method for grouped control and rendering of early reflections was proposed in 

  Figure 9.
  Parametric frequency response equalization using a dual-shelving equalizer with three adjustable control 
frequencies ( Fl ,  Fm ,  Fh ). This filter is implemented by cascading two first-order proportional shelving equalizers 
into a second-order “biquad” IIR filter module [ 58 ,  59 ].          
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Ref. [55]. This approach utilizes a shared grouped reflections generator (see also 
Section 4.3), enabling independent control of the following properties for each 
sound source:

• Reflections_delay: Relative delay of the first reflection received by the 
listener for this sound source (expressed in ms).

• Reflections_gain: The gain of the early reflections group for each sound 
source is adjustable across three frequency bands, as described previously (array 
of three values expressed in dB).

• Reflections_pan: An azimuthal angle, measured in the head-related equato-
rial plane relative to the listener’s gaze direction, reflecting the dominant direc-
tion of arrival of the early reflections group for this source.

• Reflections_focus: The magnitude of the Energy Vector [64] quantifies the 
directional concentration of grouped reflections relative to their average direction 
of arrival (illustrated in Figure 8). A value of 1.0 indicates maximum directional 
focus, with reflections arriving from a single direction, while a value of 0.0 signi-
fies an isotropic distribution, with reflections arriving evenly from all directions 
around the listener.

By default, grouped early reflections are processed to emanate from a directional 
sector centered on the direct sound arrival for each source (see Figure 8). This behav-
ior, inspired by the perceptual control model that underlies the design of IRCAM 
Spat, enhances the perception of source localization without relying on geometrical 
or acoustical environment data [2, 7]. In AAR applications where a physical environ-
ment description is provided, as discussed in Section 3.3, the properties of grouped 
reflections can be adjusted programmatically for each sound source.

3.2.4 Enhanced distance model

As shown earlier in Figure 4, automatic attenuation of sound components as 
a function of distance, if enabled by the developer, is extended to independently 
manage the differentiated intensities of direct sound, grouped reflections, and late 
reverberation for each sound source. For an unobstructed source positioned beyond 
the Reference_distance in the same room as the listener, the following default 
behavior applies:

• The direct sound component follows the conventional attenuation calculation 
model, referred to as the “inverse distance clamped” model in OpenAL [49, 50]
(whose default effect is a 6-dB attenuation per doubling of metric distance).

• Early reflections undergo the same relative attenuation as the direct sound, 
emulating the perceptual model implemented in IRCAM Spat [2, 5, 7].

• Late reverberation is attenuated in a frequency-dependent manner, based 
on the reverberation decay time of the listener’s room, as detailed below in 
Section 3.2.5.
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3.2.5 Reverberation fingerprint of a room

Following an acoustic pulse excitation in a room containing both the sound 
source and the receiver (or listener), the reflected sound field builds up until 
it reaches a mixing time, after which the decaying residual acoustic reverberation 
energy is uniformly distributed throughout the enclosure [60, 65]. A numerical 
simulation example included in Ref. [1] (Appendix) illustrates this phenomenon, 
indicating that, in a typical mixing room, reverberation decay can be accurately 
simulated by considering the following properties, independent of source or sink 
position [57]:

• An intrinsic property of the room: its reverberation fingerprint, which encom-
passes the reverberation decay time as a function of frequency and the room’s 
cubic volume, determining how the source’s acoustic power is scattered across 
the room.

• An intrinsic property of the sound source: its diffuse-field transfer function (as 
described in Section 3.2.2), which describes the total acoustic power radiated by 
the source into the room, aggregated over all directions of emission.

The distance model described earlier (in Section 3.2.4) attenuates reverberation 
for each source using a frequency-dependent factor that decreases with source-
sink distance and depends on the room’s reverberation decay time, as illustrated in 
Figure 10. The Reverb_gain property can be interpreted as scaling the acoustic 
power of a sound generated by the user, such as their own voice or footsteps [56].

Figure 10. 
Illustration of energy calculation yielding the relative Reverb attenuation vs. source-sink distance according to the 
reverberation decay time specified at three control frequencies (Fl, Fm, Fh), from Ref. [1].
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3.3  From high-level physical scene description to low-level audio rendering 
parameters

In this section, we consider the automatic derivation of low-level audio rendering 
properties from high-level geometrical and physical environment descriptions, in 
accordance with the functional synopsis diagram shown in Figure 3 and the distinc-
tion of API levels proposed in Section 2.6. As discussed in Refs. [6, 7], commercial 
dissemination of immersive audio content and experiences is facilitated by adopting 
a common low-level spatial audio rendering interface such as the one described in 
the present article, so that any compatible end user device can faithfully deliver the 
experience intended by a content creator or application developer—irrespective of 
narrative approach (linear or nonlinear) or sound design paradigm (e.g., an esthetics-
driven musical production or a physics-driven XR experience).

In XR scenarios, congruence between the visual cues and the auditory cues delivered 
to the spectator can be maintained via physics-based simulation of acoustic propagation 
phenomena [1, 66–68]. Commercial solutions include Audiokinetic Wwise Reflect1 and 
Apple PHASE2. To support realistic acoustic interactions, the simulation should account 
for the geometry of room boundaries and obstacles, and for properties of environ-
ment materials that determine their acoustic reflection, absorption, and transmission 
behaviors (see Table 2). For instance, transmissivity defines how much sound passes 
through an object, while reflectance governs the energy of reflected sound waves. 
Simplified spectral correction functions, such as described in Section 3.2.1, can approxi-
mate the resulting subjective effects, allowing for computationally efficient real-time 
rendering of acoustic obstruction, occlusion, or reflection phenomena. Figure 11 shows 
an example of renderer architecture and illustrates mappings from some high-level 
physics-based audio scene parameters to low-level signal processing functions.

Real-time applications must balance computational load and perceptual accu-
racy to ensure seamless auditory realism without excessive processing overhead. 
Optimizing computational efficiency in acoustic propagation simulation remains a 
central challenge. One approach is to precompute certain properties, such as room 
impulse responses or diffraction coefficients, and store them as compact data repre-
sentations for low-latency retrieval [69]. Hybrid models, which combine real-time 
physics-based simulation with precomputed perceptual parameters, have been 
explored in solutions such as Microsoft Project Acoustics [70]. Diffraction effects, 
which shape sound behavior when waves bend around edges or pass through narrow 
openings, can be simulated by a combination of precomputed lookup tables and 
runtime adjustments [71]. These approaches reduce the computational demands 

1 https://www.audiokinetic.com/en/wwise/plugins/reflect
2 https://developer.apple.com/documentation/phase

Quality (property) Physical process Quantitative attribute

Reflectivity Reflection Reflectance

Absorptivity Absorption Absorbance

Transmissivity Transmission Transmittance

Table 2. 
Acoustic material properties: The first column is the property or quality of conducting the physical process in the 
second column, which is quantitatively measured by the attribute in the third column.
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to drive low-level rendering parameter settings from high-level scene description. 
Future developments in acoustic modeling solutions leveraging machine learning 
and edge computing may further optimize real-time spatial audio rendering for AAR 
applications [ 72 ].  

  3.4 Summary: Audio scene rendering for the Metaverse 

 We have presented a generic audio programming interface (API) for application-
agnostic rendering of 6-DoF spatial audio and multi-room reverberation, designed to 
balance auditory plausibility and computational efficiency. This rendering interface is 
compatible with flexible high-level scene description models, per the functional sys-
tem synopsis diagram of   Figure 3  . For instance, as discussed in Refs. [ 2 ,  7 ], high-level 
control may be realized  via  perceptual or esthetics-driven paradigms. Alternatively or 
additionally, it may be accomplished  via  a physics-driven scene description interface, 
as outlined in Section 3.3.   Figure 11   shows an audio renderer architecture compat-
ible with this rendering API and illustrates the derivation of audio signal processing 
parameters from acoustic phenomena such as occlusion and obstruction. 

 The Audio Metaverse can be modeled as a collection of rooms, each defined by a 
“reverberation preset” that characterizes its response to an omnidirectional sound 
source positioned near the receiver. This approach leverages the concept of  reverbera-
tion fingerprint , which provides a data-efficient representation of perceptually relevant 

  Figure 11.
  Architecture of a generic 6-DoF binaural rendering engine including per-source and global processing, for 
computationally efficient multi-source/multi-room object-based spatial audio (adapted from Refs. [ 1 ,  55 ]). 
Thicker lines indicate multi-channel audio signal paths or processing functions. Acoustic simulation functionality 
is discussed in Section 3.3. Audio signal processing functionality is reviewed in Section 4.          
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aspects of a room’s reverberation that remain independent of source or receiver 
parameters [57]. Virtual sound sources, characterized by their position, orienta-
tion and directivity properties, can be seamlessly “dropped” into an environment at 
render time, functioning as audio objects with arbitrary dynamic positioning. The 
reverberation fingerprints of rooms within a given sector of the Audio Metaverse can 
be estimated through automated acoustic analysis [73, 74] or cataloged for future 
retrieval and rendering. The underlying multiple-reverberator topology is suitable for 
rendering anisotropic reverberation environments, such as open or semi-open spaces, 
coupled rooms, or corridors [75, 76]. Additionally, as described in Ref. [6], per-object 
parameters can be included in this rendering API to represent spatially extended sound 
sources by employing the divergence panning model illustrated in Figure 8 [77, 78].

4.  A binaural rendering engine for audio-augmented reality

Figure 11 displays the architecture of a computationally efficient binaural render-
ing engine, previously described in Refs. [1, 55], compatible with the API functional-
ity reviewed in the previous section—including:

• Per-source processing: rendering of direct sound, acoustic reflections and reverber-
ation sound field for arbitrarily complex audio scenes comprising multiple audio 
objects, including both point sources and spatially extended sound sources, with 
minimal incremental computation cost per audio object

• Global effect processing: a shared set of effect slots that can include several parallel 
reverberators to simulate complex acoustic environments, as well as one or more 
grouped reflections synthesis modules for computationally efficient rendering of 
per-source panned reflections

• Anisotropic reverberation: effect panning modules enable directionally weighted 
or spatially diffuse rendering of the acoustic reverberation emanating from the 
room in which the sink (virtual listener) is located, as well as adjacent virtual 
rooms simulated by additional reverberators.

In the following sections, we review known computationally efficient methods 
for binaural multi-source localization rendering and for synthetic reverberation. We 
then review the overall composition of a binaural rendering engine for AAR, which 
supports, for each sound source, spatial reflections rendering along with diffuse, 
anisotropic, or multi-room spatial reverberation.

4.1 Binaural 3D positional audio rendering for multiple sound sources

Many immersive audio application scenarios require binaural reproduction over 
wearable devices such as earphones or glasses. A per-object positional rendering func-
tion can be realized by implementing a pair of dynamic digital filters realizing head-
related transfer functions (HRTFs) [62, 79, 80]. By delivering audio signals individually 
to the two ears of a listener, binaural rendering methods aim to produce an immersive 
sound impression comparable to real-world listening or to reproduction over a multi-
channel loudspeaker system. In headphone or wearable audio playback, factors that may 
impact the success of this illusion include HRTF personalization, head tracking, and 
listening room acoustic simulation [31, 79, 81]. An approach to enhancing externaliza-
tion and front/back distinction in headphone immersive audio is introduced in Ref. [82].
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 In the following sections, we examine the binaural rendering of direct sound com-
ponents for multiple audio objects, essential for accurately reproducing their individ-
ual position, loudness and timbre [ 83 ].   Figure 12   illustrates the reference HRTF filter 
model for a source at a given location, consisting of frequency-independent bilateral 
delays cascaded with a minimum-phase filter pair [ 62 ,  84 ].   Figures 13   and   14   present 
examples of HRTF filter specifications based on measurements conducted on artifi-
cial heads. We consider computationally efficient methods that support large object 
counts, minimizing per-object computation through a two stage process: (a) panning 
and mixing into an intermediate multichannel format, followed by (b) transcoding to 
binaural output (see, e.g., [ 55 ]).    

Figure 11   illustrates per-source selection between three multichannel panning 
methods presenting different advantages and features, and supported by a shared 
global output  virtualizer  processing module (see Ref. [ 55 ] for more details): 

  4.1.1 Standard (channel-based or scene-based multichannel mixing) 

 The simplest and most common approach for computationally efficient binaural 
rendering employs a standard multichannel audio format for the intermediate mix, 

  Figure 13.
  Interaural Time Delay (ITD) derived from the interaural excess-phase difference in HRTF measurements 
collected on a Head Acoustics HMSII artificial head (after Ref. [ 84 ]).          

  Figure 12.
  Reference bilateral rendering model for single-point source, decomposing each HRTF filter as the cascade of a 
minimum-phase filter with a pure delay.          
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followed by transcoding  via  a virtual loudspeakers rendering scheme, as illustrated 
in   Figure 14  . Travis [ 88 ] proposed ambisonic-to-binaural transcoding for interactive 
audio, incorporating 3-DoF compensation of listener head orientation through rota-
tion of an ambisonic-encoded global mix of all input sound sources. The  virtualizer
performs ambisonic decoding to a selected head-locked virtual loudspeaker layout, 
optionally preceded by automatic global sound field rotation responding to head-
tracking coordinates (listener head orientation). This approach was later extended 
to high-order ambisonic (a.k.a. “scene-based”) encoding in Ref. [ 89 ]. Alternatively, a 
“channel-based” amplitude panning technique such as VBAP [ 15 ] can be used, where 
listener head rotations are compensated globally or at the per-source panning stage. 

 For moderate channel counts (such as 10 to 20 channels), these standard binaural 
virtualization methods introduce inaccuracies in HRTF reconstruction, which can 
cause directional perception errors [ 90 – 92 ]. Frequency-domain parametric process-
ing can mitigate this limitation, at the expense of increased  virtualizer  processing 
complexity [ 93 – 95 ].  

  4.1.2 Left, right (bilateral multichannel mixing) 

 A drawback of the standard approaches reviewed in Section 4.1.1 is that they 
rely on  virtualizer  processing to indirectly reconstruct per-source ITD cues in the 
output binaural signal. Alternatively, as illustrated in   Figure 15  , ITD synthesis is 
realized directly for each individual sound source, and a separate multichannel mix 
is computed for each ear. This approach is equivalent to linear decomposition of the 
minimum-phase HRTF filter using a basis of spatial panning functions [ 55 ,  84 ,  91 ]. 
Examples include first-order ambisonic panning (FOA) [ 91 ,  96 ], its extension to 

  Figure 14.
  Virtual loudspeakers rendering scheme using six equatorial directions, and corresponding diffuse-field equalized 
HRTF filter magnitude frequency responses for subject 55 in the HUTUBS database [ 85 – 87 ].          
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HOA (spherical harmonics of any order) [ 90 ], and bilateral pairwise amplitude 
panning [ 55 ]. These methods can be extended to incorporate per-source process-
ing for near-field positional audio rendering [ 97 ], and to customize ITD, spatial, 
or spectral functions to match an individual listener’s HRTF dataset [ 55 ,  84 ,  91 ]. 
However, compared to the standard approaches reviewed in Section 4.1.1, these more 
accurate binaural rendering methods incur additional per-object computation for ITD 
synthesis and do not readily support head-tracking by global sound field rotation. 
Computationally efficient realization of a  virtualizer  module is described in Ref. [ 55 ], 
wherein a shared set of static HRTF filters is employed for both the standard and 
bilateral multichannel methods.  

   4.1.3 Diffuse mixing 

 The third per-source multichannel panning method selectable in   Figure 11
enables the rendering of spatially extended sound sources (see [ 77 ]). As described in 
Ref. [ 55 ], the  virtualizer  applies an energy-preserving decorrelation filter bank to the 
set of audio signals that it receives  via  the  diffuse bus , per the decorrelation filter bank 
design principle described, for example, in Refs. [ 98 ,  99 ]. The per-source  pan  func-
tion is designed according to the “divergence panning” method described in Ref. [ 55 ] 
and illustrated in   Figure 8  .   

  4.2 Simulating natural acoustic reverberation 

 Synthetic reverberation algorithms have been extensively studied, includ-
ing techniques for analyzing, simulating, or “sculpting” recorded, simulated, or 
computed reverberation responses [ 100 – 108 ]. A computationally efficient para-
metrically controlled reverberator may be realized by a recirculating feedback delay 
network (FDN), mathematically equivalent to the canonical representation shown 

  Figure 15.
  Bilateral multichannel rendering signal flow for computationally efficient binaural rendering of multiple sound 
sources with per-source ITD preservation [ 55 ,  84 ,  91 ].          
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in Figure 16—where, referring to the reverberation API properties introduced in 
Sections 3.1.2 and 3.1.3:

• {𝜏𝜏i} represents a set of recirculating delay units, where the cumulative feedback 
delay length can be scaled via the modal Density property.

• A denotes a matrix of gain coefficients, whose sparsity can be controlled via the 
Diffusion property.

General principles for reverberation decay control are given, for example, in Refs. 
[104–106, 109]:

• Each gi represents an absorptive filter that applies frequency-dependent attenu-
ation, proportional to the ratio of the delay 𝜏𝜏i to the reverberation Decay_time 
specified at frequency Fm, and derived at Fl and Fh from the values of the 
properties Decay_lf_ratio and Decay_hf_ratio.

• Matrix A is such that, when all of the absorptive filters gi are removed or neutral-
ized (i.e., set to 1.0), the reverberation decay time is effectively infinite at all 
frequencies (i.e., the reverberator is a “lossless prototype” as defined in Refs. 
[105, 107]).

Each of the absorptive filters gi may be realized as a proportional parametric 
equalizer, as described in Ref. [58] and Section 3.2.1. Additionally, cascaded reverb 
and virtualizer processing may be normalized to match the Reverb_gain [56] and 
to reproduce the low-frequency interaural coherence contour characteristic of natural 
diffuse fields [62, 108, 110], illustrated in Figure 17 for a typical head size.

4.3 Multi-source, multi-room spatial reverberation rendering architecture

Spatial reverberation engine designs have been proposed in which a per-source 
early reflections processor feeds into a late reverberation processor shared among 
multiple sound sources positioned in the same room as the sink [101, 105]. In 
the architecture of Figure 11, the reflections processor is shared as well (grouped 
reflections module, described below), while the late reverberation is rendered 
separately by one or more reverb modules, each receiving a dedicated mix of 

Figure 16. 
Canonical Feedback Delay Network (FDN) representation: {(𝜏𝜏i, gi)} = {(𝜏𝜏1, g2), (𝜏𝜏2, g2),…,(𝜏𝜏N, gN)} is a set 
of absorptive delay units with respective delay 𝜏𝜏i and frequency-dependent gain gi, coupled by matrix A ( from 
Ref. [105]).
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the source signals. As discussed in Section 3.1.3 and shown in   Figures 7   and   11  , 
multiple reverberators can be dynamically instantiated in a set of  effect slots , to 
simulate adjacent rooms and/or spatially anisotropic reverberation in the occu-
pied room [ 75 ,  76 ]. The multichannel output signal of each reverberator is further 
processed by a directional emphasis module ( effect panning ), as mentioned in 
Section 3.1.3 and illustrated in   Figures 8   and   18  .  

Figure 11   indicates the placement of dual-shelving equalizers, which apply per-
source or global spectral corrections as specified in Section 3 and implemented in 
Section 3.2.1. The contribution of each sound source into a  reverb  module is automati-
cally filtered according to this source’s diffuse-field transfer function. As described 
in Section 3.2.2, this results in a natural-sounding LPF effect specific to each sound 
source, accounting for its frequency-dependent directivity index. 

  Figure 18.
  Example illustrating reverb effect panning driven by high-level scene description (adapted from Ref. [ 54 ]).          

  Figure 17.
  Measured frequency-dependent interaural coherence (IC) in diffuse reverberation [ 110 ], and substitution above 
1 kHz indicated by the dashed white line.          
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To achieve differentiated control of early reflections for each sound source (see 
Section 3.2.3), a computationally efficient approach is enabled by the grouped reflec-
tions rendering method initially proposed in Ref. [55]. As illustrated in Figure 11, 
source signals are first scaled, panned and mixed into a multichannel reflections send 
bus, which sums the individually scaled and panned contributions of multiple sound 
sources to feed them to a shared grouped reflections processing module. An example 
implementation of this general scheme is detailed in Ref. [1], where the reflections 
send bus utilizes a 3-channel ambisonic format (W, X, Y) and per-source reflections 
panning is projected into the listener’s head-relative equatorial plane.

In practical implementation (for instance embedded in a head-mounted AAR 
device system), the binaural renderer of Figure 11 may be running continuously and 
can configure itself dynamically in response to system requests to start or stop render-
ing a given sound source for presentation to the listener. This involves incrementally 
instantiating or de-instantiating a per-source processing module and, if needed, one or 
more effect slot modules and associated effect send bus summation nodes.

5.  Conclusion: Acoustic Object rendering interface

In combination with emerging wearable augmented audio reality (AAR) hard-
ware, and with the expanding cloud-based ecosystem that supports the Metaverse, 
binaural immersive audio rendering technology serves as a fundamental enabler of 
co-presence, remote collaboration, and virtual entertainment experiences. In the 
present article, we have described an object-based spatial audio rendering interface 
that builds upon well-established interactive audio standards. It supports multi-
source interactive 6-DoF spatial audio and multi-room reverberation, emphasizing 
auditory plausibility while minimizing computational footprint and application 
complexity. By favoring a perception-grounded construction of the rendered audio 
output, it achieves independence from application-level scene generation strategies, 
including both physics-driven environment models and esthetics-driven immersive 
music or soundtracks.

As discussed in Refs. [6, 7], the adoption of an application-agnostic Acoustic Object 
rendering interface enables compatibility between any end-user device and any 
immersive content source, including linear media broadcast or streaming services 
(e.g., live or recorded music, sports, or video), as well as interactive or navigable AAR 
experiences inhabiting digital twins of real or virtual worlds.

To support navigable Audio Metaverse experiences in which sound source 
positions and acoustic environment parameters may be dynamically modulated 
at runtime by multiple independent applications, this Acoustic Object rendering 
interface enables the decoupling of source vs. environment specifications, defer-
ring their resolution until render time. This includes the positional coordinates of 
sound sources and sinks, the intrinsic radiation properties of sound sources, as 
well as the geometric and acoustic properties of rooms, obstacles, and reflectors, 
whether real or virtual. The acoustic environment may be managed dynami-
cally as a navigable set of virtual rooms, each characterized by a “reverberation 
preset” that encodes its response to an omnidirectional sound source co-located 
with the sink (listener). This encoding is consistent with the notion of reverbera-
tion fingerprint of a room, affording a data-efficient characterization of acoustic 
reverberation, and thus facilitating the modeling of an “acoustic digital twin” of 
the Audio Metaverse.
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Abbreviations

3-DoF three degrees-of-freedom (orientation only)
6-DoF six degrees-of-freedom (location and orientation)
AAR audio augmented reality (or augmented audio reality)
API application programming interface
AR augmented reality
AV audiovisual
EAX Environmental audio extensions (creative technology)
FDN feedback delay network
FIR finite impulse response
FOA first-order ambisonics
HMD head-mounted display
HOA higher-order ambisonics
HRTF head-related transfer function
I3D (L1 & L2) Interactive 3D Audio Rendering Guidelines (Levels 1.0 & 2.0)
IC interaural coherence
IAC interaural correlation
IACC interaural cross-correlation coefficient
IIR infinite impulse response
ITD interaural time difference
LBE location-based entertainment
LPF low-pass filter
MSA magic leap soundfield audio
MR mixed reality
OS operating system
PSAP personal sound amplification product
RIP reverb initial power
SDK software development kit
VBAP vector base amplitude panning
VR virtual reality
X3D extensible 3D
XR extended reality
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Chapter 6

AR Applications That Fail to 
Support Proper Sensorimotor 
Coupling Can Result in User 
Disorientation and Disappointment
William L. Martens and Frederico Pereira

Abstract

Support for naturalistic sensorimotor contingencies is an essential component 
of successful augmented reality (AR) technology that superposes on a user’s real 
world geometrically registered interactive media, such as 3D graphics and audio. For 
example, when AR system users move their heads while listening to spatially stabi-
lized sounds that are superposed on the soundscape of the real world surrounding 
them, a highly realistic and immersive experience of displayed virtual sound sources 
can be enabled. In contrast, disorientation and disappointment result for a user 
when virtual sound sources are not properly modulated by the contingency of the 
dynamic causal coupling between user actions and auditory consequences of those 
actions. To examine the auditory contingency effect experimentally, an AR system’s 
interactively displayed audio components were recorded for users engaged in typical 
head movements, and those same audio components were later replayed in a manner 
that was not properly coupled with head-tracking information for those users. In one 
test condition, the raw audio components were processed in a manner that depended 
upon angular head-tracking information with only two degrees of freedom, while 
a second test condition employed angular head-tracking information with three 
degrees of freedom. Both the resulting disorientation and disappointment of tested 
users were assessed after each user listened to the otherwise identical virtual sound 
sources under the two testing conditions.

Keywords: sensorimotor coupling, sensorimotor contingency, sounding objects, 
augmented reality audio, spatial hearing

1.  Introduction

Users of an augmented reality (AR) system experience sensorimotor contin-
gencies that confirm the permanent potential for natural auditory perception of 
the spatially stable virtual sounding objects that the AR system presents to them. 
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That is, the system must do more than simply reproduce a recording of the sound 
of an acoustical event for the user, even if what is heard sounds like a highly 
realistic event. The system must allow users to experience an expected change in 
auditory sensation that is contingent upon their actions (i.e., the user’s sensations 
must change with the user’s active head motion). Disappointment will typically 
result when a user hears static auditory display elements that do not change in 
response to that user’s movement within the space containing the virtual sounding 
object. Now, it is manifestly obvious that change in the position of a stationary 
object relative to an observer’s head will occur whenever an observer’s head is 
moved past that stationary object; however, it is not a trivial decision whether an 
AR application should include all such obvious changes in the display of virtual 
sound sources that would occur when the observer’s head is rotated in each of 
three planes, whether that rotation is in the midsagittal plane, the frontal (a.k.a. 
coronal) plane, or the horizontal plane. It should be noted at the outset of this 
discussion, that with the advent of head-tracking virtual auditory display (VAD) 
technology that was launched in the early 1980s, there was no consensus on the 
importance of including multiple degrees of freedom in the active coupling of 
spatial audio processing with head rotation (i.e., whether there should be one, 
two, or three degrees of freedom incorporated in angular head-tracking [1–3]). In 
fact, it was rare to find VAD systems with auditory processing that was coupled to 
head rotation that was tracked with a full three-degrees-of-freedom (3DoF).

A great deal of spatial hearing research has ignored the important contribution 
of head movements in supporting successful sound localization performance [4], 
despite the existence of strong evidence from early studies [5, 6] emphasizing the 
important role of head movements in sound direction of arrival discrimination. It 
cannot be overemphasized that Wallach’s [5, 6] results, which were reported more 
than 80 years ago, have been repeatedly confirmed by modern studies using virtual 
auditory display technology.

This chapter explores the importance of head motion in resolving ambiguous 
directional hearing cues for AR system users facing challenging sound localiza-
tion tasks, particularly those in which virtual sound sources arrive from angles of 
incidence that lie outside of the observer’s visual field. Additionally, the relevance of 
sensorimotor coupling for natural interactions in AR environments is discussed.

1.1  The importance of tracking 3DoF angular variation in the orientation of the 
listener’s head for successful AR system performance

A typical failure of AR auditory display concerns what happens during natural, 
unconstrained variation in the orientation of the listener’s head. This failure stems 
from the mistaken assumption that AR systems can function adequately when using 
two-degree-of-freedom (2DoF) head-tracking technology that monitors head rota-
tions of only two sorts (turning left to right, and tipping forward and backward), 
rather than the full complement of rotations about three spatial axes, described by 
Tait–Bryan angles (yaw, pitch, and also roll). These three types of angular variation 
have for many years been monitored using commercially available systems designed 
to track the orientation of a listener’s head using 3DoF technology [1]. Table 1 gives 
a more comprehensive account of how these orthogonal rotations of a listener’s head 
relate to informal designations. The names typically given to representative head 
gestures are listed, along with the meanings typically associated with them when used 
in nonverbal communication.
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The importance of head-movement-coupled variation in binaural head-related 
transfer function (HRTF)-based spatial audio processing for successful AR system 
performance must be carefully considered. It could be said that smooth and timely 
response to the AR system user’s head movements play a pivotal role in creating satis-
fying illusions of spatially stable sounding objects in a displayed auditory scene. The 
most obvious support for this conclusion is found in examination of the resolution 
of front-back ambiguity enabled by proper coordination of interaural cues to source 
direction with monitored head turning. Whereas static HRTF-based processing is 
often plagued by front-back confusions, motion-coupled dynamic cues (contingent 
on head turning) eliminate such confusion, as is easily confirmed first hand by AR 
system users, and was clearly evidenced in the results of Wallach’s experimental stud-
ies conducted over 80 years ago [5, 6].

Suffice it to say that there is incontrovertible evidence that human listeners can 
and do use the direction of the change in interaural cues that accompany head turn-
ing (change in yaw angle) as an unambiguous indicator of the proper hemifield of 
incident sound. Despite the incontrovertible evidence for this conclusion with regard 
to the resolution of front-back ambiguity [7], there are few reports of the importance 
of change in head roll angle as an unambiguous indicator of the above-versus-below 
hemifields of incident sound (although notable examples exist [8, 9]). A subsequent 
section of this chapter will present a more rigorous analysis of how human listeners 
can use these two types of head rotation to make these two hemifield distinctions. At 
this point, it should be emphasized that the third type of head rotation, identified 
in Table 1 as angular variation in directional pitch, does not function in the same 
manner as head yaw and head roll, since changes in head pitch do not reorient the 
interaural axis of the listener’s head. Before continuing with this exposition, system-
atic presentation of the relevant spatial geometry conventionally used in the sound 
localization literature will be reviewed here. This review includes the terminology 
used in describing the planes and angles of the two coordinate systems that have come 
to dominate the technical literature, the first of these two being the vertical-polar 
(VP) coordinate system.

According to the VP coordinate system, horizontal directions are specified by 
their azimuth angle: the angle subtended at the center of listener’s head relative to the 

Tait–Bryan angle Plane of rotation Informal designation Head gesture Nonverbal expression

Yaw Horizontal
Transverse
(visuoaural)
Plane (HTP)

turning to
the left and
right

shaking denial,
contradiction:
“no”

Pitch Median
Sagittal
(midsagittal)
Plane (MSP)

tipping
forward and
backward

nodding affirmation,
concurrence:
“yes”

Roll Vertical
Lateral
(frontal, coronal)
Plane (VLP)

pivoting
leftward
and
rightward

wagging uncertainty,
questioning:
“maybe”

Table 1. 
Three types of angular variation in the listener’s head orientation and the Tait–Bryan angles used to represent 
such rotations about three distinct axes and the orthogonal planes within which those rotations occur.
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midsagittal plane. The vertical directions of stimuli are specified by the elevation: the 
angle subtended at the center of the head relative to the horizontal plane. Another 
head-related alternative to the VP coordinate system that was first introduced in 
1979 [10] is the so-called spherical double polar (DP) coordinate system in which 
lateral and elevation angles are defined along independent axes. This double polar 
system was devised to align directly with the two main binaural cues for direction 
determination—interaural time differences (ITDs) and interaural level differences 
(ILDs). Surfaces of constant ITD/ILD form a listener’s “cones of confusion” at each 
lateral angle. The lateral angle of a source is defined by its parasagittal plane, with 
the angular offset from the midsagittal plane measured on the visuoaural plane. The 
elevation angle of a source is defined by the transverse plane in which it is found, 
with the angular offset from the visuoaural plane measured in the parasagittal plane. 
For both systems, the radial distance complements directional information to fully 
describe source location. (In this text, the term localization is used to denote the 
complete determination of three-dimensional spatial coordinates, whereas the term 
directionalization may be used for sound direction-of-arrival determination, which 
can be reported via angular judgments that disregard the distance between source and 
receiver).

For moving listeners actively engaged in sound localization, satisfaction with an 
AR system will typically result when sensorimotor contingencies obey the tacitly 
understood rules that underly the head-movement-based dynamic interaural cues 
naturally used by those listeners in resolving ambiguities in source angular incidence 
(e.g., from which of a pair of opposing hemifields a source arrives). Note that head 
movements are not needed for left-right distinctions in source incidence, since 
sources incident from the left and right are virtually never confused with each other, 
as unambiguous lateralization cues ensue from a source’s incidence from either side 
of the head. But for above-below and front-rear distinctions, there are two sets of 
analogous contingencies useful to binaural listeners who are actively engaged in deter-
mining source direction, and these constitute the governing laws that underlie the 
important role of head-movements in binaural spatial hearing. For a more complete 
treatment of these sensorimotor contingencies, the reader is referred to [11, 12]. The 
two types of these sensorimotor contingencies are those that disambiguate hemifield 
incidence by variation in yaw (A) and variation in roll (B):

(A) Variation in the yaw angle of the head (turning) produces variation in the 
lateral angle of incidence of a static sound source in a manner that depends on, 
and therefore can determine, whether the source originates in the frontward or 
rearward hemifield. A source is detected in the front hemifield when a leftward 
turn of the head is associated with a rightward shift in source lateral angle; 
conversely, a source in the rear hemifield is localized by a rightward shift in 
source lateral angle that is contingent on a rightward turn of the head.

(B) Variation in the roll angle of the head (rolling) produces variation in the lateral 
angle of incidence of a static sound source in a manner that depends on, and 
therefore can determine, whether a source originates in the upward or down-
ward hemifield. A rightward shift in source lateral angle results when a head 
roll drops the right ear toward a source localized to the right in the downward 
hemifield; conversely, a leftward shift in source lateral angle results when a head 
roll drops the right ear downward, toward a source localized to the right in the 
upward hemifield, as illustrated in Figure 1.
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1.2 Assessment of wearable augmented reality audio systems performance

Listening tests have often been performed in order to assess the level of perfor-
mance of deployed wearable augmented reality audio (WARA) systems, particularly 
in terms of their ability to support rendering of virtual sources that satisfy at least 
two otorealistic criteria. Of these two, the first is that the virtual sound sources should 
be accurately positioned in space; but, the second is that they should sound natural, 
so they will not be heard as glaringly different from actual sounds arriving from the 
physical space from within which they should seem to be arriving. One of the two 
most obvious ways in which virtual sources can sound very different from actual 
sources is in their tonal coloration (timbre). The other most glaring difference would 
be if virtual sources were to be heard as if located inside the user’s head, unlike the 
externalization of actual sources that is typical in everyday listening. The reader is 
directed to a more comprehensive review of the methods used for perceptual evalua-
tion of filters controlling source direction [13], which provides a context within which 
the assessments described herein can be understood.

An early example of such a WARA system assessment was reported in 2004 by 
developers at the Helsinki University of Technology [14]. For envisioned applications 
of a WARA system, they clearly identified failure of externalization as a most severe 
problem with binaural technology, as too often WARA systems exhibited the objec-
tionable result described as the “perceived effect of having the virtual source localized 
inside the head.” So, while also concerned with directional accuracy, their assessment 
included a direct comparison between actual sources and displayed virtual sources. 
In a series of experimental test trials, two identical test signals were presented for 
comparison, one of the two being reproduced by a loudspeaker, and the other filtered 

Figure 1. 
In Panel A, two spatially stabilized sources (labeled ‘S1’ and, ‘S2’) are shown to be equidistant from the user’s 
midsagittal plane, lying initially on the same parasagittal plane, but with elevation angles that are opposite in 
sign (above vs. below ear level). Panel B illustrates what happens when the user (a.k.a. Bart) rolls his head to 
the right while hearing these two stationary sources. With a rightward roll of the user’s head source S1 shifts to a 
parasagittal plane toward the midsagittal plane, as it was well above the user’s ear level. In contrast, for the same 
rightward headroll, at the same time, source S2 shifts to a parasagittal plane away from the midsagittal plane, 
as it was well below the user’s ear level. Also apparent in this figure are the contrary shifts in elevation angle for 
the two sources, both of which were held stationary in world-centric coordinates: the head-centric elevation angle 
for S1 increases with the rightward headroll, as the head-centric elevation angle for S2 is shifted closer to the user’s 
ear-level (i.e., the transverse plane containing the user’s interaural axis y’).
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for display via the WARA system, processed using the appropriate HRTFs (HRTFs 
measured for angular incidence matching that of the reproducing loudspeaker). 
The test was a two-interval, two-alternative forced choice (2I2AFC) test, where the 
WARA system user was asked which of two temporal intervals contained the stimulus 
that was reproduced by the loudspeaker, rather than by the head-worn earspeaker. 
To avoid the influence of head movement on the results of their 2I2AFC tests, their 
experimental test setup included a head-supporting chair for the test subject wear-
ing the WARA headset, and a loudspeaker that was not visible to the subject. With 
the user’s head thus immobilized, they reported that it was nearly impossible for 
users to distinguish between loudspeaker and earspeaker stimuli when the presented 
sources were simple musical instrument sounds or speech. However, when broader-
frequency-band sources were presented, better discrimination performance was 
observed, at significantly greater than chance levels (e.g., 68% correct rather than the 
50% level expected by guessing alone).

Just as physical sound sources can be located anywhere in the 3D space surround-
ing a WARA system user, it should be possible to position virtual objects emitting 
sound in any location within that 3D space. To test the accuracy of virtual sound 
source positioning for WARA application, it would seem most straightforward to 
compare the apparent location of virtual sound sources to the visual location of 
potential sounding objects. Nonetheless, many WARA assessment studies, such as 
those in [14], ensured that no loudspeaker was visible to the user during assessment 
tests. Similar thought went into the selection of experimental conditions for the 
tests described in this chapter for the more recent studies conducted by the authors. 
The reasoning behind this experimental design choice is made clear in the following 
paragraph.

Were there an array of loudspeakers visible during localization testing, then 
potential operation of the “visual-capture effect” (a kind of “snap-to” adjust-
ment) could strongly influence perceptual judgments of the location of virtual 
sound sources within the user’s field of view. For this reason, and to avoid visual 
capture of sound by any visible object, all directionalization tests that were run 
in these experiments were executed for sound sources distributed throughout the 
space lying outside of the user’s field of view (and never originated from within 
the frontal hemifield).

As users were instructed to attend during testing only to sources that arrived 
from the rear hemifield, the chance of observing front-rear confusion was also 
greatly reduced. Of course, other hemisphere confusions were possible, and could be 
observed primarily as confusion between sources arriving from above or below ear 
level. In practice, it is well established that it is extremely rare to observe confusion 
between sources arriving from the left versus the right hemifield. The only exception 
to this rule can be observed under the unusual circumstances of hearing simultane-
ously presented musical melodies with left-right interchanging of two musical instru-
ments performing interleaved sequences of notes (a kind of gestalt streaming effect 
for auditory scene analysis in which a simplified mental model is not disturbed by 
occasional violation). In this case, even if a single note played on trumpet were inter-
changed in left-right position with a single note played on trombone, the sequence 
of notes played on trumpet might be heard as always arriving from the one side, as 
would all the notes played on trombone be heard always as arriving from the other 
side [15]. If perception of actual sound source were always veridical, then the “bun-
dle of auditory attributes” associated with each sounding object would reflect both 
the character and location of each incident sound. However, as pointed out in [15], 
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“when multiple sequences of tones are presented simultaneously from different regions of 
space, these bundles of attribute values may fragment and recombine incorrectly, so that 
illusory conjunctions result.”

This concern with sound source fusion has plagued many studies of virtual sound 
source localization, even when it is not reported to have been an issue. The exter-
nalization of the auditory images displayed by an augmented reality audio (ARA) 
system is another concern that is not always adequately treated in studies designed to 
assess system performance. Therefore, in the authors’ recent studies reported in this 
chapter, these issues were systematically evaluated in the preparation of stimuli for 
experimental investigation.

2.  An experimental assessment of WARA system performance

To test the importance of 3DoF sensorimotor coupling to a WARA system, an experi-
mental investigation of a particular system’s performance was conducted in two stages. 
The first stage was executed to assess similarity of the earspeakers’ delivered signals to the 
signals reproduced by loudspeakers that were positioned at the corresponding locations at 
which the HRTFs used for the spatialization process were measured. In the second stage, 
listeners completed two psychophysical tasks that required them to report both absolute 
and relative perceived directions of arrival for virtual sources delivered via calibrated 
earspeakers. Results of that psychophysical investigation are reported in a subsequent sec-
tion of this chapter. What follows next is a discussion of the binaural synthesis methods 
that were employed for the investigation.

2.1 Binaural synthesis for WARA applications

Although measurement at the ear drum has long been regarded as the ideal 
procedure for capturing directional information contained within a set of HRTFs 
[16], it has been suggested in [15] that the ideal point for the measurement of HRTFs 
for WARA applications is that which offers a practical solution to the problem of 
obtaining confirmation of HRTF recreation when the WARA hardware is in place 
for typical use. The same reasoning applies in either case: All the transformations 
of an incident sound signal emitted from free field or reproduced source should be 
matched between the originally measured and then recreated HRTF, such that when 
two signals delivered to the ear drum are identical, there should be no perceptual 
differences between them. Of course, due to impracticalities of measuring at the ear 
drum, an alternative point at the entrance of the open-ear-canal may also be chosen, 
placing a probe that can be used either for free-field or reproduced sources. This 
option is based upon the assumption that the transformation due to the ear canal is 
independent of the sound emitter direction and distance [17].

The employed earspeaker [18] permitted HRTF measurement at an open-ear-
canal entrance in the same configuration for which it would be used in a WARA appli-
cation (a fitting design commonly termed open-ear, as seen in Table 2). Thus, for both 
measurement and usage, the same acoustic radiation impedance is seen from the ear 
canal and the same acoustic load will be presented to the earspeaker. In this particular 
case (more completely described in [25]), the same configuration was indeed used in 
the measurements for HRTFs and the equalization of an open-ear-canal earspeaker.

Such features are distinguished and regarded as an advantage of the more fre-
quently investigated WARA systems that capture environmental sound by a pair 
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of miniature microphones, which sound is then digitally mixed with the binaurally 
processed virtual signal. In this case, the mix is presented via in-the-canal (ITC) 
transducers [26], resulting in successful matches of Anatomical Transfer Functions 
(ATF) and synthesized HRTF, although there are some disadvantages related to occlu-
sion of the ear canal [27, 28].

Product AR supporting 
features

Form factor Manufacturer description

OGS earspeaker, 
2016 [18]

• Open-ear design “Enjoy the audio you desire, while 
staying aware of the dangerous world 
around you.”

JBL Soundgear 
Sense, 2023 [19]

• Open-ear design

• Wireless

“…rest on the curve of your ears without 
obstructing your ear canal, so that you 
can hear both your sound and the world 
around in full comfort…”

Huawei FreeClip, 
2024 [20]

• Open-ear design

• Head tracking

• Wireless

“Immerse yourself in music, while 
staying aware of changes in ambient 
sounds”

Apple AirPods 4, 
2024 [21]

• Loose-fit design

• Head tracking

• Wireless

“Personalized Spatial Audio with 
dynamic head tracking …open-ear 
design…”

Bose Ultra Open 
Earbuds, 2024 [22]

• Open-ear design

• Head tracking

• Wireless

“…leave your ears open to hear the 
world around you while OpenAudio 
technology delivers rich, private 
sound…”

Oladance OWS Pro, 
2024 [23]

• Open-ear design

• Wireless

“With our patented open-ear design, the 
OWS Pro keeps you in sync with your 
surroundings, without sealing the ear 
canal”

Edifier LolliClip, 
2025 [24]

• Open-ear design

• Head tracking

• Wireless

“The open-ear structure rests 
comfortably outside the ear canal, 
enabling fatigue-free listening 
while enhancing awareness of your 
surroundings…”

Each design is engineered to preserve natural hearing of environmental sounds by leaving the ear canal entrance 
unoccluded (at least partially) and exposing the pinna, while simultaneously enabling reception of the device-displayed 
sound. (Note that the Apple AirPods 4 do engage the ear canal entrance and so must be described as “loose-fit” rather 
than open-ear design).

Table 2. 
Comparison of seven commercial products employing the open-ear design.
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The open-ear-canal measurement procedure is traditionally avoided due to high 
variability in responses resulting from the contribution of the ear canal via both intra-
subject (left/right) and inter-subject variability. Due to difficulties in maintaining 
the point of measurement across different sessions (as in HRTFs and then Headphone 
Transfer Functions), it has been regarded as convenient to use generic “fits all” HRTF 
datasets most typically measured with blocked auditory meatus [17]. Many studies 
have been concerned mainly with verifying HRTF reconstruction for signals in the 
speech band (250–4000 Hz), where variations resulting from open-ear-canal mea-
surements are small relative to blocked-meatus measurements [16]. The investigations 
reported herein were aimed at implementing a method for WARA applications using 
an unobstructive earspeaker that accommodates those who want to maintain their 
own natural spatial hearing abilities using their own ATFs.

Although the HRTF measurement, equalization, and synthesis methods employed 
in this study are commonplace (as they conform to conventional best practices [13, 
29]), the application of these methods here is to the special case of observations made 
at the entrance to an unoccluded ear canal [30]. The advantage of reproducing bin-
aural sound at the entrance to an unoccluded ear canal for WARA was already made 
clear above, but it could be asked whether this application really requires unoccluded 
ear canal HRTF measurements and equalization. Indeed, given the relative greater 
reliability with which blocked meatus measurements can be made, it should be made 
clear here why that approach was rejected. The key advantage of making observations 
at the entrance to the subject’s unoccluded ear canal is the validity of its confirmation 
for binaural synthesis. Only when HRTFs are measured at the tip of the probe tube 
in free space can it be confirmed directly that the employed equalization method 
properly has reproduced that HRTF for the earspeaker application. Additionally, it 
is noted that open-ear-canal HRTF measurements have been shown to yield higher 
retained coherence with minimum phase HRTFs [31].

All measurements were done at the University of Sydney’s Acoustics Research 
Laboratory ‘Dome’, an acoustically-treated room featuring a hemispherical array of 
196 loudspeakers (Anthony Gallo Nucleus Micro), uniformly distributed at a dis-
tance of approximately 2 m from the center of the subject’s head. The subject stood 
on a height-adjusted platform that positioned the head such that the lowest circle 
of loudspeakers was at an elevation of -11o below the visuoaural plane. The subject’s 
head movement was restricted using molded dental impression material attached to a 
fixed angle-iron bracket (a “bite bar”). Although not strictly anechoic, the walls and 
speaker frame of the ‘Dome’ were covered with sound absorbing material, and the 
space exhibited an RT30 reverberation time at 1 kHz of only 0.18 s.

2.2 Perceived locations, precision and accuracy as measures of performance

It is important to emphasize here that the accuracy and precision of sound local-
ization is expected to be greatly improved for envisioned WARA applications using 
the calibrated spatial auditory display system that was developed here, in that it uses 
both open-ear-canal HRTF measurements and correction for the earspeaker response 
that was based upon open-ear-canal earspeaker to ear-canal Transfer Functions 
(EETF) measurements (the same EETF-derived correction was applied for both 
channels). Of course, it has been well established in related fields that direction-iden-
tification performance should be better when the pinna is not occluded by an open-
ear-canal transducer. An obvious field of research in which this has been established 
is that in which studies were done to evaluate the impact on direction-identification 
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judgments due to the method of fitting hearing aids. In one such study [32] sound 
source direction judgments were tested in the vertical plane, using 10 loudspeakers 
arranged in a vertical arc directly to the side of the subjects, when listening unaided 
and when fitted bilaterally with Behind The Ear (BTE) hearing aids that were fitted 
with three earmold types: closed (occluded), open (partly occluded), and sleeve 
(non-occluded). The open and sleeve conditions supported better vertical judg-
ments than did the closed condition, and, for the sleeve earmold, vertical judgments 
matched those observed when unaided. Readers interested in learning more about 
this related field of research are referred to the excellent review of the consequences 
of open versus closed hearing-aid fittings by Winkler, et al. [33], which emphasizes 
that open-fitting can yield improvements in perceived quality of one’s own voice, as 
well as increased localization performance.

For the current study, the stimuli presented for the psychophysical tasks were 
a phonetically balanced speech samples, retrieved from the PN/NC corpus [34]. 
The binaurally processed signals were presented to listeners who perceived them to 
be positioned in well-defined locations. It has been deemed desirable to measure a 
listener’s ability to report on the perceived location of the stimuli, in addition to their 
perceived angular incidence. Although the term has not always been used in this 
way, a consensus is growing to use the term location to indicate the making of both 
angular judgments and distance judgments. Furthermore, in his highly-cited “Spatial 
Hearing” book, Blauert has [2] discussed the distinction between localization of a 
physical source and the perception of its location. The fact that a perceived auditory 
image belongs in a subjective auditory space, which might not necessarily match the 
original physical space, can translate into a disparity in the angular estimates between 
localization tasks and reports on perceived locations. It should be clear that it may be 
useful to evaluate how these psychophysical task approaches match between ATF-
based and HRTF-based percepts. Indeed, such evaluations are primarily concerned 
with accuracy of results, and accuracy is typically much reduced when listeners’ heads 
are immobilized (as they were in [25]). Accuracy can be quantified here as the differ-
ence between the mean angular estimates at each presented angle of incidence and the 
corresponding angular coordinates at which HRTFs were measured.

Although high accuracy is desirable, the present study was primarily concerned 
with the consistency of conveyed spatial locations for repeatedly presented virtual 
signals. In this case, an adequate performance measure is then the precision of 
the reported perceived locations, which focuses on variability of the estimates on 
repeated listens (standard deviation of reports). It must be noted that a properly 
functioning WARA application might not support high accuracy if it is more strictly 
required to exhibit high precision [35].

For the initial training, each listener was presented a series of spatialized virtual 
speech signals and used a GUI developed in MATLAB to report on the perceived inci-
dence of the signals (using a response grid marked for lateral and elevation angles). 
Absolute direction judgments were made for each of seven distinct angles of incidence 
at which single stimuli were presented 10 times per sessions. The order of presenta-
tion of the signals was randomized throughout each session. Results of this test in 
terms of directional accuracy are shown for a single listener in Figure 2.

Comparing the distribution of lateral angle reports for the stimulus reported as 
lowest in elevation (the cyan-colored downward pointed triangles of Figure 2) to 
that of the stimulus rated as greatest in elevation (the yellow-colored upward pointed 
triangles), it is seen that only one of the reports overlap the set of reports for the 
stimulus heard at lower elevation. Because of this near complete dominance of one set 
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of judgments over the other, a very high value of Cliff ’s delta for these two distribu-
tions is to be expected, and is confirmed by the obtained value of 0.99.

After completing this initial training, each of three listeners participated in 
an experimental test of directional precision, in which the same speech stimuli as 
before were successively presented in pairs in which the consecutive spatialized 
virtual speech signals arrived from differing angles of incidence, all restricted to 
the rear hemifield. In each of these pairwise comparisons, the listener had to report 
on the perceived offset in angle of incidence between each pair of stimuli. In effect, 
a complex question was to be answered regarding whether the stimulus presented 
second was heard to arrive from a more elevated angle, and then whether it was heard 
to arrive from a lateral angle to the left or right of the stimulus presented first. These 
judgments were collected for 84 pairwise comparisons, and the results of these for 
one of three listeners, Subject 1, are shown in Figure 3.

It is interesting to compare a measure of lateral angle dominance, based upon two 
sets of temporally dispersed absolute judgments for two stimuli, to the direct judg-
ments of angular offset between the same two stimuli. Such a comparison reveals 
that large overlaps in absolute angular judgments are associated with smaller angular 
offsets reported for a given pair of stimuli (and show correspondingly small values of 
Cliff ’s delta). The right panel of Figure 3 focusses upon responses on these two tasks 
given just three of the presented stimuli’s seven angles of incidence. This panel shows 
both absolute and offset judgments plotted on reported lateral and elevation angles 
made by Subject 1 for those three stimuli.

In subsequent localization tests, executed with listeners’ heads immobilized, 
stimuli were presented either by loudspeaker or earspeaker. This reproduction mode 
was randomly varied over trials, and listeners were required to indicate whether they 
could discriminate between the two reproduction modes (i.e., whether listeners heard 
loudspeaker or earspeaker reproduction). Confirming the similar sound character 
between these two modes, discrimination between trials containing loudspeaker ver-
sus earspeaker reproduction was at chance levels. It is worth noting that there was no 
evidence to reject the null hypothesis here, so we concluded that differences between 
reproduction mode were negligible. Similar localization results were obtained to 
those shown above in Figures 2 and 3, even though listeners used their own ATFs 

Figure 2. 
A scatter plot of absolute judgments of elevation angle plotted over absolute judgments of lateral angle 
reported by Subject 1 for seven stimuli - each presented ten times, from directions restricted to the rear 
hemifield. The sets of angular judgments are plotted using downward-pointed triangles for the stimuli 
reported as lowest in elevation, and plotted using upward-pointed triangles for stimuli reported as highest in 
elevation. Behind each group of ten plotting symbols is a larger oval symbol that depicts for each stimulus the 
mean reported incidence angles, and also the spread of angular reports for each stimulus as measured by the 
standard deviation of reported angles.
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on half of the trials and heard HRTF-transformed stimuli on the other half. This 
has been regarded as the ultimate psychophysical test in evaluating WARA system 
performance.

Following this test of localization performance of three listeners with restricted 
head movement, another HRTF-based localization test session was run in which the 
listeners were encouraged to move their heads in any way that aided them in making 
judgments with highest confidence. Recall that for the previous tests [25], listen-
ers’ heads were immobilized by having each listener bite on their own custom-fit 
bite bar (which was made using molded dental impression material attached to a 
fixed angle-iron bracket). In the subsequent earspeaker-reproduction tests in which 
listeners were encouraged to move their heads freely, there were two possible modes 
of interactive HRTF-based synthesis, enabling a comparison of 2DoF versus 3DoF 
head coupling of the applied HRTFs. The 2DoF head-coupling case included only 
changes to employed HRTFs based upon changes in head yaw and pitch. The 3DoF 
head-coupling case added head-roll based HRTFs changes (more than just the head 
yaw and head pitch employed in the 2DoF case). More detailed reporting of the 
results of these comparisons is beyond the scope of this chapter, but the comparison 
revealed a number of telling differences in user experience between these two interac-
tive head-tracking modes. Listeners who attempted to resolve ambiguities in elevation 
by exploratory head rotations found an advantage in adequate 3DoF response that 
included head-rolling-coupled changes in HRTFs. No advantage for disambiguating 
front versus rear incidence was observed in the 3DoF head-coupling case relative to 
the 2DoF head-coupling case. No difference was expected here since front versus rear 
incidence is disambiguated by head-yaw-coupled HRTF changes in both cases, and no 
such difference was found.

In contrast to the previous tests in which directional judgments were made with 
heads immobilized, the subsequent tests incorporating head-tracking included 
direct ratings of any disorientation or disappointment for tested users under condi-
tions of 2DoF versus 3DoF head-coupled HRTF updating. With only three listeners 

Figure 3. 
The left panel shows scatter plot of absolute mean offsets in judgments of lateral angles and elevation angles made 
by Subject 1 for two sets of seven stimuli. Pairs of identical plotting symbols are connected by line segments to show 
the agreement between results for the seven stimuli when presented on either side of the listener’s median plane 
(mean lateral offsets negated for one set to allow the plots for the two sets to be juxtaposed). The right panel shows 
offset judgments in terms of reported lateral and elevation angles. Arrows are drawn from the mean incidence 
angle for each elevated stimulus to indicate the apparent angular offset of that stimulus relative to responses given 
to the stimulus of lower mean elevation, and vice versa (see [25] for a more detailed discussion of these results).
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participating in these subsequent tests, adequate statistical tests were not supported 
by the quantity of data, even though the reported differences can be taken as anec-
dotal evidence for the superior experience enabled by 3DoF head-coupling. Suffice it 
to say that the three tested users gave statements during debriefing that were entirely 
consistent with the conclusion that 3DoF head-coupling was the preferred condition 
for most satisfaction with the WARA system.

3.  Sensorimotor contingencies for natural interactions in AR

AR has proliferated in recent years, becoming increasingly popular across a range 
of industries [36]. In particular, advances in technology and reductions in acquisition 
costs have brought AR within reach of everyday consumers, with vendors promising 
ever-more realistic experiences. Major multimedia tech companies are now heavily 
investing in AR, and recent product developments emphasize the importance of 
successful implementation of WARA. The range of available forms of WARA display 
hardware reflects a renewed interest in unoccluding earspeaker devices — wearables 
that deliver sound with minimal disruption to natural hearing, through improved 
accommodation of human anatomical features. Not long ago, such devices were 
relatively difficult to source, as was found by the authors in preparation for a previ-
ous study [25], for which it was necessary to resort to lesser-known manufacturers to 
procure a preferred system, termed Open Guided Sound (OGS earspeaker set [18]). 
Similar unobstructive devices are typically positioned in the concha, leaving the ear 
canal unoccluded, allowing the pinna to capture sounds naturally from the environ-
ment. Table 2 shows these audio reproduction devices that support acoustically 
transparent “hear-through” auditory display (i.e., that through microphones capture 
and then reproduce the environmental sound to the user). Such devices have been 
appearing commercially for the last 10 years, and are suitable for AR applications 
where the aptly termed “open-ear” form factor, was designed to allow the superposi-
tion of reproduced signals upon sound arriving from actual sources in the user’s local 
environment, including the ambient and indirect sound of that environment.

While all seven of the featured devices listed in Table 2 apply the “open-ear” 
design as the most common means for achieving such transparency, these devices 
also reflect a growing trend toward wireless convenience and support for sensorimo-
tor coupling through tracked head movement. With the exception of the 2016 OGS 
example, all listed devices were announced relatively recently, and the range of 
available forms of the WARA display hardware reflects a renewed interest in unoc-
cluding earspeaker devices. Recent innovations, such as in the 2024 released Apple 
AirPods 4, pioneered in such form factor the incorporation of head-tracking features 
geared toward spatial audio rendering [37], revealing a trend toward mobile WARA 
products—an observation supported by a report from Ericsson ConsumerLab [38]. 
As the technology matures, prospects supporting WARA experiences have become 
increasingly sophisticated. Users today anticipate experiences that are immersive, 
intuitive, and meaningful.

For a WARA interface, a distinction between virtual and real sound sources is 
made here. Whereas virtual sources are generated digitally and reproduced through a 
transducer device, real sound sources are instead the outcome of acoustic phenomena 
with origin in the physical environment. Nevertheless, the psychophysical sensation 
that is evoked by either type of source may give rise to identical auditory images (i.e., 
perceptually indistinguishably), in which case the AR phenomenon is described 
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as realistic. An argument can be made that satisfying realistic WARA experience 
depends on meeting the expectation that interacting with mediated virtual content 
feels similar to interacting with real sound sources. In other words, for a sound 
source to be perceived as realistic, its acoustic cues need to create an impression 
consistent with a listener’s everyday expectations. Empirical evidence indicates that 
this requirement is only viable if the multimodal AR system supports sensorimotor 
contingencies. Suffice it to say that users must be enabled to explore the augmented 
environment with their own bodily movements, much as they do in physical reality. 
This affordance, as suggested by Slater [39], is on the basis of the “place illusion” of 
virtual reality, the sensation of “being there”, which in case of AR translates to the 
sensation of virtual content “belonging here”, in the physical world. (Note that medi-
ated content does not need to be “realistic” in the sense of excluding fantasy elements; 
however, to blend effectively with physical sound sources, it must adhere to certain 
natural and predictable patterns.)

3.1 Externalization of virtual sound sources and the perception of distance

During the course of everyday tasks, listeners are naturally and continuously mov-
ing their heads [40], thereby enabling an ongoing feedback loop between a perceived 
shift in position of sound sources associated with their own body movements. In 
addition to providing cues for sound direction discrimination, this sensorimotor 
predictable pattern promotes externalization of sound sources. An externalized 
sound source appears to have its origin out in the world, evoking a mental representa-
tion of the acoustic event, an auditory event appearing in an auditory space outside 
the listener’s head. On the other hand, an internalized source is perceived as belong-
ing in a subjective space within the head of the listener and poses increased effort in 
the formation of an auditory event coherent to an acoustic event originating out in the 
physical world [11].

Previous investigations demonstrated [41] that, during headphone playback, a 
predictable, naturalistic relationship between head movements and sound source 
behavior (i.e., sources remaining stable relative to the real world) is essential for cre-
ating externalized auditory images. Conversely, even if detailed binaural room trans-
fer functions (BRTFs) are used in the rendering, failure to maintain source stability 
causes sensations in conflict with expectations, ultimately precluding externalization.

Indeed, prior experience suggests that a source producing no interaural differ-
ences during yaw movements ought to be located somewhere along the vertical axis 
passing through the head (the mid-body axis), while for roll movements, such an 
unresponsive source ought to be located along the front-back axis. The tendency for a 
sound to be perceived inside the head is exacerbated when there is no visual reference 
to anchor the sound source (visual-capture effect), as for sources positioned outside 
the listener’s field of view.

Externalization is closely linked to distance perception: an externalized sound 
source is perceived to originate at an egocentric distance greater than zero. In this 
sense, the externalization is necessary for virtual sources to appear within the real 
world, blending seamlessly with real sound sources, potentially fusing with visible 
sounding objects (visual–auditory integration to create a spatially congruent percep-
tual experience). A clear perception of the egocentric distance of displayed virtual 
sound sources within an auditory environment is fundamental to the feeling of being 
immersed in a 3-D auditory scene. When a virtual sound source is to be rendered in a 
reverberant environment, it is generally accepted for adequate distance perception the 
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inclusion of the cues inherent to the direct sound and those from reflections (indirect 
sound), taking into account the high-frequency spectral losses due to air absorption. 
However, reliability of such cues is not uniform, especially as sound level is ambigu-
ous whenever the likely source power at the distal source is uncertain. Additionally, 
reverberation-related cues are harder to exploit for unfamiliar signals placed within 
highly damped spaces [42] (which can be an inconvenience for the reproduction of 
novel or fantastical sounds that lack a real-world reference). For WARA systems, 
the problem is compounded by the computational constraints of real-time synthesis 
and convolution with a BRTF matched to the real environment and for changing 
 source-listener orientations arrangements in the room [43].

Investigating dynamic cues to auditory distance perception, Speigle and Loomis 
[44] showed that in addition to the environmental cues, listeners can exploit auditory 
motion parallax cues for distance information that emerge from source azimuthal 
changes during listener movements that affect the interaural axis. Kneip and 
Baumann [45] generalized this idea analytically, and further developed it by integrat-
ing both translational and rotational movements of the interaural axis. Implementing 
an analytical model, they demonstrated how, from a combined motion sequence and 
synchronized computation of ITDs, the information necessary to determine distance 
and direction of arrival of a sound source is made available.

Recent data from machine-learning modeling studies confirm the power of combining 
the two motion cues. In the study of Krause et al. [46], a method was presented that evi-
denced the significant impact on performance of combining rotation and translation cues 
for the task of joint distance and direction of arrival estimation for a binaural receiver.

These results further emphasize the utility of sensorimotor contingencies for the 
key requirement of AR to enable the perceived location of virtual sound sources in the 
real environment as naturally as possible, effectively mitigating perceivable qualities 
discriminating between virtual and physical sources. In short, by harvesting the lis-
tener’s natural movements — translations enforced by locomotion and even the small 
spontaneous head-rotations performed to inspect a scene — an AR system can enable 
reliable distance perception without computation-heavy accurate BRTFs processing.

3.2 Head movement triggered by auditory events: The orienting reflex

Audition and vision are two prominent sensory modalities that cooperatively 
provide us with perceptual understanding of our surroundings. Humans often rely on 
the eyes for high-resolution spatial information, even though this capacity is best only 
within a relatively narrow field of view around one’s line of gaze (foveal vision). In 
contrast, human auditory spatial acuity is relatively coarse compared to that of vision, 
but the spatial extent of hearing is omnidirectional, relaying spatial information 
for distal acoustic events that may take place in any direction around us, even those 
unavailable to sight (visually occluded, or viewed in darkness) [47].

Because motor actions—whether gaze-steering or hand-reaching —are typically 
directed to a single spatial target at any given moment, as imposed by human ana-
tomical constraints, attentional control must dynamically allocate necessarily limited 
resources. This characteristic implies that the attentional resources are managed 
according to the behavioral relevance of incoming sensory signals—whether that rel-
evance derives from their contribution to an ongoing task, or from their unexpected-
ness or salience that demands rapid reaction (for example, potential threats). Notably, 
an unexpected signal may seem relevant to current goals, and thus be selected for 
further processing and consideration [48].
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3.2.1 The orientation reflex

In interacting with the environment, the auditory modality plays a critical role 
in directing attention. Upon detection of an acoustic event outside the current 
focus of attention (as an unexpected sound arriving from outside one’s field of 
vision), the auditory system performs rapid, pre-attentive analysis of the incom-
ing signal. Cross-modal information integration and assessment of acoustic input 
behavior relevance is performed, from which a motor command for a shift of 
attention might result [49].

This primary analysis is integral to alerting mechanisms that prompt a motor 
reaction causing a head-turning response to align the high-resolution optical 
sensors with the hearing system estimated event spatial location – an ‘attention 
orienting reflex’ that prepares subsequent actions. This overt orienting, involving 
coordinated movement of eyes, head, and body, manifests the need to allocate 
further attentional resources to a detected event, enabling finer multimodal 
inspection [47]. It is a natural and frequent response to sound in everyday tasks, 
in fact it is observable in infants shortly after birth, suggesting an innate response 
to sound [50, 51].

Investigating the neural phenomena of the orienting reflex, it has been sug-
gested that saliency and mostly behaviorally relevant stimuli activate pathways 
to initiate the reorienting motor commands, with context, prior knowledge, and 
expected regularities of stimuli (predictability) modulating this process [49, 52]. 
Then, the stimulus-driven reorienting response may result from a wide variety of 
situations. For instance, it can be triggered by unexpected auditory events either 
related to context (a sound that does not fit the surrounding environment) or due 
to deviation from regularity (changes in spectro-temporal patterns), and espe-
cially so from those of behavior significance, as related to a current task (e.g., the 
sudden onset of a voice in a group conversation), or importantly, signaling danger 
(e.g., skidding tyres while crossing a road). Due to the evolutionary functional 
importance of sounds for the overt orienting reflex, some researchers have sug-
gested that one primary function of the auditory spatial system is to direct one’s 
eyes toward the auditory estimated spatial location [53].

3.2.2  Dynamic spatial information feedback advantages for audiovisual search and 
identification tasks

It has been aptly demonstrated that sound localization can provide an advan-
tage in visual target search and identification tasks. Perrot et al. [54] conducted a 
series of experiments assessing visual search performance in conditions for which 
a visual target was spatially congruent with a sound source location vs. conditions 
of spatially incongruent visual target and sound source. Their results consistently 
showed a reduction of search time for the spatially congruent conditions, observ-
ing a larger effect for targets that were initially located outside the visual field. 
The result provides evidence for the role of the auditory modality in the regulation 
of gaze and its benefit for visual search tasks, even when targets are located within 
the visual field of view. The authors offer a supporting rationale for the observed 
larger advantage in the case of targets outside the visual field: in the condition of 
spatially uncorrelated signals, visual search is performed in a serial fashion, with 
successive shifts of gaze sampling potential regions until target detection. On the 
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other hand, with the availability of auditory spatial information, gaze is promptly 
directed to the auditory specified location.

Interestingly, the more nuanced yet significant time reduction observed for 
targets within the visual field (from 20 to 80o off the fixation point) provides 
evidence for the persisting relevance of the acoustic information. Evaluating eye 
and head movements as well as eyelid closure, the authors noted that eyelids were 
closed for a significant portion of the duration of the head movement underly-
ing gaze shifts. This fact suggests that continuous monitoring of a shifting image 
on the retina is not so important in the regulation of a shift in gaze once an eye 
movement has begun. The observation of a saccade suppression effect agrees with 
previous suggestions that localization information update is not provided dur-
ing saccades [55]. In contrast, continuous auditory spatial information offers the 
advantage of progressively refining the required eye-head movement to bring the 
target to the fovea, clarifying an auditory benefit for visual target search within 
the visual field.

The auditory system capability to continuously update and adjust required head 
movement response to bring an object of interest into line of gaze was verified in a previ-
ous experiment assessing errors in a task asking subjects to orient their heads to face a 
target sound source [47]. A brief single pulse or a continuous pulse train was employed. 
For greatly lateralized targets, systematic larger errors were obtained for the single pulse 
condition, for which no cues to source direction during the head-turning were available. 
This result has been confirmed in more recent studies, with observed advantages of 
continuous stream of sound source localization information to motor control, not only 
during head-turning responses but also on hand-pointing tasks [56].

The findings have direct implications for an AR system: it is not enough for a 
system to comprise a binaural technique processing that places a virtual sound 
source at the intended location with precision and accuracy. Crucially, the evoked 
auditory image must also remain stable during head movements. Only under this 
condition can the system deliver intuitive and effective auditory display. Without 
such stability, the system fails to support the listener’s active localization and natural 
reflex to orient toward unexpected sounds —undermining a fundamental aspect of 
embodied cognition, in which meaning-making is intimately tied to the body’s actions 
[57]. Specifically, if we consider that a WARA technology will most likely bring in 
innovative (and in some cases, presumably unexpected) elements enriching the real 
environment, this failure would likely result in initial disorientation and perceptual 
discomfort, leading users to perceive the system as malfunctioning or inadequate.

3.2.3 Spatial alignment of audiovisual objects and multisensory integration

In AR systems presenting multisensory information as audiovisual objects, there 
are further motivations to support sensorimotor contingencies enabling auditory-
stimulus-driven orienting. The head-turn response exemplifies how input from one 
sense—hearing—can prompt engagement of another—vision—to achieve a fuller 
grasp of a multisensory scene by bringing the attended item into foveal visual range 
while also improving auditory spatial perception (given the higher auditory resolution 
for the frontal region). The response effectively results in the spatial alignment of 
inputs in the different modalities, which has been identified as a fundamental prin-
ciple for multisensory combination in tasks involving overt orienting of spatial atten-
tion [58]. Accordingly termed “the spatial rule”, it postulates that maximal integration 
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is afforded when sensory inputs are perceived as originating from the same location. 
For a succinct summary, the flowcharts shown in Figure 4 presents the many factors 
and consequences of violations that can be involved in attempts to produce the best 
user experience when virtual sound sources are intended to appear as spatially stable 
in relation to the actual world.



141

AR Applications That Fail to Support Proper Sensorimotor Coupling Can Result in User…
DOI: http://dx.doi.org/10.5772/intechopen.1012522

Figure 4. 
Flow chart A summarizes the action and cognition that follow from the predictable and expected stable behavior 
of virtual sound sources for interactions in an AR environment. Conversely, flowchart B represents the negative 
consequences that a head-fixed behavior of virtual sound sources imparts on the perceptual expectations of 
natural interactions in the AR. Ultimately, the capacity of the AR system to enable expected interactions in goal-
directed tasks lead to different levels of user acceptance.
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4.  Conclusions

Through an exposition of the many factors that influence the acceptability 
of auditory display technology for use in augmented reality (AR), this chapter 
supports the argument that naturalistic sensorimotor contingencies should be 
considered an essential component of successful wearable ARA system. In contrast 
to strong arguments that visual display technology must take precedence over ARA 
technology in the effort to superpose on a user’s real world spatially registered inter-
active media, many reasons were noted here that interactive audio must be consid-
ered an essential partner to interactive 3D graphics. Indeed, when AR system users 
move their heads while listening to spatially stabilized sounds that are superposed 
on the soundscape of the real world surrounding them, directional disambiguation 
of virtual sounding objects is enabled in a manner that extends beyond what has 
been called “highly realistic” or “immersive experience” of displayed virtual sound 
sources. Anecdotal evidence was provided for the contention that disorientation 
and disappointment result for a user when virtual sound sources are not properly 
modulated by the contingency of the dynamic causal coupling between the user’s 
actions and the auditory consequences of those actions. In particular, coupling 
ARA display with angular variation in the user’s head within all three planes (i.e., 
full 3DoF coupling) is to be encouraged, rather than respecting only 2DoF angular 
variations.
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BRTF binaural room transfer function
BTE behind the ear
DP double polar
EETF earspeaker to ear canal transfer function
HRTF head-related transfer function
HTP horizontal transverse plane
IHL inside-the-head localization
ITC in-the-canal
ILD  interaural level difference
ITD interaural time delay
MSP median sagittal (midsagittal) plane
OGS Open Guided Sound
VAD virtual auditory display
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Chapter 7

Redirected Seating (RDS) in Helical
Space
Michael Cohen and Alaeddin Nassani

Abstract

Redirected seating (RDS) is an adaptation of Redirected Walking (RDW) that
creates the illusion of expansive virtual movement in confined spaces by virtually
amplifying limited physical rotation. By applying redirected walking principles to
seated experiences, RDS enables panoramic exploration using only limited chair rota-
tion. A proof-of-concept implementation introduces amplified yaw, where perceived
motion is extended through virtual azimuth gain. A swivel chair is embedded in a
virtual helical scene synchronized with a coiling musical soundscape, aligning visual
and auditory cues to plausibly justify restricted angular range and reinforce the
azimuth-gain illusion. A pilot study confirmed the effectiveness of the approach,
showing improved user experience and greater perceived virtual rotation. The RDS
framework can be extended to mixed reality applications through integration of a
rotary motion platform and adaptive ambient lighting systems, besides head-mounted
display. When servomotor-driven chair rotation is paired with IoT-controlled lighting
effects and viewed with see-through augmented reality (AR), the coherence of the
azimuth-gain illusion is further strengthened. This combination blends physical con-
straints with enhanced virtual mobility, suggesting that seated VR can achieve per-
ceptual benefits comparable to redirected walking within constrained physical spaces.

Keywords: device orchestration, information furniture, internet of things (IoT),
redirected seating (RDS), redirected walking (RDW), rotary motion platform, virtual
reality (VR), extended reality (XR)

1. Introduction

This work adapts redirected walking principles to seated VR through a helical
scene and synchronized auditory cues, introducing a novel approach to azimuth gain
in constrained physical spaces. Seating—including couches, stools, and benches—is
one of the most widely used forms of utility furniture. Given the prevalence of
seating, leveraging chairs as interactive platforms offers an accessible foundation for
immersive systems. The Internet Chair [1] leverages this ubiquity as an instance of
information furniture, determining a seated user’s facing direction to adjust maps,
photospherical browsers, and immersive environments including soundscapes. This
chapter considers the concept of redirected seating (RDS), which adapts redirected
walking (RDW) principles and techniques to seated augmented reality (AR [2])
experiences to enhance immersion and expand perceived virtual space.
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1.1 Related systems

Besides extended reality (XR), this “information furniture” research is related to
fields variously associated with “ubicomp” (for ubiquitous computing), outlined in
Table 1, which organizes display and interaction systems along a continuum from
fully immersive environments through handheld and wearable devices.

1.2 Redirected seating (RDS)

Humans estimate body orientation through multiple sensory inputs, including
visual cues, vestibular signals, and possibly weak magnetoreception. Ability to sense
the Earth’s magnetic field, well documented in many animal species, may also occur in
humans at a subconscious and poorly developed level, possibly via magnetite in the
brain. Vision is dominant, relying on landmarks, optical flow, and vection, often
overriding conflicting cues.

The vestibular system comprises semicircular canals (three in each ear), which acts
like gyroscopes, and the otolithic organs (utricle and saccule) in each labyrinth (one
per ear), which act like accelerometers. Together they stimulate vestibular sensation.
Positional awareness involves central nervous system integration of the visual, audi-
tory, and vestibular systems. Proprioception, awareness of the position of one’s limbs
as mediated by muscles, ligaments, and tendons, contributes to spatial awareness.

Redirected walking (RDW) is a VR technique to enable realistic walking within a
limited tracking space, subtly manipulating the mapping between real and virtual
environments to make a physical space seem larger, allowing users to explore large
virtual environments from within limited physical spaces. Its adaptation to seated
experiences has been little explored.

Angular excursion, the rotation around a fixed axis, can be virtually scaled. We
developed [10, 11] an immersive environment that uses virtual azimuth gain [12] to
compensate for limited physical rotation. A swivel chair, perhaps against a wall, might
have limited rotatability, but redirected seating (RDS) can virtually amplify its rota-
tion. By integrating a swivel chair with a virtual helical path, our prototype enables a

smart cities

smart spaces and aware environments [3]

cooperative buildings [4]

roomware [5]

media spaces

spatially immersive displays

immobots (immobile robots)

information furniture

networked appliances [6]

mobile computing (handheld, nomadic, portable)

wearable systems [7–9]

The emboldened row represents the class of device explored by the current paper.

Table 1.
Saturated: Pervasive, continuous, transparent—ubiquitous computing, a.k.a. ambient intelligence, as envisioned
by Mark Weiser, Norbert Streitz, and others.
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plausible situation that justifies restriction of azimuthal excursion, the yaw range
through which the chair can rotate. We developed a virtual scene to justify limited
excursion and excuse inability to spin indefinitely. For static standpoint (actually
“sitpoint”), virtual yaw gain can be hidden in rotation, not masked by head motion as
in general RDW. Assuming that complementary and coherent cues can strengthen
illusions, a synchronized soundscape reinforces the coiling sensation, enhancing
immersion.

In RDS, sensory coherence is subtly violated to squeeze a larger experienced space
into a smaller physical space, like the “dimensionally transcendental” TARDIS from
“Dr. Who.” Redirected walking works because human positional sense is not absolute
(unlike, for counter-example, magnetically directional sense of birds). The
“cheating,” or perturbation of direction, is hidden in one’s head motion, masked by
the uncertainty of recalibrating orientation. By subtly manipulating the user’s percep-
tion of movement, RDS enables a greater sense of virtual exploration and interaction
within a restricted physical space.

This allows users to experience a wider range of virtual rotation that might be
physically possible, enhancing immersive potential of seated VR experiences. RDS
could be particularly beneficial in applications such as VR gaming, training simula-
tions, and virtual tourism, where users are often seated but require a sense of expan-
sive movement.

The main objective of this work is to explore the concept of RDS, a novel approach
that adapts redirected walking techniques to seated virtual reality experiences. Con-
tributions include the development of a system that utilizes visual cues to manipulate
a user’s perception of rotation, enabling a wider range of virtual movement within a
limited physical space, and discussion of the potential implications and applications of
this technology.

2. Related research

Redirected walking (RDW) was introduced by Razzaque et al. [13], demonstrating
that imperceptible rotation of a virtual environment could steer users along curved
physical paths while preserving the illusion of walking straight in VR, thereby
allowing users to explore virtual spaces larger than the tracked physical area. This
established theoretical and physiological underpinnings of redirection, demonstrating
that it can be used effectively without the user becoming aware of the manipulation or
experiencing significant simulator sickness.

Jaekl et al. [14] quantified how much visual motion is tolerated during active head
movement before disrupting perception of environmental stability, helping to define
perceptual boundaries relevant to visually mediated redirection. Steinicke et al. [15]
empirically established the detection thresholds for translation, rotation, and curva-
ture gains in RDW, revealing the limits of redirection users can tolerate without
noticing the manipulation. Suma et al. [16] leveraged change blindness to implement
discrete, momentary scene redirection during visual transients, enabling abrupt lay-
out shifts in immersive VR without user awareness. Suma et al. [17] further demon-
strated a realtime system for infinite walking, dynamically planning RDW strategies
to enable extended locomotion within tightly constrained tracked spaces. Langbehn
and Steinicke [18] and Nilsson [19] surveyed RDW’s theoretical foundations, imple-
mentation methods, and perceptual constraints, presenting a structured taxonomy
and synthesis of nearly two decades of redirected walking research. Pisani et al. [20]
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showed that users can intuitively navigate immersive virtual environments rendered
in hyperbolic (non-Euclidean) geometry, supporting spatial interaction and explora-
tion in topologically novel VR contexts. Yokoi et al. [21] modulated binocular dispar-
ity to allow redirected motion along a pseudo-helical path.

Multimodal integration has been another focus area in RDW research. Gao et al.
[22] found that the use of incongruent visual and auditory cues can increase the
detection threshold for curvature gains, making manipulations less noticeable and
improving the usability of RDW techniques. This approach is supported by Nogalski
and Fohl [23], who highlighted the importance of precise curvature manipulation to
maintain immersion and reduce disorientation. Moriguchi and the first author [24]
developed an application that modulates subjective translation and rotation, allowing
users to experience larger virtual areas while physically traversing in small real-world
spaces. Jeon et al. [25] developed a space-partitioning method that dynamically
divides shared physical space, minimizing resets and preventing collisions using deep
reinforcement learning. Azmandian et al. [26] validated simulation-based evaluations
of RDW systems, showing that simulations offer accurate estimates of RDW perfor-
mance, enabling extensive algorithm testing. Hirt et al. [27] examined the chaotic
nature of RDW and its sensitivity to initial conditions. Recent reviews [28, 29] provide
comprehensive overviews of RDW techniques, discussing taxonomy, methods, and
future directions, emphasizing potential of integrating artificial intelligence (AI) to
improve RDW performance. For multiuser environments, Xu et al. [30] proposed a
method to coordinate multiple users in separate physical spaces, reducing reset fre-
quencies and enhancing immersive experience in online VR applications. C. Wang
et al. [12] systematically evaluated the perceptual thresholds for rotation gain in
seated VR, identifying tolerable distortion limits and establishing foundational guid-
ance for rotational redirection techniques, marking an early application of RDW
principles to RDS. M. Wang et al. [31] used reinforcement learning to align virtual and
physical environments, further enhancing immersive experience. Chan et al. [32]
explored locomotion techniques for users seated in fixed (not rotating) chairs.

3. System

Our RDS system consists of physical setup of a swivel chair, along with a virtual
setup of a VR scene featuring a helical path and helical soundscape.

3.1 Physical setup

Originally conceived to exploit the capabilities of the S
chair

e rotary motion platform
[1], a pivoting chair with a networked servomotor—manufactured by Mechtec1 led by
Keizo Kasama, and equipped with software drivers developed in conjunction with
researchers led by Zhi-Wei Luo, then at Yamagata University—featuring natural
(yaw) rotatability in either direction for a generally arbitrary number of turns, our
system also works fine with an ordinary office swivel chair.

In user interfaces, many rotary controllers (such as a turn knob, spin dial, or
potentiometer) do not allow multiple twists, but limit such range to somewhat less
than a full cycle. (It would be strange and awkward, e.g., for an audio volume knob to

1

https://www.aizumechtec.com
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have “0” and “10” superimposed or crossed.) To plausibly explain the limited excur-
sion of our system’s experience, we arrange a virtual scene with a single-twist helical
path, terminated at both ends. The user experience is no longer purely rotational, but
instead a virtual orbit following a helical path with apparent vertical displacement, as
the virtual helical path has vertical as well as angular dimension.

The screwed contrivance plausibly accounts for the inability to spin beyond a
limited excursion such as a single revolution. A purely planar scenario would highlight
the question of the rotation restrictor between 359° and 1°: A user would wonder why
they could not keep rotating in the same direction. However, a helical model uses
orthogonal vertical (if virtual) displacement to explain inability to “wrap-around.”
Even though no significant physical vertical excursion is actually experienced (the
small heaves of one’s head as expressed by ordinary head-pose being negligible), the
understood scenario rationalizes the limited rotation.

For basic testing of the RDS concept, we use an ordinary office chair (as seen in
Figure 1), positioned along a wall to physically limit its movement to a half turn
(180°). The user of the system dons an HMD (Meta Quest 3 VR headset) to experience
the virtual scene. A Meta Quest “Touch Plus” VR (left) controller is attached to the
chair and used to track the rotation of the chair as mapped into the scene.

3.2 Virtual setup

As shown in Figures 2 and 3, the VR scene incorporates objects modeled in the 3D
creation suite Blender,2 which were subsequently integrated into the Unity3 game
engine. Such a scene can be populated with inner objects, closer to the virtual axis of
revolution than the chair (with its separate but parallel physical axis of rotation), as

Figure 1.
Physical setup: A chair’s rotation is tracked using a mounted VR controller (Meta Quest Touch Plus). The user
might rotate through a range of only 180° in physical world (as seen in Figure 6), but in the virtual scene, the
rotation may appear as 360° using the helical ramp.

2

https://www.blender.org
3

https://unity.com
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Figure 2.
Helical excursion plausibly excuses restricted rotation.

Figure 3.
Views of the helical soundscape, helicoidal ramp, and central object.
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well as outer objects and scene items beyond that virtual orbit. The RDS functionality
uses only chair azimuth (rotation around the vertical or gravitational axis); changing
head-pose directly examines the optionally super-rotated scene. With the other,
unmounted Touch Plus controller, the user may dynamically select their facing direc-
tion relative to the helical path. All the modes assume orbital phase-locked rotation
and revolution, so that amplified virtual chair rotation is linked to elevation as well as
virtual azimuth and yaw.

Various orbital phases are possible relative to the helical path. Principal directions
(as seen in Figure 4) are

C1 outwards from the helical core,

C2 up the (left-handed) helical path,

C3 down the helical path, and

C4 inwards, towards the helical core.

One common convention is for the subject to face outward, away from the axis of
rotation, enabling an expansive, panoramic view. Facing outward is perhaps the most
natural convention, and also the most common. In rotating observation decks or

Figure 4.
Four principal directions of the chair on helical path, corresponding to the respective experimental
conditions.
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revolving restaurants, guests face outward to enjoy panoramic vistas. Peripheral gal-
leries of the Guggenheim Museum in New York City expect visitors to turn their back
to the central atrium to engage with artworks. In a panopticon, outward-gazing
observers in a central watchtower can see into peripheral cells.

Alternatively, the opposite convention, in which the subject faces an object of
regard, as the near side of the Moon always faces the Earth, invites an “inspection”
gesture. In amusement park centrifuge rides, riders lean back against a padded circular
wall, and their gaze fixed on the ride’s central hub as the structure spins. Likewise,
visitors to the “Sazaedo” helical temple in Aizu-Wakamatsu4 (and its re-creation in
Tokyo5) ascend a coiling passage, respecting 33 statues of Kannon, the “Goddess of
Mercy” bodhisattva of compassion, set within alcove stations around the central core.

Various strategies have been used to track chair rotation, including electromagnet-
ically and optically [33]. As seen in Figure 1, we deploy the (left) Touch
Plus controller as a chair tracker to track absolute azimuth, fixed to either armrest with
a custom 3D-printed PLA cradle to be visible to the headset, which uses “inside-out”
tracking as the HMD’s infrared cameras detect LEDs on the controllers. Such continu-
ous measurement is used to displace (especially horizontally rotate and vertically
heave) the immersive scene (including whatever scale factor) and determine which
musical note to play. The other (right) Touch Plus controller is used for player con-
trols, including indexing through the four principal directions.

The core gameplay scripts in Unity (diagrammed in Figure 5) are: (1) Chair
Rotation script, which monitors and manages the physical rotation of the chair, and
(2) Helical Rotation script, which manages changing position of the virtual envi-
ronment, including the helical ramp relative to the chair.

Figure 5.
Principal Unity scripts. The Chair Rotation script manages the chair’s limited physical rotation. The Helical
Rotation script manages the virtual location and rotation of the helical ramp relative to the chair’s location and
rotation.

4

https://samurai-city.jp/en/sightseeing/2116
5

https://www.hiroshisenju.com/ja/kokodejian-remasu/da-zheng-da-xue-sazaetang
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The position x, y, zð Þ of the virtual environment (Figure 6) relative to the rotation of
the chair is determined by the following formula, where t is the orbital parameter, θ tracks
the real-world chair orientation (- 90° ≤ θ≤ 90°), N is the number of helical turns (1 for
the prototype), r is radius of the staircase helix, and h is its total height:

t ¼ θ þ 90
180

� 2π �N

x ¼ r cos tð Þ
y ¼ r sin tð Þ
z ¼ h

2π �N
� t

The soundscape comprises a musical scale [34, 35], since it features attractive
qualities of cyclic nature and closure (both because of pitch class equivalence), direct
(basically logarithmic) correspondence with the vertical dimension, and natural
limitability, namely an 8-note, major scale, comprising a heptatonic (7-note) scale,
and the octave note above the corresponding tonic to provide a sense of completion.
We use the major scale because of its familiarity, but could alternately have used a
chromatic scale or any 8ve-spanning scale. Scale notes are triggered as the chair turns,
virtually scaled or not.

4. Experience

At run time, the user selects a chair orientation corresponding to one of the four
principal directions: inwards facing the inner core (featuring a model of the Statue of
Liberty in our prototype), down the (left-handed) helical path, outwards, or up the

Figure 6.
Location and rotation of the chair relative to the helical ramp. Top row is sequence of elevation views showing the
dilated virtual orbit; bottom row is a plan view showing the corresponding physical rotation.
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helical path. Such orientation may be changed during the excursion, which adjustment
is animated by virtual rotation of the platform and with it one’s own virtual direction.
Since foot-shuffling to spin a swivel chair is necessarily circumferential, and physical
rotation is around the pivot axis of the chair—which is slightly in front of the sitter’s
vertical axis (which is along the spine)—perhaps the most natural relative direction is
outward (C1), with one’s back to the axial core, since the helical musical scale is
projected into egocentric space, redundantly encoded with both tone (8-note major
scale) and direction. The closure represented by the 8th note of the scale spanned by
the octave establishes a “bracketing” context, like a closing delimiter such as a right
parenthesis, reinforcing the boundaries of the experience. Since the notes of the major
scale are uniformly spaced along the helix [36], as diagrammed by Figure 7, the effect
of continuous chair rotation across a physical half-turn with virtual azimuth overdrive
2:1 is like a glissando through an octave across the white keys of a piano Figure 8.

Figure 7.
Physical rotation, indicated by embedded arrows (0°$180°), and gain-amplified virtual revolution, indicated by
azimuth of note-labeled circles (0°$360°), encoded by major scale notes and color wheel hues.

Figure 8.
Unwrapped helix for direct and RDS with musical cues.
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Visible spheres representing the point-sourced scale notes are arranged at the same
elevation and with the same sloped pitch as the helicoidal ramp, but with variably
adjustable radius. Grand piano notes rendered as the rotating chair enters each sector
have sustained duration, so their acoustic tail can be heard even as new notes are
triggered.

4.1 Video

The accompanying video6 shows a typical session. Using split-screen display, two
perspectives are juxtaposed:

• Exocentric (“3rd-person”) view of exterior scene

• Endocentric (“1st-person”) view (half of immersive stereographic display) of
virtual scene

5. Subjective validation: Pilot study

For initial validation of psychophysical sensation of the RDS effect, we recruited
(n = 5, all male) participants aged 20–49 (mean = 27.2, SD = 12.3) from our university
campus to try the system and provide feedback. Three of them (60%) were previously
familiar with VR. Informed consent was obtained from all subjects involved in the
study, which did not require research ethics examination under the University of Aizu
research ethics policy. Data and scripts are available upon request.

5.1 Experiment

The experimental task involved participants navigating a virtual left-handed heli-
cal ramp coiled around a model of the Statue of Liberty and its surroundings, includ-
ing helical musical soundscape, using a VR headset (Meta Quest 3) and its controllers.
Participants were instructed to actively ascend and descend the ramp twice, physically
twisting the chair (through a physical half-turn but virtual whole-turn) by shuffling
feet on the floor, adjusting virtual chair direction with hand-held controller to experi-
ence the scene through four orientations (principal directions) relative to the virtual
helical ramp, accompanied by natural visual scanning through head and eye move-
ment. The four conditions were presented in randomized order using Latin square
design (not fully balanced).

Prior to the experiment, participants provided demographic information and indi-
cated their familiarity with VR. After each condition, they rated ease of use using a
seven-point Likert scale “Overall, how easy or difficult was it to perform this task? (1: very
difficult, 7: very easy)” as Single Ease Question (SEQ) [37], described their emotional
experience using an Emoji Grid [38], and estimated the perceived range of virtual
rotation “What is the range of virtual rotation you experienced? (90°, 180°, 270°, 360°).”
Following completion of all four conditions, participants ranked their preferred ori-
entations and provided free-form feedback on their experience.

6

https://cdnintech.com/public/videos/Redirected%20Seating%20RDS%20in%20Helical%20Space.zip
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5.2 Results

Results of the per-condition questions (Figure 9) show similar evaluations for all
four conditions. For the Single Ease Question, principal direction C3-downward had
the highest average score of 6.4, while C1-outward had the lowest average score of 5.6.

Regarding experienced and perceived emotion (Figure 10), results from the Emoji
Grid rated all conditions as slightly positive (valence = 3.7) and slightly excited
(arousal = 3.5). Principal direction C2-upward had the highest valence score (4), while
C1-outward had the highest arousal score (3.6).

Figure 9.
Post-condition data for Single Ease Question (SEQ). For each condition (principal direction), participants were
requested to rate their experience regarding ease of use [37].

Figure 10.
Experienced emotion: For each condition (principal direction with respect to the helical ramp), participants were
asked to rate experienced emotion [38] regarding both valence (horizontal axis) and arousal (vertical axis).
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For the range-of-rotation question (Figure 11), only two conditions—C1-outward
and C4-inward—elicited the reports of perceived 360° rotation. All conditions showed
a majority of 270° responses, with C4-inward yielding the highest number. No 90°

reports were observed in any condition.
For the post-experiment questions (Figure 12), two conditions, C2-upward and

C3-downward, were reported as the first choice in terms of preference, followed by
C4-inward as third choice, while C1-outward was most often reported as the fourth
choice and least preferred condition.

Figure 11.
Rotation Felt: For each condition (principal direction), participants were asked to rate their experience regarding
range of virtual rotation felt during the experience.

Figure 12.
Direction preference.
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For the free-form questions, subjects reported positive impressions for C2-upward
(e.g., P3: “Upward felt more indulging in a way that you could see the statue from a proper
angle and also see the nature around.”) and C3-downward (e.g., P4: “The downward
direction felt the most natural to me when I was walking up or down the stairs. It felt the
easiest.”). Subjects reported negative responses for C1-outward (e.g., P1: “It gave me
vertigo,” P3: “Outward felt a bit weird,” and P2: “Not having the stairs in front of me felt a
little disorienting.”).

5.3 Summary of results

While all conditions were rated as relatively easy to use, there was a slight preference
(seen in Figure 9) for the C3-downward condition, suggesting that it felt the most
natural or intuitive for users. This could be due to the alignment of the virtual move-
ment with the user’s natural head movement when walking up or down stairs. The C1-
outward condition was the least preferred, despite its “natural” popularity, with some
users reporting feelings of vertigo or disorientation. This could be attributed to the lack
of visibility of a fixed reference point in the center of the helical ramp when facing
outward. In the other conditions (C2-upward, C3-downward, C4-inward), the central
axis of the helix is visible, centrally or peripherally, providing a more stable visual
reference. In contrast, the outward condition directs the user’s gaze away from this
central axis, potentially leading to a sense of instability and disorientation.

The emotional responses (Figure 10) were generally positive across all conditions,
indicating that the RDS system was successful in creating an engaging and enjoyable
experience. The C2-upward condition elicited the highest valence ratings, suggesting
that users found it the most pleasant and enjoyable. This could be due to the sense of
anticipation and excitement associated with ascending the path.

The results for the perceived range of rotation (Figure 11) were somewhat sur-
prising. While the majority of participants reported experiencing 270° of rotation in all
conditions, some reported experiencing a full 360° in the C1-outward and C4-inward
conditions. This suggests that the RDS system was successful in extending the per-
ceived range of rotation beyond the physical limitations of the chair, even though the
actual rotation was limited to 180°.

6. IoT-controlled pseudo-fiducial lighting

Magnified sensation of rotation like that enabled by RDS can be heightened by
exploiting IoT lighting in a kind of relaxed rotational vection, the illusion of self-
motion typically induced by large-scale visual motion. A ring of eight networked
lights uniformly spaced around a spinning chair can display a pattern of colors which
the seated user uses for orientation, as seen in Figure 13. We use the Philips Hue
lighting system,7 wirelessly controlled for convenience. In typical settings, static
ambient fiducial lights function as fixed spatial reference points, providing reliable
landmarks that help users maintain orientation within the environment. In our design,
the fiducial lighting is deliberately programmed to rotate in the direction opposite to
the user’s physical rotation, producing a deceptive cue that can disrupt the user’s
spatial perception and orientation. Mapping of directions to colors is somewhat

7

https://www.philips-hue.com
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arbitrary, but we used uniformly spaced samples from the color wheel. Such lighting
represents a simple dynamic display, a low resolution version of interactive projection
mapping, as popularized by location-based entertainment (LBE) attractions, such as
those produced by TeamLab8 and Meow Wolf.9

In a dimly lit setting, a user wearing an HMD with barely translucent video pass-
through sees only illuminated elements, while the rest of the room remains in near
darkness. The effect is of lights suspended in an ambiguous, almost ethereal space,
“through a glass darkly,” as seen in Figure 14. Rather than presenting a static scene,
the system subtly counter-rotates a color pattern in opposition to the user’s virtually
amplified rotation. This covert visual manipulation causes the user to overestimate
their own rotational motion, producing an exaggerated sensation of yaw displace-
ment. With eight lights arranged in a circular pattern, the counter-rotation of the

Figure 13.
Pseudo-fiducial lighting, showing eight networked lights around the chair.

Figure 14.
Pseudo-fiducial lighting exposed by video pass-through AR. (a) Pass-through disabled, and (b) Pass-through
enabled.

8

https://www.teamlab.art
9

https://meowwolf.com
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colored light projection is synchronized with an RDS gain of 2:1, so that a physical
rotation of 22:5° (the actual spacing between the lighting fixtures) yields a
corresponding virtual rotation of 45°, congruently integrating the immersive virtual
environment and the ambient lighting display.

The fiducial lighting system with deceptive adaptive behavior leverages spatial
psychological effects. Instead of an ordinary pivot chair, we use the S

chair
e, shown in

Figure 15. Absence of direct contact with ground because of the chair’s footrest, along
with its motor-driven rotation, complementing fuzzy estimation of yaw, and the
rotating lighting color assignments deceive the user’s sense of orientation, exploiting
one’s tendency to rely upon the ambient features as fixed reference points.

7. Limitations

The current implementation of RDS has several limitations. Some practical issues
can be mentioned.

The system is basically designed for a single user and may not be easily adaptable
to multiuser VR environments. Additionally, the system’s effectiveness may be limited
by individual differences in proprioception and susceptibility to motion sickness.

There is some tension between the illumination needed for the XR tracking and the
low light levels needed to obscure the room environment. Our experiments used a low-
level intensity setting for the IoT lighting (using the Philips Hue API, 10/254), which
does not leak too much light to expose room features. Lighting fixtures are further
focused with shading hoods around each bulb. Because of literally obscure conditions
(dim light, shaded from ambient environment, barely translucent video pass-through),
it is difficult to estimate distance of the light source, so the circumstances are forgiving
regarding somewhat variable arrangement. The lights should ideally be positioned at

Figure 15.
S
c hair

e rotary motion platform arranged with the restricted swivel range inhibiting full and indefinite rotation,
especially with projecting desktop (computer tray) and footrest. For instance, if the S

c hair
e were against a wall (or

close to a similar chair), it could rotate only a half-turn (about 180°), since its footrest protrudes beyond the chair’s
footprint and would collide with nearby objects. RDS can virtually dilate this limited range to simulate a single full
360° turn.
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some distance from the seat. In the proof-of-concept prototype, however, the limited
space in our small workshop required placing them somewhat closer to the chair,
causing their see-through display to intrude into the virtual space.

In practical scenarios, physical constraints of a user’s environmentmust be taken into
account. The �90° range assumed in this work might not always be applicable. For
instance, a chair in a corner might permit only a quarter turn (�45°). Because different
environments impose different limits on chair rotation, a general RDS system should
remain adaptable, with the parameters configurable to the available space. In addition,
limits of plausible azimuth gain establish perceptual thresholds beyond which virtual
rotation becomes noticeable or uncomfortable. Further research is needed to determine
these thresholds and to develop methods for mitigating their effects.

The design of the physical setup, particularly the chair, needs to prioritize user
comfort and safety while allowing for the necessary range of movement. The virtual
environment should be designed to minimize potential for motion sickness or disori-
entation. Additionally, calibration of the system to accurately track and translate a
user’s physical movement into the virtual environment is crucial for seamless and
immersive experience.

While the concept of RDS shows promise, we note that the system has not been
fully tested on a large scale with human subjects. The current findings are based on
pilot tests and theoretical models, and further study is needed to validate the effec-
tiveness and usability of RDS in real-world scenarios.

8. Future work

Future work on RDS could focus on several areas. Firstly, expanding the system to
accommodate multiple users would enhance its applicability to social VR experiences
and collaborative settings. Secondly, integrating other sensory modalities, such as
haptic feedback, could further enhance the sense of immersion and realism, especially
in deployments on the S

chair
e platform. Furthermore, exploring the use of AI and

machine learning algorithms could lead to personalized RDS experiences that adapt to
individual users’ preferences and physiological responses. Finally, conducting more
extensive user studies, including consideration of cybersickness (typically experi-
enced in simulators hobbled by sensory modality incoherence), perhaps through
administration of Simulator Sickness Questionnaire (SSQ) focused on such VR dis-
comfort [39], is crucial to validate the long-term effectiveness and comfort of RDS,
and to identify the potential negative side effects.

9. Conclusion

Redirected seating extends the principles of redirected walking to seated VR expe-
riences. By manipulating a user’s perception of rotation and providing a plausible
explanation for restriction of angular excursion, RDS can enhance immersion and
usability of seated VR experiences. Servomotor-driven chair rotation combined with
coherently coordinated adaptive lighting effects controlled by IoT protocol and device
orchestration [40] reinforces the RDS and azimuth gain illusion. HMDs with optical
see-through as in Microsoft HoloLens or Magic Leap would presumably work as well
as the video pass-through currently prototyped. While the current implementation
has some limitations, future research directions—such as multi-user support,
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integration of other sensory modalities, and personalized experiences—offer promis-
ing avenues for further development. With continued consideration of practical fac-
tors including user comfort, safety, and adaptability to various physical spaces, RDS
could enhance various applications, including gaming, training simulations, virtual
tourism, healthcare, and education.
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Transforming Neurosurgery with 
Augmented Reality
Chih-Wei Huang, Chi-Ruei Li, Mao-Shih Lin, Chiu-Chun Chen 
and Hsi-Kai Tsou

Abstract

Augmented reality (AR) technology is revolutionising neurosurgery, with significant 
applications in intraoperative navigation, patient education, and medical training. 
AR enables real-time three-dimensional (3D) image projection into the surgical field, 
allowing surgeons to localise lesions precisely and avoid critical structures. This reduces 
intraoperative errors and enhances surgical safety. AR also offers intuitive 3D models 
that help patients understand disease mechanisms and surgical plans, thereby improving 
patient education, communication, and engagement. In medical training, AR simula-
tions provide safe and interactive environments for medical students and residents to 
practice procedures, shortening their learning curve and improving their surgical skills. 
Despite these advancements, AR in neurosurgery still faces challenges such as image reg-
istration errors, hardware compatibility issues, and intraoperative latency. The integra-
tion of emerging technologies—such as artificial intelligence, 5G networks, and mixed 
reality—is expected to overcome these challenges and ensure more accurate and efficient 
AR systems. As these innovations progress, the role of AR in neurosurgery will expand. 
This will lead to safer, more precise surgical procedures and transform the landscape of 
surgical visualisation and education.

Keywords: augmented reality, surgical navigation, image guided surgery, learning 
curve, medical training, patient education, health communication

1.  Introduction

Neurosurgery has a long and distinguished history. Ongoing advancements in 
imaging technology are continuously transforming surgical visualisation techniques. 
From the inception of direct visual inspection to the introduction of microsurgery, 
clarity and precision have significantly improved in this surgical field. Surgical imag-
ing has evolved from X-rays to computed tomography (CT) and magnetic resonance 
imaging (MRI), eventually integrating with image-guided navigation systems. AR 
technology has emerged in recent years, resulting in revolutionary changes in neu-
rosurgery. Imaging-assisted technologies have advanced from basic surface anatomy 
and craniometry to two-dimensional (2D) imaging such as X-rays, 3D imaging such 
as CT and MRI, and even functional imaging for advanced brain mapping such as 
diffusion tensor image for visualisation of white fibre tracts.
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User interfaces have also progressed significantly from simple screen displays 
to navigation systems capable of spatial registration. These advancements allow 
real-time alignment of imaging data with patient anatomy. Today, AR represents a 
major technological advancement. Medical images can be directly and dynamically 
projected into the surgeon’s field of view, adapting to changes in perspective. This 
provides an intuitive and immersive user experience that enhances precision in the 
planning, navigation, and execution of complex surgical procedures.

From the 1990s, there has been increased deployment of AR technology in neu-
rosurgery [1]. Studies [2] demonstrate that AR navigation improves surgical team 
communication, shortens operative times, enhances placement accuracy [3, 4], and 
reduces surgery-related complications [5–10].

Intraoperative AR technology offers real-time 3D imaging, allowing surgeons to 
identify critical anatomical structures without diverting attention from the surgical 
site [11]. AR-based 3D models provide intuitive representations of disease mecha-
nisms and surgical plans, thereby improving patient education, comprehension, 
and engagement [5, 6, 9, 10, 12, 13]. In medical training, AR simulations create safe, 
interactive learning environments for residents and medical students. This helps 
shorten their learning curves and improve their surgical skills [8, 9, 14–16].

Despite these advancements, AR technology still faces challenges such as image 
registration errors, hardware compatibility issues, and intraoperative latency. These 
challenges necessitate the integration of artificial intelligence (AI) for automated 
image calibration, development of standardised device interfaces, and application of 
5G networks to ensure efficient real-time image transmission.

In the future, integration of AI-assisted navigation, remote surgical guidance, 
mixed reality (MR), and digital twin technology is anticipated to drive the develop-
ment in the field of neurosurgery and enhance surgical safety and precision.

The subsequent sections of this chapter address the following topics:

1. AR in intraoperative navigation

2. AR in patient education

3. AR in medical training

4. AR challenges, solutions, and future trends

2.  AR in intraoperative navigation

Neurosurgery has evolved alongside advances in imaging technology, making 
it a pioneering specialty for utilising intraoperative imaging to assist in surgical 
procedures. Structural imaging modalities such as CT and MRI have significantly 
enhanced the precision of lesion localisation. However, because of its deep-seated and 
delicate nature, the nervous system cannot be easily exposed. As observed in other 
surgical fields, there is a longstanding need for more advanced guidance systems. 
This contributed to early adoption of navigation systems in neurosurgery. Given their 
extensive experience with image-assisted procedures, neurosurgeons are generally 
open to new imaging technologies such as AR and advanced endovascular interven-
tional imaging. These innovations continue to improve surgical accuracy, safety, and 
outcomes, further solidifying imaging as an integral part of neurosurgical practice.
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2.1 Importance of intraoperative navigation

Accurate intraoperative navigation is critical in neurosurgery. Even minor errors 
can lead to severe neurological damage or surgical failure [13, 17–19]. Research 
indicates that AR technology can effectively reduce intraoperative errors by providing 
real-time 3D imaging to help surgeons identify targets and avoid critical structures. In 
doing so, surgical efficiency and safety are improved [5, 8, 13, 16, 20].

AR projection accuracy is related to the stability and precision of the spatial 
coordinate system [21], which serves as the framework for neurosurgical navigation. 
Navigation systems that are currently used in practice, whether based on optical rec-
ognition or electromagnetic tracking [1], have been extensively validated. Integrating 
AR with these well-established navigation systems allows the technology to “stand on 
the shoulders of giants” by building on this established foundation.

Intraoperative misalignment, such as unnoticed translational or rotational shifts, 
is a persistent challenge in traditional navigation and can compromise accuracy. These 
issues are detected more easily by using AR-assisted systems. By projecting an exter-
nal frame around the target object, any deviations or misalignments are immediately 
apparent.

This enables surgeons to promptly adjust or revalidate the intraoperative imaging. 
This proactive approach not only enhances surgical precision but also adds an addi-
tional layer of safety to complex neurosurgical procedures.

2.2 AR navigation system and workflow

Azuma [22] identified three essential elements of AR:

1. Combines real and virtual: AR simultaneously integrates real world and virtual 
objects.

2. Interactive in real time: Users can interact with virtual objects in real time.

3. Registered in three dimensions: Virtual content is accurately aligned within the 
3D space of the real world.

These principles emphasise that AR offers real-time fusion of the physical and 
virtual worlds, enabling seamless interactions and enhancing perception. To integrate 
AR with intraoperative navigation systems, Azuma’s three AR elements [22] can be 
applied as follows:

Step 1. Virtual image generation (Element 1)

• Extract and reconstruct 3D anatomical models from patient structural imaging 
data (e.g. CT or MRI) for AR projection.

Step 2. Image registration (elements 1 and 3)

• Align virtual images with the patient’s anatomical structures—a process known 
as registration, which ensures that digital overlays match the actual position of 
anatomical features during surgery.

• Common registration methods:
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 ⚬ Fiducial markers: Small fixed objects (such as screws or adhesive markers) 
placed on the patient’s skin or bone to serve as precise reference points for 
aligning virtual images to real anatomy.

 ⚬ Surface matching: A technique where 3D scanners capture the patient’s facial 
[23] or anatomical contours and align them with imaging data for accurate 
registration.

Step 3. Real-time tracking (Element 2)

• Continuously track the spatial positions of the patient, surgical instruments, and 
AR display devices—a technique referred to as tracking, which maintains the 
alignment between the real world and virtual images during surgical movements.

• Tracking technologies:

 ⚬ Optical tracking system: Infrared cameras and reflective markers are used for 
precise spatial tracking.

 ⚬ Electromagnetic tracking: This technology is ideal for scenarios in which 
direct line-of-sight tracking is obstructed (e.g., endoscopic procedures).

Step 4. Display and projection

• Select appropriate AR display devices based on surgical needs.

 ⚬ Wearable AR devices

Surgeons can use hand gestures and voice commands to adjust the image view, 
enhancing operational flexibility and supporting multiuser collaboration [20, 24].

• HoloLens 2 (USA, Microsoft) offers high-precision spatial mapping and gesture 
control, which are widely used in medical applications.

 ⚬ Magic Leap 2 (USA, Magic Leap) functional surgery simulators that enhanced 
3D rendering. It is suitable for surgical guidance and medical training.

 ⚬ Epson Moverio BT-45CS (Japan, Epson) is equipped with transparent optical 
display technology, which is ideal for high-precision medical applications.

 ⚬ Microscope-based AR systems

Virtual overlays are integrated directly into the field of view of a surgical micro-
scope, enhancing precision during neurosurgical procedures.

 ⚬ Carl Zeiss Meditec AG (Germany, ZEISS)

 ⚬ Leica Microsystems GmbH (Germany, Leica)

 ⚬ Olympus Corporation (Japan, Olympus))
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2.3 Comparing microscope AR projection and wearable AR devices

AR navigation systems in neurosurgery primarily incorporate two types of devices 
[1, 2, 20, 24]: surgical microscopes and wearable AR devices. Each approach presents 
unique advantages and inherent limitations, rendering them suitable for different 
surgical scenarios.

Microscope-based AR systems are purpose-built for surgical applications, 
designed specifically to meet the visual and ergonomic demands of complex opera-
tions such as neurosurgery. Unlike wearable AR devices that prioritise portability 
and flexibility, microscope-integrated AR systems focus on delivering high-fidelity, 
real-time imaging tailored for microsurgical precision.

In these systems, virtual anatomical overlays are directly incorporated into the 
optical pathway of surgical microscopes. This enables surgeons to visualise 3D recon-
structions of anatomical structures—such as tumour boundaries, vascular networks, 
and bony landmarks—superimposed precisely within the microscope’s native field of 
view without disrupting focus or workflow.

One key advantage of microscope-based AR is its capacity to support true ste-
reoscopic (binocular) viewing, enabling natural and accurate depth perception. 
Moreover, the 3D virtual overlay dynamically adjusts with the microscope’s focal 
depth, enabling a layered “see-through” effect where deeper and superficial ana-
tomical structures can be visualised separately depending on the surgeon’s focus. 
For example, as illustrated in Figure 1C, transparent overlays of the vertebral artery 
and bone anatomy shift perspective in accordance with the microscope’s focal plane, 
enhancing intraoperative depth orientation.

Because they are engineered for surgical use, microscope-based AR systems offer 
several key advantages:

Figure 1. 
Visualisation of vertebral bodies and vertebral arteries in navigation software and surgical field.
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• Optical zoom and high-resolution magnification for visualising deep or minute 
structures.

• Manual or autofocus control that synchronises with 3D overlays for precise depth 
targeting.

• Built-in coaxial lighting for clear illumination without external sources.

• Stereoscopic depth perception enhancing hand-eye coordination during delicate 
dissection.

• Dynamic 3D overlay adaptation with focus changes, supporting layer-by-layer 
anatomical navigation.

• Ergonomic viewing posture and foot-pedal control, reducing surgeon fatigue 
during prolonged operations.

Collectively, these characteristics make microscope-based AR systems especially 
suitable for procedures requiring high spatial accuracy and visual clarity, such as 
tumour resections near critical brain areas, arteriovenous malformation dissections, 
and complex spinal instrumentation (Table 1).

Wearable AR devices and microscope-based AR systems offer unique advantages and 
can coexist in neurosurgical procedures to enhance surgical accuracy and efficiency.

• Macroscopic phase—ideal for wearable AR devices:

 During the initial stages of surgery, such as craniotomy (a surgical procedure 
where a bone flap is temporarily removed from the skull to access the brain) for 
scalp flap and bone flap design, a broader and more flexible view is essential. 
Wearable AR devices project imaging data directly into the surgeon’s field of 
view, minimising the need to look away from the operative field and enhancing 
surgical workflow.

Feature Microscope AR projection Wearable AR devices

Magnification High optical magnification for fine 
structures

Digital magnification with resolution 
limitations

Focusing Automatic and manual focusing options Limited focusing capability

Lighting Integration Built-in lighting for clear visualisation Requires external lighting assistance

Flexibility Fixed orientation based on microscope 
position

Flexible viewpoint with head-mounted 
display

User Interaction Operated via microscope controls Intuitive control using hand gestures and 
voice

Collaboration Single-user viewing through an eyepiece Multi-user collaboration supported

Hardware 
Requirements

Specialised hardware integration 
required

Operates with standard wireless devices

Table 1. 
Comparison of microscope-based AR projection and wearable AR devices in neurosurgical procedures.
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•  Microscopic phase—ideal for microscope-based AR systems:

 As surgery advances to detailed tasks, such as tumour resection or vascular 
lesions, precise angle adjustments, variable focusing, and high magnification 
become critical. Microscope-integrated AR systems provide high-resolution 
imaging with an accurate overlay of the preoperative data, thereby supporting 
delicate procedures. Additionally, the ergonomic design of surgical microscopes 
helps reduce the surgeon’s visual fatigue during prolonged operations.

2.4 Clinical case studies

2.4.1 Case 1: C1-C2 atlantoaxial joint fixation surgery

Atlantoaxial instability, which involves excessive movement between the first two 
cervical vertebrae (C1 and C2), is considered one of the most anatomically complex 
and high-risk conditions in spinal surgery. Surgical stabilisation requires placing 
screws through narrow, deeply seated bony channels while avoiding critical vascular 
structures, such as the vertebral arteries. Precision is essential to avoid neurological or 
vascular injury and to restore cervical spine stability (Figures 2 and 3).

Figure 2. 
3D reconstruction of cervical spine anatomy with surrounding vascular structures.
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Figure 3. 
Real-time navigation information displayed in the surgical field via microscope.

In a case [25] the surgical team utilised an AR navigation system to generate 
3D anatomical models and project them into the operative field. This technology 
helped the surgical team identify the path of the vertebral artery, thereby prevent-
ing vascular injury and improving spatial understanding during this complex 
spinal surgery. Postoperative imaging confirmed the accurate screw placement 
without complications, demonstrating the effectiveness of AR in enhancing surgical 
precision and safety.

In such cases, AR provides an intuitive visualisation of the spinal pedicle screw trajec-
tory. It allows the overall skeletal framework to be used as a reference to detect devia-
tions, especially when deep anatomical structures cannot be directly exposed [25–27].

A pedicle cannulation (screw insertion into the spine for stabilisation) study [3] 
revealed that the clinical accuracy of an AR-guided insertion was 97.4% compared 
with 89.3% for freehand insertion. Navigation accuracy had a mean registration error 
of approximately 1 mm when referring to intraoperative CT scans [4].

A comprehensive 3D model of the patient’s cervical spine highlights the bony 
structures and angioarchitecture.

• Yellow: First cervical vertebra (atlas)

• Green: Second cervical vertebra (axis)

• Red: Vertebral artery (VA)

Viewpoints:

• A: 3D perspective view illustrating spatial relationships between the vertebrae 
and VA.
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• B: Axial view for cross-sectional visualisation of the vertebrae and VA.

• C: Sagittal view illustrating the vertical alignment and depth of anatomical structures.

• D: Coronal view for frontal analysis of the vertebral and vascular structures.

This multi-view reconstruction enhances preoperative planning by providing a 
precise spatial orientation of critical anatomical landmarks, which is crucial for surgi-
cal navigation and avoiding vascular injury.

This figure demonstrates the integration of 3D anatomical models with surgical 
navigation systems, enhancing intraoperative visualisation and precision. This multi-
modal visualisation bridges the divide between preoperative planning and intraopera-
tive execution. In doing so, it improves accuracy and safety in complex cervical spine 
procedures.

• A: 3D reconstruction of the C1 and C2 vertebral bodies along with the bilateral 
VA generated from CT scans, highlighting their spatial relationships.

• B: Fusion of 3D models with the original CT images, providing enhanced ana-
tomical context and accurate localisation.

• C: Application of fused images during surgical procedures (or cadaver dissec-
tion) to enable real-time anatomical guidance in the surgical field.

• D: Translucent view of the C2 vertebral body revealing the course of the verte-
bral arteries to prevent vascular injury during surgery.

This figure demonstrates integration of real-time navigation data with the surgical 
microscope, enhancing intraoperative precision. This integration enhances visualisa-
tion, facilitates precise targeting, and reduces the risk of injury to critical structures 
such as the VA.

• A: Projection of 3D anatomical structures into the microscope view. The probe 
(green) is directed toward the pedicle of the C2 vertebral body (yellow). The VA 
is highlighted in red, allowing precise navigation.

• B: Translucent 3D structures are overlaid in the field of view of the microscope 
and dynamically aligned with the focal point as the microscope moves, thereby 
maintaining an accurate spatial orientation.

• C: Navigation system interface showing real-time localisation and alignment 
assisting in the accurate placement of surgical instruments.

• D: Isolated 3D model displaying the C2 vertebral body and probe, highlighting 
their spatial relationship for detailed preoperative and/or intraoperative planning.

2.4.2 Case 2: Brain arteriovenous malformation

Arteriovenous malformations (AVMs) are abnormal tangles of arteries and veins 
that bypass normal brain tissue, disrupting blood flow and oxygen delivery. They 
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Figure 5. 
Comparing traditional microscopic view and AR-enhanced projection in bAVM surgery.

are considered among the most complex and challenging conditions in neurosurgery 
due to their delicate, variable vascular structure and high risk of rupture. Successful 
treatment often requires meticulous preoperative planning and precise intraoperative 
navigation (Figures 4 and 5).

In this case, a left temporal lobe AVM was identified, AR was applied during 
the preoperative stage to reconstruct the vascular architecture. The system projects 
the feeding arteries (inflow) and drainage veins (outflow) into the field of view in 
real time during surgery, guiding the surgical team to selectively occlude abnormal 
vessels. The AVM was successfully resected, and the patient experienced a marked 
reduction in postoperative seizure frequency, demonstrating the utility of AR in 
cerebrovascular surgery.

In such cases, AR allows surgeons to easily identify anatomical locations even in 
complex vascular structures such as AVMs. Therefore, in vascular malformations, 

Figure 4. 
Visualisation of brain arteriovenous malformation (bAVM) as a 3D object in navigation software.
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applying AR during surgery provides valuable information that aids in achieving 
surgical objectives.

This figure illustrates the integration of bAVM AR imaging with brain MRI using 
the Brainlab navigation system (Brainlab AG, Munich, Germany). It demonstrates a 
simulated surgical workflow for a bAVM. Fusing 3D AR imaging with traditional MRI 
enhances surgical planning and intraoperative navigation. In doing so, it improves 
a surgeon’s ability to assess spatial relationships and execute precise resections of 
complex bAVMs.

• A: 3D reconstruction of the bAVM with distinct colour coding for anatomical 
clarity: feeding arteries (pink), drainage veins (green), and the nidus (abnormal 
tangle of blood vessels) (purple).

• B & C: Fused images combining AR-based bAVM mapping with MRI data, 
providing intuitive visualisation of the spatial relationships among the bAVM, 
scalp, skull, cerebral vessels, and brain tissue.

• D & E: Surgical simulation showing the gradual obliteration process, start-
ing with complete occlusion of the feeding arteries and leading to progressive 
shrinkage of the nidus and drainage veins.

• F: Final surgical step, where the drainage veins were coagulated, and the nidus 
was safely resected.

This figure highlights the differences between conventional microscopy and 
AR-assisted visualisation during bAVM surgery.

• Left: Traditional microscopic view, providing a clear image of the surgical field 
but lacking enhanced visualisation of critical vascular structures.

• Right: AR-enhanced microscopic view with overlaid anatomical structures. The 
feeding artery is highlighted in yellow, and the AVM nidus is shown in blue, 
enabling the precise identification of key vascular components.

• Integrating AR projections into the surgical field enhances spatial awareness and 
assists in the safe and accurate resection of bAVMs.

2.4.3 Case 3: Brain tumour resection

Brain tumour surgery requires extremely precise planning and execution, as even 
small errors can affect critical brain functions such as speech, vision, or movement. 
Before surgery, doctors must identify the exact location and size of the tumour, as well as 
its relationship to nearby structures such as nerves and blood vessels. Traditionally, this 
planning was based on 2D images from MRI or CT scans, which could be hard to visual-
ise during the actual operation. AR now allows surgeons to see a 3D model of the tumour 
overlaid directly onto the patient’s head in the operating room. This helps guide the 
surgical approach and ensures the tumour is removed safely and completely (Figure 6).

In a right temporal lobe tumour resection, AR technology was used to create 
patient-specific 3D models highlighting the tumour, optic nerve, and middle cerebral 
artery. These models were projected onto the surgical field to assist with incision 
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planning and tumour boundary identification. The surgery resulted in a complete 
tumour resection without complications. This illustrates the role of AR in enhancing 
preoperative planning and intraoperative navigation.

The AR system accurately and reliably projected images onto the patient’s head, 
skull, and brain surface during the procedure. Its ergonomic advantages improved 
neurosurgical planning and enabled surgeons to perform image-guided neurosurgery 
with direct visualisation [21, 26, 28].

This figure illustrates the use of AR technology for preoperative planning and 
intraoperative navigation during brain tumour surgery. By integrating AR into brain 
tumour surgery, surgeons can enhance spatial orientation, reduce surgical risks, and 
improve overall procedural accuracy.

• The upper pane displays a 3D-reconstructed model overlaid with navigation informa-
tion. In this model, the tumour is highlighted in blue, the optic nerve is marked in 

Figure 6. 
Applying AR in brain tumour surgery.



185

Transforming Neurosurgery with Augmented Reality
DOI: http://dx.doi.org/10.5772/intechopen.1011054

yellow, and the middle cerebral artery is shown in orange. This layered visualisa-
tion assists surgeons in accurately perceiving the spatial relationships between 
the tumour and adjacent critical neurovascular structures.

• The lower pane presents the AR overlay projected onto the patient’s scalp during the 
pre-incision planning stage. This overlay delineates the tumour and adjacent ana-
tomical structures, thereby facilitating precise surgical planning and optimised 
incision placement.

3.  AR in patient education

In modern healthcare, effective communication among healthcare profession-
als, patients, and their families is crucial. As medical procedures become increas-
ingly complex, understanding the diagnosis, surgical plans, and associated risks 
can be challenging for individuals without a medical background. AR and virtual 
reality (VR) provide immersive, interactive, and visually intuitive educational 
tools that empower patients and their families to actively engage in decision-
making processes.

3.1 Using AR and VR to understand anatomical structures

Traditional anatomical explanations often rely on verbal descriptions or static 2D 
images, making it difficult for patients to grasp intricate anatomical details. AR and VR 
transform these abstract concepts into interactive 3D models (Figures 2 and 1A and B 
show a representative AR visualisation of anatomical structures), allowing patients to 
visualise the affected structures and surrounding anatomy in real time. For example, 
AR applications can display a 3D spinal model, helping patients and their families 
understand the affected areas and planned surgical approach.

In addition, because 3D models are already generated during AR workflows, these 
data can be seamlessly converted to VR environments. VR simulations provide an 
immersive educational experience [29, 30], allowing patients and their families to 
explore the anatomical structures and surgical approach from different perspectives. 
In doing so, patient comprehension and engagement is enhanced.

Surgical procedures are often anxiety-inducing for patients and their families. 
AR and VR technology enables medical professionals to review step-by-step surgical 
simulations (Figure 6). This demonstrates each surgical phase from the incision to 
tissue manipulation and structural stabilisation. Interactive models can highlight 
high-risk areas such as nerves or blood vessels, offering a clear and comprehensible 
explanation of potential complications and risk mitigation strategies.

3.2 Family education and support

Family members are often deeply involved in treatment decisions and postopera-
tive care. AR and VR tools facilitate understanding of their relative’s condition [31, 32] 
and the rationale behind the chosen treatment. By engaging families with interactive 
educational content, AR and VR help create a unified, informed support system that 
improves patient care outcomes.

AR and VR technology has revolutionised patient education by simplifying com-
plex medical information into accessible, interactive formats. By clearly illustrating 



Augmented Reality – Situated Spatial Synergy

186

anatomical structures, surgical steps, and potential risks, these tools reduce anxiety, 
build trust, and enhance communication among patients, families, and medical 
professionals.

4.  AR in medical training

With the advancements in medical technology, demands and challenges of medi-
cal training continue to increase. Traditional methods, such as lectures, diagrams, 
and cadaver dissection, can no longer prepare learners to meet the needs of modern 
medicine in terms of precision and clinical skills. AR and VR provide a new medical 
education model that overlays real-time images on interactive 3D models.

4.1 Applications of AR and VR in medical education

AR technology is increasingly being applied in medical education. Using neuro-
surgery as example, these applications include:

• Anatomy education

 ⚬ AR technology allows learners to interact with 3D anatomical models to under-
stand complex structures without relying solely on limited cadaver resources 
[29, 30, 33–36].

• Surgical simulation training

 ⚬ AR systems enable the practise of core skills in a risk-free environment, includ-
ing anatomical structure recognition, spatial localisation, and understanding 
the relationship between patient positioning and surgical approach. For 
instance, AR-guided ventricular puncture and external ventricular drain place-
ment training (a catheter placed into brain ventricles to relieve pressure) uses 
3D images to help beginners understand anatomical landmarks and practise 
techniques repeatedly [29, 37, 38].

• Brain surgery and AVM resection training

 ⚬ Hybrid AR and VR systems allow learners to perform craniotomies, tumour 
resections, and vascular procedures using interactive 3D models [6, 39].

• Spinal surgery training (Figure 7)

 ⚬ In spinal neurosurgery, AR assists in pedicle screw placement by visualising 
trajectories and understanding the bone structures and surrounding nerve 
anatomy [27, 40].

This figure illustrates the integration of AR technology with minimally inva-
sive lumbar surgery training for enhancing spatial awareness and precision. This 
AR-integrated training model provides a realistic simulation to improve surgical 
accuracy, procedural confidence, and trainee skill development in minimally invasive 
spinal surgeries.
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• A: Acquisition of CT imaging from the training phantom

• (an anatomical model used for imaging practice).

• B: Generation of 3D visualisation of the target spinal segment, fused, and registered 
with the navigation and AR systems.

• C: Preoperatively planned pedicle screw trajectory, displayed for reference.

• D: Microscope-based AR projection simulating the surgical environment and instru-
ment positioning.

• E: Surface projection of the target anatomy and planned incision site, assisting in 
precise localisation.

• F: AR projection after removing the overlay, demonstrating the alignment between the 
AR model and the physical phantom.

4.2 Development and advantages of AR simulators

AR simulators are increasingly replacing traditional training models with realistic 
and interactive learning experiences. By overlaying virtual information on physical 
models, learners can practise medical procedures repeatedly and review their perfor-
mance using real-time feedback. Although the initial setup cost is higher for this train-
ing approach, the high reusability and broad application potential reduce long-term 
costs. This makes AR simulators particularly suitable for resource-constrained regions.

Other advantages include:

• Immersive learning: AR systems provide virtual surgical environments that 
mimic real-world scenarios [29].

Figure 7. 
Augmented reality for minimally invasive lumbar surgery training.
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• Real-time feedback: AR, with haptic feedback systems [41, 42], enhances train-
ing realism, enabling trainees to experience tactile sensations closely resembling 
real surgical procedures.

• Remote training: AR facilitates synchronised training sessions across different 
locations.

• AR-VR mode switching: The generated 3D models can be easily switched to VR 
for preoperative planning.

In recent years, an increasing number of training modules that combine physical 
models with AR projections have become available. These companies have extensive 
experience in developing AR neurosurgical training modules and offer advanced 
solutions for neurosurgical medical education and surgical skill development.

• NeuroVR is a well-known VR and AR neurosurgical simulation platform that 
provides various surgical training programmes, allowing trainees to prac-
tise procedures using interactive tools. Website: www.surgicalscience.com/
simbionix

• ImmersiveTouch developed the ImmersiveView™ 5 platform, integrating AR 
technology to offer neurosurgeons a virtual environment for surgical planning 
and hands-on training.

• Website: www.immersivetouch.com

• Mentice provides AR-based vascular interventional surgery simulators that are 
also applicable for neurosurgical training. Website: www.mentice.com

4.3 Future directions

• AI-assisted learning: Integrating AI to adapt content based on learner 
performance.

• Integration with VR: Merging AR and VR for more comprehensive training.

• Personalised learning: Tailoring content based on individual needs.

AR technology is transforming medical training by creating a safe, efficient, and 
realistic learning environment. This allows learners to practise their skills, receive 
feedback, and build expertise. Considering ongoing research and technological 
advancements, the application of AR in medical training is expected to expand and 
improve educational outcomes.

5.  AR challenges, solutions, and future trends

AR-assisted surgery presents various technical challenges alongside significant 
opportunities for future advancements.
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5.1 Technical challenges and solutions

• Image registration drift: One of the biggest challenges of integrating AR into sur-
gical assistance is image registration drift [43]. Brain shifts during neurosurgical 
procedures or spinal motion can cause misalignment between projected images 
and actual anatomy. While rigid head clamps or stable spinal structures help 
maintain accuracy, tissue shifts continue to pose problems.

 ⚬ Potential solutions: Future solutions may involve AI-assisted surface-tracking algo-
rithms, intraoperative ultrasound [44, 45], MRI, and CT to dynamically adjust the 
image overlays [43]. These innovations will enable the real-time data acquisition, 
internal transmission within surgical systems, and immediate analysis of visual 
information to maintain image alignment accuracy during surgical procedures.

• Device compatibility: AR hardware and software from different manufacturers 
often lack interoperability, which complicates data sharing and integration.

 ⚬ Image guided therapy (IGT) [46] standards are expected to standardise inter-
faces and protocols, ensuring seamless communication across systems.

• Projection lag: This is a critical challenge in real-time 3D imaging, particularly in 
high-precision applications such as surgical navigation.

 ⚬ To maintain synchronisation between the virtual overlays and real-world 
anatomy, total delay from target detection to image projection should be kept 
under 10 milliseconds, with a minimum 120 Hz refresh rate [47, 48].

 ⚬ Optimised Projection Workflow and Timing:

 ⚬ Target Detection →Graphic Analysis →Projection Update →Relative Position 
Recognition →Image Projection

 ⚬ Impact of refresh rate [47, 48]:

 ⚬ Low refresh rate (<90 Hz):

 ⚬ May cause noticeable lag, ghosting, and screen tearing, which increase the risk 
of eye strain and motion sickness.

 ⚬ High refresh rate (≥120 Hz):

 ⚬ Ensures smooth and fluid visuals with minimal perceived latency. Crucial for 
real-time feedback in applications like surgical navigation.

 ⚬ Human eye latency perception [48]:

 ⚬ <30 ms: Generally imperceptible.

 ⚬ 15–20 ms: Target range for real-time interaction.

 ⚬ <10 ms: Required for high-end applications (e.g., surgery).
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5.2 Future trends and innovations

• Remote surgical assistance [49–51]: Although HMDs are commonly connected 
via Wi-Fi or Bluetooth, these local wireless protocols may be limited by latency, 
bandwidth, and environmental stability. In contrast, 5G technology provides 
ultra-low latency and high data throughput, enabling seamless real-time AR 
rendering and communication. These features are particularly critical for remote 
surgical assistance, where expert surgeons can guide procedures in under-
resourced or geographically isolated settings without interruption or delay.

• Microscope-based AR projection advancements: Head-up display goggles are 
currently mainstream in AR-assisted surgeries. Despite being bulky and having 
several limitations, microscope-based AR projection offers unique advantages 
in specific surgical scenarios. It excels in cases that require high magnification, 
precise depth of field, and better fatigue management for prolonged use. In 
addition, it supports hands-free operations through features such as foot pedal 
control, enabling surgeons to maintain focus while adjusting the view. These 
strengths highlight the potential areas for future development and improvement 
of microscope-integrated AR systems.

• MR and multisensory integration: AR’s convergence with MR will enable simulta-
neous integration of touch [41, 42], sight, and sound to enhance surgical preci-
sion. Future systems may simulate tissue texture and elasticity, thereby offering 
immersive preoperative planning and intraoperative navigation.

• AI-driven image analysis and calibration: Machine learning algorithms are being 
developed to track tissue shifts, identify critical structures, and dynamically 
recalibrate images.

• AR navigation surgery: This technical field is a critical milestone toward future 
innovations, such as robotics surgery in MR [52, 53] and data-driven outcome 
predictions [53]. The quantification of surgical procedures enables the collection 
of meaningful data that are essential for advancing automated surgery.

• Digital twin technology [54]: Preoperative imaging data can be transformed into 
digital twins (virtual replicas of patient’s anatomy) to simulate procedures, 
predict outcomes, and guide clinical decision-making.

6.  Conclusion

AR is transforming the field of neurosurgery owing to its applications in intraop-
erative navigation, patient education, and medical training. By projecting real-time 
3D images into the surgical field, AR enhances accuracy and safety. A systematic 
review [55] of 116 studies found that 82% of MR applications in neurosurgery 
focused on cranial procedures. Among these, approximately 34% reported improved 
tumour resection rates and better patient outcomes. This evidence further supports 
the clinical utility of MR technologies in enhancing surgical performance. In addition 
to supporting surgeons, AR improves patient and family understanding of complex 
conditions by turning medical images into intuitive visual explanations. For medical 
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trainees, AR-based simulations create a safe, immersive environment for practicing 
procedures and building skills without risk to patients. Nevertheless, technical chal-
lenges such as image registration drift, device compatibility, and projection lag per-
sist; however, advancements in AI, 5G, and MR are poised to overcome these hurdles. 
As AR and VR technologies continue to evolve, their integration with intraoperative 
imaging, digital twin simulations, and remote surgical support will revolutionise 
surgical visualisation and education, paving the way for a safer and more intelligent 
future of neurosurgery.

Acknowledgements

The authors express their gratitude to the neurosurgical radiology technicians, 
including Zhe-Hao Lin, Meng-Ru Li, Hong-Xin Lin, Shi-Rui Huang, and Pei-Yu Wang, 
for their invaluable contributions throughout the development of the AR system. 
Their expertise, creativity, and technical support played a crucial role in every stage 
of this study, from image acquisition to AR model integration and surgical navigation 
refinement.

Conflict of interest

The authors declare no conflict of interest.

Abbreviation

2D two-dimensional
3D three-dimensional
5G fifth-generation mobile network
AI artificial intelligence
AR augmented reality
AVM arteriovenous malformation
bAVM brain arteriovenous malformation
C1 first cervical vertebra
C2 second cervical vertebra
CT computed tomography
DSA digital subtraction angiography
DTI diffusion tensor imaging
fMRI functional magnetic resonance imaging
HUD head-up display
IGS image-guided surgery
MCA middle cerebral artery
MR mixed reality
MRI magnetic resonance imaging
VA vertebral artery
VR virtual reality
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Chapter 9

Augmented Reality as a Tool for 
Improving Energy Efficiency in the 
Conservation of Heritage Buildings
Mihrimah Şenalp, Erdem Köymen and Enes Yaşa

Abstract

Conserving historic buildings is essential for transmitting cultural heritage to 
future generations, but achieving energy efficiency remains a significant challenge. 
Augmented Reality (AR) offers an innovative approach to conserving historic buildings 
by integrating energy efficiency improvements into building physics and restoration. 
AR supports decision-making by overlaying virtual elements onto physical environ-
ments, allowing real-time visualization of energy interventions and their impacts. In 
Human-Computer Interaction (HCI), AR aligns energy performance metrics with the 
physical realities of historical buildings, enabling pre-analysis of energy strategies to 
optimize performance while conserving building authenticity. This chapter system-
atically examines the role of AR in the energy performance and retrofit processes of 
historical buildings, using research from major databases. Additionally, analyses were 
interpreted and future studies suggested by Artificial Intelligence (AI). It highlights 
AR's potential to contribute to energy efficiency, offering a novel approach to the 
sustainable conservation of cultural heritage.

Keywords: augmented reality technology, energy efficiency, heritage building, 
integration of augmented reality, HBIM

1.  Introduction

Rapid advances in modern information technology have created a strong demand 
for innovative human-computer interfaces. Unlike Virtual Reality (VR), which 
places users entirely within a digital world [1], Augmented Reality (AR) overlays 
digital elements onto the real environment, enhancing perception without isolating 
users from their surroundings [2]. Since the 2010s, AR’s combination with VR and 
3D reconstruction technologies has significantly broadened its applications. Despite 
these developments, substantial challenges remain, particularly in accurately model-
ing complex environments and achieving real-time mapping [3], technical implemen-
tation, screen-time management, and ensuring intuitive usability, all crucial for AR’s 
long-term sustainability [4].

AR, accessed primarily through mobile apps or specialized glasses, has become 
widely adopted in presenting historical monuments to broader audiences [5]. 
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It promotes deeper engagement with architectural heritage by providing immersive, 
multisensory experiences involving sight, hearing, and touch [6]. Moreover, AR 
supports Building Information Modelling (BIM) by visually overlaying digitally 
stored building information directly onto physical settings [7]. Development of VR 
and AR technologies is necessary to utilize BIM models and datasets in areas such as 
operational training, technical tool development, and entertainment [8]. Importantly, 
AR and VR have been identified as highly beneficial tools for promoting public aware-
ness and enhancing understanding of cultural heritage [9, 10]. These technologies 
effectively illustrate historical functions, architectural details, structural features, 
and traditional construction methods, thereby supporting informed restoration and 
conservation decisions [11].

Visitors can interact dynamically with historical buildings via AR’s engaging and 
informative content, providing valuable context that enriches the visitor experience 
[12]. This interactivity especially benefits lesser-known heritage sites [13], creating 
emotional connections between visitors and cultural heritage [4, 14–16]. Furthermore, 
converting heritage data into Historical Building Information Modelling (HBIM) 
systems facilitates dynamic and extensive data collection. When made accessible as 
open-source platforms under appropriate legal frameworks, HBIM promotes wider 
use and collaboration among researchers and professionals [17]. AR plays a pivotal 
role in heritage conservation by improving maintenance processes and enabling more 
effective data sharing [18]. For instance, an AR system developed by Jalilzadehazhari 
and Kurkinen [19] revealed hidden structural elements, significantly reducing costs 
and time during energy renovation processes.

Additionally, AR enriches digital models with environmental data, supporting 
designers in optimizing building energy performance. By visualizing HBIM-derived 
energy data, AR raises awareness of historical buildings' energy performance and 
provides critical insights necessary for targeted improvements, ultimately promot-
ing energy efficiency and sustainable environmental management [20]. Thus, AR 
uniquely bridges cultural heritage conservation with energy efficiency objectives, 
facilitating innovative solutions that respect historical authenticity. The following 
subsection outlines the objectives and scope of this study, defining the research ques-
tions and methodological approach guiding subsequent analyses.

1.1 Objectives and scope of the study

This subsection defines the role of AR technologies in improving energy effi-
ciency in historical buildings while simultaneously preserving their cultural value. 
Specifically, it outlines how AR can practically contribute to reducing energy con-
sumption and describes the methodologies that support these contributions. Energy 
consumption remains a critical challenge in buildings, particularly within historical 
structures where interventions must respect heritage authenticity. Monitoring energy 
usage, enhancing efficiency, and developing tailored energy-saving strategies are thus 
essential. However, historical buildings present unique constraints, often restricting 
interventions to non-destructive methods. Digital technologies, including AR and 
VR, are increasingly utilized as effective, non-invasive tools to address these limita-
tions. This chapter systematically examines AR’s potential for improving energy 
efficiency in historical buildings, exploring how AR technologies can be effectively 
applied to heritage contexts. It further highlights practical opportunities, identifies 
limitations, and provides detailed recommendations for future research direc-
tions. By defining theoretical objectives, practical applications, and methodological 
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boundaries, this subsection establishes a framework that guides subsequent analyses. 
Following this clarification of the study’s objectives, the next section will explore 
how AR technologies are specifically utilized within historical buildings, providing 
concrete examples of their practical implementation in cultural heritage contexts.

1.2 AR technologies in heritage buildings

AR technologies are increasingly being utilized in applications aimed at conserv-
ing and promoting cultural heritage. This subsection outlines AR’s contributions 
to archival documentation, restoration processes, and interactive presentations of 
historical buildings, providing relevant examples and practical frameworks. AR’s 
realistic visualization capabilities and user-friendly interfaces make it an especially 
valuable tool for effectively conserving and disseminating cultural heritage [21–23]. 
By overlaying virtual information onto physical environments, AR creates interactive 
experiences that surpass traditional static digital documentation methods [24]. This 
immersive quality is particularly valuable in interpreting architectural details, histori-
cal contexts, and spatial relationships within heritage sites [25].

AR integrates modern technological advances with historical contexts by overlaying 
cultural and architectural information onto real-world settings. Consequently, users 
can explore cities, neighborhoods, and individual historical buildings interactively 
and comprehensively [26–28]. Recent developments in wireless connectivity, sensor 
technology, and cloud computing have significantly popularized mobile AR, making it 
accessible and practical for educational purposes, digital preservation [29], and tour-
ism activities [30, 31]. For instance, museum visitors’ experiences are greatly enriched 
through AR’s combination of historical data, architectural features, and past social 
contexts presented through engaging storytelling methods [32]. Moreover, AR uncov-
ers structural details typically inaccessible during conventional visits, adding signifi-
cant value to the visitor experience (Figure 1) [33, 34]. In sensitive historical areas, AR 
effectively helps manage visual impacts and public perception [35], while also expand-
ing opportunities for cultural heritage promotion and related creative industries, such 
as gaming and educational platforms [36].

Figure 1. 
Potential applications of AR [32].
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Furthermore, AR can digitally reconstruct structures affected by natural disasters, 
fires, or wars [6, 37]. A notable example is the virtual tour created for Notre Dame 
Cathedral following a major fire, which provided visitors a meaningful experi-
ence while promoting energy conservation and reducing environmental impacts 
(Figure 2) [39]. AR-based solutions also maintain public access during situations 
such as pandemics, allowing continued engagement with heritage sites through digital 
means [40].

AR and VR technologies also significantly improve accessibility to cultural heri-
tage, particularly for individuals with disabilities, elderly visitors [15], and younger 
audiences [41, 42]. Gamified AR scenarios and educational projects enable explora-
tion of tangible and intangible heritage dimensions, creating engaging and mean-
ingful learning pathways (Figure 3) [44]. Although some research notes hesitation 
among older users [45], broader evidence shows that connecting AR with VR creates 
effective ways to make heritage accessible, engaging, and comprehensible to diverse 
audiences [46]. AR cannot fully replace physical visits or direct human interactions, 
but it effectively enhances these experiences by seamlessly presenting digital infor-
mation within the actual environment (Figure 4).

To summarize, AR enhances cultural heritage through interactive experiences and 
supports maintenance and restoration processes. The next subsection will explore its 
role in improving energy efficiency in historical buildings and its impact on energy 
conservation and sustainability. It should be emphasized that AR technology is not 
confined solely to visual elements but can also integrate auditory and multimodal lay-
ers (e.g., auralization), thereby offering a more immersive experience. This capability 
enables both the in-depth analysis of acoustic performance in historic buildings and 
the digital recreation of original auditory features, thus enhancing the overall heritage 
experience.

Figure 3. 
Images related to the application developed by Dionisio and Nisi [43].

Figure 2. 
Images from the Notre Dame virtual tour [38].
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1.3 Energy efficiency in heritage buildings

Historical buildings often cannot fully benefit from modern energy-saving solu-
tions due to the critical need to conserve their original architectural character. This 
section evaluates both passive and active energy efficiency strategies, examining how 
these methods align with international standards and conservation principles. Energy 
performance in buildings involves optimizing energy use while minimizing environ-
mental impacts (Figure 5). In historical structures, lower energy efficiency primarily 
results from poor insulation properties of traditional building materials and reliance 
on outdated mechanical systems. These issues not only elevate energy consumption 
but also create challenges in maintaining comfortable indoor temperatures. Given the 
necessity of preserving authenticity, energy efficiency measures must be carefully 
planned and implemented through non-invasive interventions.

Energy calculations with this system are performed according to the following 
equation system [48]:

Q _BSL= Q _Loss- Q _Gain
Q _Loss= Q _Component+ Q _Ventilation
Q _BSL= Building load
Q _Loss=Total heat loss rate
Q _Gain= Total heat gains excluding those from the HVAC system

Figure 4. 
Enhancing physical visits via AR [47].

Figure 5. 
Energy transmission process in HVAC-equipped buildings [48].
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Q _Component= Heat loss due to building components (e.g.,walls,roof,etc.)
Q _Ventilation= Heat loss caused by the ventilation system
Energy improvements in historical buildings are guided by recognized inter-

national standards and frameworks (Table 1). Notably, EN 16883 [54] provides 
comprehensive guidelines for enhancing energy performance specifically in historic 
structures, while ASHRAE Guideline 34 [51] outlines essential technical criteria for 
balancing effective energy management with heritage conservation.

Improving energy efficiency usually begins with careful assessments of insulation 
strategies. Internal insulation methods, when meticulously applied with consider-
ation to moisture management, significantly reduce heat loss [59].

In addition to insulation, passive design approaches play a critical role. Utilizing the 
inherent thermal mass of historic building material [60], improving natural ventilation 
[61], employing low-reflectivity glazing, using customizable panel colors [62], and 
applying shading techniques all contribute to stable indoor temperatures and reduced 
energy demands. These passive strategies complement active energy solutions, including 
advanced HVAC systems and renewable technologies like photovoltaic [63] and geother-
mal energy systems [64]. Accurate energy performance simulations using software tools 
such as EnergyPlus [65], DesignBuilder [48], and Computational Fluid Dynamics (CFD) 
models [66] facilitate precise predictions and optimization of energy strategies. Historical 
buildings, however, typically exhibit greater energy losses and air leakages compared to 
contemporary constructions, highlighting the necessity of targeted interventions.

Considering these challenges, digital modeling tools like HBIM and AR emerge as 
essential instruments to support and effectively implement energy improvements. The 
next subsection examines how HBIM and AR are utilized together, creating solutions that 
enhance cultural heritage conservation while achieving sustainable energy management.

1.4  Historical building information modelling (HBIM) enhanced by augmented 
reality (AR)

Historical Building Information Modelling (HBIM) involves digitizing historical 
buildings into detailed databases, whereas AR projects this digital data directly in the 

Standard Content

ASHRAE 90.1 [49] Baseline energy-efficiency requirements for buildings

ASHRAE 100 [50] Comprehensive criteria for enhancing energy efficiency in existing buildings, including 
historical buildings

ASHRAE Guideline 
34 [51]

Technical framework for energy retrofitting of historic buildings, balancing comfort, 
efficiency, and heritage authenticity

ISO 16813 [52] Principles for healthy indoor environments and energy-efficient design

ISO 52016-1 [53] Calculation methods for assessing building energy performance

EN 16883 [54] Guidance for indoor health and energy efficiency in heritage contexts

EN 16247 [55] Procedures for conducting building energy audits

BS 7913 [56] Guidelines for energy upgrades without compromising heritage values

EN 16798-2 [57] Performance and comfort optimization in naturally ventilated historic buildings

EN 15217 [58] Methodology for energy-performance certification systems

Table 1. 
Standards related to energy performance in historical buildings.
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field to support decision-making processes. This section explores how combining HBIM 
and AR technologies enhances efforts in heritage conservation and energy efficiency. 
Building Information Modelling (BIM) effectively manages all stages of building life-
cycle processes from initial planning and operation to ongoing maintenance and restora-
tion [67]. BIM further provides sophisticated simulation and analysis tools for informed 
decision-making regarding building performance, sustainability, and energy efficiency.

When combined with BIM, Common Data Environments (CDE) centralize data 
storage, ensuring coordinated management of extensive model-based information 
and improving data quality [68]. HBIM specifically adapts standard BIM methodolo-
gies to historical buildings, creating detailed digital models derived from point cloud 
data, centralizing cultural heritage documentation, and facilitating interdisciplinary 
collaboration [69]. Since its introduction in 2009, HBIM has significantly advanced 
heritage documentation by merging traditional paper-based data with modern 
digital approaches, becoming an indispensable tool in heritage conservation prac-
tices (Figure 6) [71]. However, complex geometries, limited accessibility, and large 
volumes of heterogeneous data characteristic of historical structures pose significant 
challenges for precise measurement and digital representation. Although laser 
scanning and photogrammetry provide detailed documentation [72], harmonizing 
parametric objects into HBIM remains challenging, often necessitating middleware 
platforms, possibly enhanced by artificial intelligence (AI), to accelerate accurate 
model creation and customization [73, 74].

Given the unique features of historical buildings, HBIM models must include 
customized parametric elements and function as digital twins, storing semantic data on 
accessible digital platforms [71]. Such comprehensive digitalization enables widespread 
access and utilization among heritage professionals, accelerating documentation and 
analysis processes. Digital twin (DT) methodology involves constructing a continuously 
updated virtual counterpart of a physical structure, enabling real-time monitoring, 
analysis, and predictive simulation in virtual environments (Figures 7 and 8). Urban 
digital twin (UDT) technology extends this concept to entire urban areas, providing 
harmonized models for analyzing and managing urban heritage contexts.

Beyond restoration, HBIM supports heritage management through digital docu-
mentation, planning [77], pathology analysis, scenario simulations, and archaeo-
logical site digitization. Connecting HBIM with Geographic Information Systems 
(GIS), VR/AR, and academic research further enhances heritage conservation and 
public awareness [73, 78]. Additionally, AR-integrated drone systems enhance BIM 
model creation by capturing accurate structural data from difficult-to-access areas 
(Figure 9). HBIM also enables detailed energy analyses and thematic evaluations [80], 
such as integrating photovoltaic systems into historical contexts (Figure 10) [81].

Although visualization is not HBIM’s primary function, connecting its detailed 3D 
models with VR, Mixed Reality (MR), and AR enables immersive virtual tours and 
efficient information dissemination (Figure 11) [82, 83]. The HBIM–AR combination 

Figure 6. 
HBIM creation process [70].
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notably improves cultural heritage accessibility [84, 85], facilitating temporal visu-
alizations and incorporating realistic environmental factors such as sun position and 
shadows for enhanced realism (Figure 12) [87].

AR proves especially valuable for digitizing artwork [88], archaeological docu-
mentation through photogrammetry [86, 89], and remote visualization of structural 
deteriorations, greatly benefiting research and conservation [47, 90, 91]. Overlaying 
digital models onto physical structures, AR identifies problematic areas, suggests 
restoration solutions [92], and allows users to virtually experience partially destroyed 
or intangible heritage elements, thereby enriching the understanding of historical 
contexts [93–95]. AR also supports investigating and reviving acoustic heritage, as 
demonstrated in Notre Dame Cathedral, combining visual aesthetics with historically 
accurate soundscapes to enhance cultural heritage dissemination [96].

Figure 7. 
Schematic representation of digital twin application [75].

Figure 8. 
The digital twin platform developed for improving thermal performance serves as an example [76].



207

Augmented Reality as a Tool for Improving Energy Efficiency in the Conservation of Heritage…
DOI: http://dx.doi.org/10.5772/intechopen.1011151

Figure 9. 
An example of an AR-integrated drone system [79].

Figure 10. 
HBIM model developed for building-integrated photovoltaics (BIPV) [81].

Figure 11. 
The AR browsing application captures the scene, identifies artifacts, and adds an interaction button to each [16].
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Figure 13. 
A screenshot of the application running on a tablet with IR (infrared) thermography, as viewed by users [97].

Despite these advancements, challenges remain regarding accurately capturing 
complex geometries, synthesizing semantic data, and managing extensive datasets 
(Figure 13). Addressing these issues requires interdisciplinary collaboration, stan-
dardized HBIM methodologies, AI-supported middleware solutions, and improved 
data-sharing mechanisms.

By combining detailed digital documentation with immersive AR visualization, the 
HBIM–AR connection provides innovative, efficient, and engaging heritage conserva-
tion solutions that balance authenticity and contemporary needs (Figures 14–16). 
Thus, harmonizing HBIM and AR establishes a comprehensive framework for con-
serving historical buildings and optimizing their energy performance.

Digital technologies increasingly support energy efficiency strategies (e.g., 
insulation, natural ventilation, HVAC, and renewable energy) in historical buildings. 
HBIM and AR simplify data collection, analysis, and interventions in buildings with 
complex geometries and strict conservation requirements. Real-time monitoring 

Figure 12. 
AR implementation process for historical buildings [86].
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using digital twins enables the simultaneous achievement of heritage conservation 
and energy efficiency goals. The following sections will explore case studies to dem-
onstrate the effectiveness of the HBIM and AR combination, guiding future research 
and establishing best practices.

Figure 14. 
Temperature and relative humidity AR image for modern building [98].

Figure 15. 
Image of developed energy performance augmented reality (EPAR) environment: (a) Schematic representation 
of a thermal bridge at an interior corner of the building environment, (b) Visualization of the thermal bridge in 
the 3D thermal mesh model, and (c) VRML-based (virtual reality modelling language) CFD model of the same 
area [99].

Figure 16. 
AR-integrated IR technology [100].
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2.  Research methodology

This chapter reviews applications of AR for enhancing energy performance in 
historical buildings and employs bibliometric analysis to identify key trends and 
research gaps. The research methodology comprises three primary components: 
bibliometric analysis, a detailed literature review, and AI-supported identification 
of interdisciplinary connections. Initially, a comprehensive search was conducted 
across scientific databases—including Springer, ScienceDirect, Web of Science, and 
Scopus—for publications containing relevant terms such as “Historic Building,” 
“Historical Building,” “Built Heritage,” “Energy Efficiency,” “Augmented Reality 
(AR),” and “Human Computer Interaction (HCI)” in titles, abstracts, or keywords. 
These keywords represent core aspects of this research, specifically addressing 
historical buildings, energy efficiency, and AR technology applications. Although 
no time restrictions were applied, the majority of relevant studies date from 2010 
onwards, reflecting the novelty of the research topic. All identified studies underwent 
thorough analysis, and irrelevant or duplicate studies were systematically excluded.

The research process began with a bibliometric analysis using VOSviewer soft-
ware. This analysis visualized keyword co-occurrences to identify frequently studied 
topics, emerging research themes, and existing gaps. Findings from this step provided 
an overview of current research dynamics, clarifying areas that require further 
investigation. The subsequent literature review phase involved an in-depth evaluation 
of selected publications, examining AR techniques, simulation methodologies, and 
their specific applications within historical building contexts. This stage critically 
assessed how AR has been implemented in heritage conservation, energy efficiency 
assessments, and restoration processes. Additionally, it identified the technical and 
practical challenges associated with AR adoption, including data accuracy issues, 
compatibility with existing BIM systems, and other technological constraints.

Considering the emerging nature of this field, an AI-supported analysis further 
refined the review. Advanced analytical methods identified interdisciplinary con-
nections, highlighted overlapping research contexts, and uncovered additional 
perspectives. AI analysis particularly helped understand interactions between AR 
applications, HBIM, energy simulation tools, and sustainability assessments. This 
step was crucial for recognizing potential synergies between AR technology and 
energy optimization strategies, providing new perspectives into understudied areas, 
and highlighting potential directions for future research.

Throughout this structured methodological approach, perspectives extracted from 
literature review, bibliometric analysis, and AI-supported analyses were systematically 
documented. These insights informed the subsequent discussion section (Subsection 
3.3), structuring a connected narrative on the role and potential of AR within heritage 
conservation and energy efficiency strategies. By adopting this rigorous and structured 
research methodology, the chapter assesses existing literature, defines research objec-
tives, and establishes robust suggestions for future investigations.

3.  Literature review

3.1 Bibliometric analysis

Initially, a total of 433 papers were identified. After a careful screening process, 
420 were excluded due to duplication, methodological limitations, or irrelevance. 
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Among the 13 studies remaining, three directly addressed AR applications in energy 
analysis within historical buildings. The other ten provided energy-related discus-
sions and recommendations without direct analytical content. These studies, includ-
ing nine journal articles, three conference papers, and one book chapter, formed the 
basis for the literature review.

The co-occurrence of keywords in publications was analyzed using the VOSviewer 
tool (Figure 17). A total of 88 keywords were identified based on indexed keywords. 
The network graph was created considering keywords that appeared at least once and 
those with a minimum of two occurrences: frequently used keywords are represented 
by larger circles, and connection strength is indicated by line thickness. The analysis 
revealed a high frequency of terms such as “point cloud,” “augmented reality,” and 
“BIM” alongside keywords like “energy assessment,” “3D data processing,” “artificial 
intelligence,” “heritage building,” and “laser scanning.” Studies have primarily been 
conducted since 2018, with most research originating in Italy, followed by China. A 
co-authorship analysis using VOSviewer identified 55 authors mentioned in articles, 
with 16 connections detected when a minimum of one article per author was set.

In summary, the bibliometric analysis indicates that the use of AR in the context 
of energy performance in historical buildings is still a nascent field, yet research in 
this area has begun. The findings of this analysis reveal that studies in this domain 
are often conducted in conjunction with HBIM, incorporating laser scanning and 
AI technologies. Bibliometric analyses have highlighted trends and identified gaps, 
showing that AR-based energy efficiency research in historical buildings remains lim-
ited. Accordingly, the next section will relate the findings derived from the literature 
to the primary objective of this study, providing an evaluation of the potential of AR 
technology to enhance energy performance in historical buildings.

3.2 AR in historical buildings according to energy efficiency

Integrating digital technologies, especially AR, is effective for visualizing ther-
mal optimization outcomes, enabling informed decisions in design and heritage 

Figure 17. 
Keyword analysis (a) Co-occurrence count = 1 (b) Co-occurrence count = 2.
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Figure 18. 
Methodologic workflow from Brumana, Stanga, and Banfi [104].

conservation [101]. Creating digital twins of historical sites combined with AR 
enhances user engagement and comprehension [102], notably when visualizing 
energy simulations and resource efficiency measures through connected HBIM–AR 
models [39, 101]. Such technologies offer real-time insights into building conditions, 
significantly aiding sustainability and long-term heritage conservation goals [8].

Beyond analyzing energy interventions, AR offers a highly interactive way to com-
municate how proposed construction or infrastructure projects may affect historical 
sites [103]. Its capability to visualize sensor-generated data simplifies building perfor-
mance assessments and enhances sustainability training [98]. Combined BIM-based 
platforms with real-time sensor data support AR applications across scales, from 
individual buildings to extensive archaeological sites, ensuring effective monitoring 
and energy management (Figure 18) [104].

AR significantly contributes to energy performance analysis in historical build-
ings, particularly through integrating renewable energy systems and increasing user 
awareness of sustainability, aligning heritage conservation with digitalization. Several 
studies exemplify these capabilities. Adán et al. [105] explored AR combination with 
thermal point cloud technologies, while Alazmi and Seo [106] examined AR's visual-
ization potential for temperature analysis in historic contexts. Alva et al. [107] devel-
oped urban-scale AR applications that facilitate significant energy savings through 
optimized LED lighting and solar panel integration, modernizing the energy systems 
of historical buildings without compromising their heritage value. Additionally, 
Digital Twin (DT) and Urban Digital Twin (UDT) methods enable the identification 
of buildings with high carbon emissions, optimizing maintenance cycles, and sup-
porting energy system upgrades while preserving cultural heritage (Figure 19).

Osello et al. [108] combined integrated multiple models (architectural, structural, 
mechanical, electrical, and HVAC) using Autodesk Revit, complete with sensor 
modules for real-time monitoring of temperature, humidity, and lighting. Exporting 
the model in FBX due to geometric complexity, they created a virtual environment 
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accessible via an AR-enabled Android app: scanning a simple QR code allowed users 
to navigate 3D data effectively (Figure 20). Antonelli et al. [109] conducted experi-
ments and introduced a 5G-based AR system at L’Aquila University, optimizing 
energy consumption and improving structural monitoring alongside disaster man-
agement in heritage contexts.

Upon examining these case studies, considerable variations emerge in methodolo-
gies, software tools, and evaluated parameters (Table 2). Despite these differences, 
each case highlights AR’s adaptability and significant potential to connect energy 
efficiency strategies effectively within heritage conservation practices. Table 2 

Figure 19. 
Data visualizations from Alva et al. [107].

Figure 20. 
Images from the application developed by Osello et al. [108].
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summarizes these diverse approaches, indicating measured parameters and employed 
software platforms. This analysis provides a foundation for identifying best prac-
tices and outlining future research directions. The next subsection further develops 
research suggestions derived from insights gathered through reviewing existing 
studies in this evolving field.

3.3 Exploring the interconnections between studies in the context of research

This subsection details the significant suggestions identified in the literature, 
emphasizing AR technology’s potential for improving energy performance in his-
torical buildings. Using AI-supported analyses, key interdisciplinary intersections, 
trends, and methodological overlaps in existing literature have been summarized. The 
resulting research suggestions provide practical strategies and illustrative scenarios, 
beneficial for both technical teams and restoration specialists involved in heritage 
conservation and energy performance optimization (Table 3).

These suggestions demonstrate AR technology’s substantial potential to enhance 
energy efficiency and heritage conservation in historical buildings. Connecting AR 
with BIM and digital twin methodologies enables real-time collaboration, remote 
operation capabilities, and efficient data sharing, supported by platforms like 
Autodesk BIM 360, Microsoft HoloLens, and Unity Reflect. Specifically, AR visual-
ization capabilities enhance rapid identification of energy inefficiencies, enabling 
targeted interventions and informed decision-making [105, 108].

Digital twin and HBIM connections within AR environments allow virtual evalu-
ation of potential improvements, optimizing strategies for heritage conservation 
and energy efficiency [85, 107]. Similarly, passive and active energy solutions benefit 
significantly from AR simulations, facilitating informed planning decisions for strate-
gies such as natural ventilation, insulation improvements, solar panel installation, 
and geothermal systems connection [60, 61]. Similarly, in active energy solutions, 

Evaluation standard Parameters Software Country Subject

Alva et al. 
[107]

CIBSE tm65 GHG Emissions, 
Energy Usage

City Energy Analyst 
(CEA), QGIS

Singapore Urban 
Digital 
Twins 
(UDT)

Osello 
et al. 
[108]

COBIE 
(Construction 
Operations Building 
Information 
Exchange)

Disaster 
Management, 
Energy 
Optimization, 
Facility 
Management, 
Seismic

Autodesk Revit, 
EnergyPlus, Green 
Building Studio, 
Design Builder, 
Navisworks, MS 
Project, and SQL 
Server

Italy Multifaceted 
Approach 
to Historical 
Buildings

Antonelli 
et al. 
[109]

3GPP, ITU, IEEE, 
QoS

Structural 
Monitoring of 
Buildings, Building 
Automation, 
Information and 
Communication 
Technologies

MATLAB, 
NS-3 (Network 
Simulator 3), 
OpenAirInterface 
(OAI), FlexRAN,

Italy Multifaceted 
Approach 
to Historical 
Buildings

Table 2. 
Analysis of review articles.
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Topic Description Proposed method Example application scenarios Ref.

Visualization 
and decision 
support

AR visualization 
of energy losses 
(heat, humidity, 
temperature)

AR-based sensor data 
visualization and pre-
assessment of energy 
strategies

Thermal imagery overlays on 
façades highlighting insulation 
deficiencies

[105, 
108]

Digital twin 
and HBIM 
connections

Virtual models 
enabling energy 
simulations via 
digital twins and 
HBIM

Integration of digital 
twins with AR for 
virtual performance 
testing

Virtual testing of double-glazed 
windows and insulation in 
AR environments to identify 
optimal energy efficiency 
solutions

[85, 107]

Passive 
energy 
solutions

Natural ventilation, 
thermal mass, and 
optimized sunlight 
utilization

AR simulations 
visualizing the effects 
of passive design 
strategies

AR testing of window 
positioning, shading, and 
ventilation strategies for 
comfort

[60, 61]

Active energy 
solutions Renewable energy 

systems and efficient 
HVAC technologies

AR-supported 
simulations optimizing 
renewable and active 
energy systems

AR simulation of solar panel and 
geothermal system placement 
on heritage roofs

[62, 63]

Data 
collection 
and analysis

Real-time sensor 
data collection and 
AR visualization

AR-based interactive 
visualization 
integrated with 
energy management 
algorithms

Interactive AR display of 
temperature, humidity, and CO₂ 
levels for adaptive control

[108, 
109]

simulation 
and testing

Pre-restoration 
AR simulations of 
energy improvement 
strategies

AR-based evaluation 
of insulation 
and retrofitting 
interventions

Virtual restoration planning 
tests insulation types without 
heritage damage

[14, 106]

Education 
and 
awareness

AR modules 
illustrating 
sustainable practices 
for teams and visitors

Interactive AR 
storytelling 
highlighting energy 
efficiency solutions

Heritage site AR tours 
enhancing understanding of 
sustainable practices

[2, 110]

Cultural 
heritage and 
restoration 
support

AR-supported 
planning of energy 
enhancements 
preserving 
architectural 
integrity

AR simulations for 
discrete insulation 
solutions

Restoration teams using AR to 
plan low-impact insulation on 
heritage structures

[85, 86]

Renewable 
energy 
integration

Optimization of 
renewable energy 
integration (solar, 
geothermal)

AR-based simulation 
balancing renewable 
integration with 
aesthetic conservation

AR virtual placement of solar 
panels on heritage roofs, 
optimizing energy yield

[63, 107]

Visitor 
experience 
and 
education

AR-enhanced 
experiences to learn 
about historical 
building energy 
systems

AR-supported 
interactive storytelling 
and educational 
modules

Visitors exploring energy 
consumption and sustainability 
via AR tours

[6, 29]

Social 
potential

Real-time 
collaboration via AR 
combined with BIM 
and digital twins

AR applications 
enabling stakeholder 
visualization of 
interventions

Stakeholders using AR-HBIM 
overlays for collaborative 
restoration planning

[26, 102]

Table 3. 
Research topics for energy solutions with AR in historical buildings.
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AR-supported simulations facilitate evaluation of renewable energy systems and HVAC 
configurations; for example, by virtually testing various solar panel layouts to assess 
both energy production and architectural compatibility [62, 63]. In data collection 
and analysis, AR significantly simplifies real-time visualization of sensor measure-
ments, facilitating immediate response and adaptive energy management [108, 109]. 
Furthermore, AR-based simulation tools enable the pre-assessment of different insula-
tion or retrofitting scenarios to ensure optimal intervention strategies [14, 106].

AR also enhances education and public awareness by providing interactive edu-
cational experiences on sustainability within historical contexts [2, 110]. Moreover, 
AR applications effectively support restoration efforts by allowing non-invasive 
visualization of energy efficiency measures, ensuring heritage unity and aesthetic 
compatibility [85, 86]. AR-based simulations also help assess the suitability of renew-
able energy systems, such as solar panels, ensuring their combination does not detract 
from the building’s historic appearance [63, 107].

Finally, AR significantly enriches visitor experiences, improving public under-
standing of historical building sustainability through engaging storytelling, interac-
tive scenarios, and detailed energy simulations [6, 29]. Additionally, AR connection 
with BIM and digital twins promotes effective stakeholder collaboration and broader 
community engagement with cultural heritage conservation [26, 102]. These 
expanded suggestions thus provide a detailed framework for future research and 
practical implementation, maximizing AR’s potential in conserving historical authen-
ticity and promoting sustainable energy management.

4.  Conclusion

AR technology is increasingly recognized as a valuable tool for digital documen-
tation and the conservation of historical buildings. Although AR applications in 
building physics and detailed implementation strategies are still evolving, current 
capabilities already extend beyond basic visualization. Specifically, AR can display 
real-time thermal performance maps, air quality indicators, and energy consumption 
data. These features facilitate pre-evaluation of energy-saving interventions, such 
as insulation improvements or window retrofitting, thereby supporting sustainable 
energy optimization while conserving architectural authenticity. Combining AR with 
digital twins and HBIM further improves the accuracy of historical building analysis 
and restoration processes. Using AR alongside thermal imaging and sensors helps 
precisely detect energy losses and monitor environmental conditions within heritage 
structures. Additionally, AR-equipped drone systems effectively map thermal data 
onto 3D building models, enhancing the accessibility and comprehensiveness of 
energy assessments.

Within the scope of this study, the relationship between AR and historical build-
ings is defined, focusing specifically on research evaluating and enhancing energy 
performance—an area currently underexplored yet holding significant potential for 
both research and practical applications. Subsequently, all reviewed studies are ana-
lyzed to identify their connections with AI, from which research topics are developed, 
and suggestions for future studies are proposed.

Despite promising developments, the use of AR to enhance energy efficiency 
in historical buildings remains limited in existing research. Digital methods allow-
ing minimally invasive data collection are essential for identifying optimal energy 
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strategies compatible with heritage conservation. Moreover, AR-based visualizations 
can significantly improve the aesthetic compatibility of renewable energy solutions, 
aligning conservation objectives with sustainability standards, such as Net Zero 
Energy Building (NZEB) guidelines. Advances in mobile and pervasive computing 
have expanded AR’s applications in cultural heritage. Yet, research into lightweight, 
energy-efficient AR solutions remains underexplored. Future research should 
emphasize developing energy-conscious AR applications, advanced sensor-fusion 
techniques, and AI-supported analytics capable of automatically detecting issues and 
suggesting improvements, for instance, recommending insulation when detecting 
heat loss. Standardizing AR data-sharing practices across interdisciplinary teams 
would further streamline workflows. Additionally, creating engaging AR experiences 
dedicated to sustainability education could effectively enhance public awareness of 
energy-efficient heritage conservation practices.

In summary, AR technology holds considerable promise for improving energy 
efficiency and ensuring the sustainable management of historical buildings while 
maintaining cultural authenticity. Continued research, especially into AR’s connec-
tions with digital twins, HBIM, and artificial intelligence, will yield deeper insights, 
strengthening heritage conservation efforts and expanding the impact of sustainabil-
ity within cultural heritage management.
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A.Appendix

AI artificial intelligence
AR augmented reality
BIM building information modeling
BIPV building-integrated photovoltaics
CDE common data environment
CFD computational fluid dynamics
DT digital twin
GHG greenhouse gas
GIS  geographic information system
HBIM  historic building information modelling
HCI  human-computer interaction
HVAC heating, ventilation, and air-conditioning
IR infrared
MR  mixed reality
NZEB net zero energy building
UDT urban digital twin
VR  virtual reality
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Chapter 10

Augmented Reality for Lighting
Adjustment in a Virtual Studio
Maja Michaelis and Jens Herder

Abstract

An interactive virtual studio is used for live broadcasts with live interaction in
front of the recording system. Advances in Augmented Reality (AR) using video see-
through Head-Mounted Displays (HMDs) also make it possible to improve the pro-
duction process itself. Lighting can be improved and adjusted using AR while seeing
live effects. An Augmented Reality Lighting Adjustment System (ARLAS) for a virtual
studio has been developed and evaluated. The traditional process for controlling
lighting in a virtual studio is complicated and time-consuming. It often requires
several people to control many different components at different locations. Using AR,
this process is simplified by integrating relevant programs and video streams into a
single application on an HMD, allowing direct control at lighting locations. Changes to
settings are immediately visible on the real fixtures. Real lights can be replicated
virtually to maintain consistent lighting conditions in virtual scenes, ensuring that
virtual objects are lit as they would be in a real studio. The prototype demonstrated the
benefits of AR for complex virtual studio setups and was evaluated by 18 participants.

Keywords: interactive virtual studio, lighting adjustment, set design,
previsualization, production control, augmented reality, augmented virtuality

1. Introduction

In video productions, virtual studios enable the blending of people and objects
with virtual elements and environments, allowing real-time interaction with these
virtual elements. Virtual studios consist of various hardware and software compo-
nents that enable three subsystems: tracking, rendering, and compositing [1]. The
adjustment of lighting is very important in a virtual studio and strongly influences
production outcome. Therefore, it is essential to adjust the lighting effectively.
Figure 1 shows the conventional method for adjusting studio lights. A light bar is used
to adjust studio lights, especially those positioned at inaccessible heights. It allows
vertical and horizontal alignment, focus adjustments (if available), and precise posi-
tioning of the barn doors, which can be opened or closed to shape the light beam. The
light bar simplifies this process by enabling adjustments without lowering the lights. It
is inserted into holders and operated through rotation.

Lighting settings have a significant impact on the footage and the keying result. It
must be bright enough to enable high-quality footage with the cameras. For good
keying results, the subject should be evenly and brightly illuminated. In addition,
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lighting contributes to creating a specific mood or atmosphere and should be used
accordingly. Lighting also helps to evaluate space through shadows and by creating a
sense of depth. Moreover, lighting can be used to direct the viewer’s gaze [2].

The traditional process of adjusting lighting in a virtual studio is typically complex and
time-consuming. It involves numerous components and interdependent connections; the
configuration of one element often affects others. Furthermore, the process frequently
requires the coordination of multiple individuals. Figure 2 provides an overview of the
components necessary and employed for traditional lighting adjustment. It shows that
operator movement between the studio and control room is unavoidable. The virtual
studio comprises lights to be adjusted and several cameras to record the virtual produc-
tion. The camera arm and camera robotic in the studio are tracked using mechanical
encoders, ensuring reliable data independently of light conditions. The studio lights have
physical settings that need adjustment directly on the studio lights and software-based
settings that are managed through the control room. The control room settings include
dimming and color temperature. Since an appropriate color temperature for keying is
predefined in the studio setup, there is no need for further modification. To adjust
properties, lighting control software (grandMA2) is used, where Digital Multiplex (DMX)
channels and executor faders are assigned to the studio lights. DMX is standard for digital
lighting control. There is also software for the virtual set and virtual light, which is used in
the control room. Simplified in this figure, there is software for graphic design and
rendering (Viz Artist) and control software (Viz Arc) as an interface. Further details are
provided in Figure 3. Another important component is the Chromakeyer Ultimatte 12,
which can also be controlled via software, specifically using Ultimatte Software Control.
Figure 2 highlights that relevant imagery is necessary to properly judge the lighting

Figure 1.
Studio lighting adjustment with a light bar allows vertical, horizontal, and focus alignment without lowering the
lights.
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Figure 2.
Overview of the components involved in traditional lighting adjustment. The overview is divided into
components that are located in the studio, in the control room or in both locations. There are dependencies
between the components. Relevant imagery is available and visible in both locations and serves as the central focus,
as it is used to evaluate the setting of all components. The imagery must be available as video streams within the
ARLAS.

Figure 3.
Overall structure of the ARLAS. The connections of the system are shown with the relevant interfaces. (Serial
Digital Interface (SDI) is a standardized interface for transmitting digital video and audio signals, used in
professional video and broadcast production).
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setup. These must be available as video streams within the ARLAS, as it is impossible to
adjust the lighting effectively without visual feedback. In typical workflows, screens are
used for this purpose. Moreover, in virtual productions, virtual light is added to comple-
ment the real light on set. Therefore, both real and virtual lighting must be taken into
account. The goal is to simplify and optimize this complex process using AR. When using
AR, virtual elements are added to the real world, allowing real-time interaction with these
virtual elements. There are several advantages to using AR for lighting adjustment. First,
control from a single location (in the studio, with no need for a control room) is possible.
Second, all components are controllable within a single system. In addition, the system
can be operated by a single operator who receives direct visual feedback on changes. In
comparison, the traditional process often requires several operators. Our ARLAS facili-
tates real-time control and seamless synchronization between physical and virtual ele-
ments within the studio environment. By providing users with immediate visual
feedback, it enables intuitive and efficient interaction with the system. This direct
responsiveness allows precise modifications for lighting adjustment. This represents a
significant benefit of employing AR, as it bridges the gap between the digital interface and
the physical setup.

A video capture of the AR light control prototype is available online.1

2. Related research and projects

2.1 Mixed reality stage

Broll et al. describe a Mixed Reality (MR) system, called the “Mixed Reality Stage”,
for planning stage performances [3]. The system supports the creative planning pro-
cess for stage events by allowing planners to test stage setups and
choreographies using real and virtual elements. The “Mixed Reality Stage” is con-
trolled using an HMD and a view pointer, voice commands to activate menus, and
Tangible Units, which are physical objects used to manipulate virtual elements. Both
the Mixed Reality Stage and the ARLAS enable real-time control and synchronization
of real and virtual elements, with users receiving direct visual feedback to make
changes to the environment.

2.2 Intuitive virtual production tools for set and light editing

The aim of the paper “Intuitive Virtual Production Tools for Set and Light
Editing”was to develop a system that facilitates light and set editing in virtual production
environments [4]. This paper presents a tablet application and AR/VR-based solutions for
real-time editing on set. These are aimed at users without advanced 3D software skills. A
key part of this approach involves the use of simple, intuitive interactionmethods, such as
gesture controls and a clean, minimalist interface. A key feature of our ARLAS is that
users can move directly within the production scene to control lighting and set elements.
AR is used to offer real-time control with immediate feedback, using an HMD and hand
gestures for interaction. This approach eliminates the need for mastering complex 3D
software, significantly simplifying object adjustments. These advantages are equally
essential in our ARLAS, which employs an HMD and enables direct control at the pro-
duction location.

1

https://vsvr.medien.hs-duesseldorf.de/publications/intechopen-2025-ar-lighting/
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2.3 ARStudio

“ARStudio” is a low-cost virtual studio system that also uses AR [5]. It is used to
integrate virtual elements into the real scene so that the production team and actors
can see them. Markers placed in the environment display virtual objects as soon as
they are detected. The virtual scene is therefore captured by cameras that recognize
the markers and determine the position and orientation of the virtual objects. These
markers serve as an interface for moving, rotating, and interacting with the virtual
objects. Because the virtual objects are directly visible in the production process, the
production team can catch errors early and make changes before post-production
begins, saving time and money. In contrast to “ARStudio”, our ARLAS displays virtual
elements directly to the user through the Meta Quest Pro. The Meta Quest Pro is a
premium Virtual Reality (VR) and AR headset released by Meta in 2022.

2.4 Dreamspace

The EU-funded project Dreamspace uses AR to combine and visualize real and
virtual elements in real-time during the production phase [6]. Virtual content can be
viewed and adjusted during production, rather than in post-production. AR is also
used to control lighting in real-time and synchronize virtual lights with real light
sources, creating a consistent and realistic representation of the entire scene.

In the later development of the Dreamspace project, the Virtual Production Editing
Tool (VPET) was developed [7]. Instead of an AR-based approach, a user-friendly and
more efficient tablet-based control system is used. Previous prototypes based on AR
and gesture control proved to be too complex and unintuitive, especially for untrained
users. Difficulties in performing basic tasks made AR and gesture control impractical
for light customization in this case. In our ARLAS, we try to control the application
mainly through virtual menus, rather than through gestures. In addition, the user is
given hints on how to control the ARLAS, as the interactive components have info
texts or icons.

2.5 Homerise (HomeKit)

It is possible to control real lights with the help of AR. The Homerise2 application
leverages HomeKit to enable control of Apple HomeKit-compatible smart home
devices, including lights, using AR. The surroundings are captured with the camera of
an iPhone, iPad, or the Apple Vision Pro. Virtual content is then placed and anchored
to the real devices. These spatial widgets enable direct control of the devices and
always appear in the same place as soon as the environment is recognized in AR mode.
Various settings, such as power on/off, brightness, RGB colors, and color temperature,
can be changed. The new version enables immersive interaction through Apple Vision
Pro. Wrist control allows users to operate smart home functions with intuitive ges-
tures. As users move between rooms, the application automatically reconfigures
interface elements using room awareness. Spatial widgets maintain persistent place-
ment, integrate visually through wall snapping, and dynamically hide or minimize
based on user proximity and line of sight.

2

https://apps.apple.com/de/app/homerise/id1439944386?platform=vision
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2.6 XRchitecture

There is also the project “XRchitecture - Remote Control of Virtual DMX/Art-Net for
a Real Light-Console”, which makes it possible to control real lights from a virtual
application [8]. As in our project, virtual representatives are used and controlled for the
real lights. The aim of this project is to enable hybrid events that can be attended both in
person and virtually at the same time. An event could be visited virtually using VR,
where the entire scene is recreated. The positions of the virtual lights must match the
positions of the real lights for it to look the same. In addition to the virtual solution, the
lighting can still be controlled by a real existing lighting console, which is also possible in
our ARLAS. The project uses Art-Net for lighting control in Unity, as in our ARLAS. Art-
Net is a network protocol developed by Artistic License [9], used to transmit DMX data
over IP networks. It is based on TCP/IP. It is similar to Architecture for Control Net-
works (ACN) but easier to use. It does not require complicated configuration [10].

2.7 Coupling real and virtual light control in AR-based studio systems

A related method for integrating virtual lighting into mixed reality environments
was introduced by Davin and Herder [11]. Their system enables real-time relighting of
2D video streams by estimating depth and generating simplified 3D geometry from
the input image. This allows virtual light sources to interact naturally with video
content, resulting in realistic shadows and highlights. Instead of modifying the video,
this system allows lighting adjustment in the physical space via AR. At the virtual
studio of Hochschule Düsseldorf, Lighthouse-based tracking with SteamVR and Vive
Trackers was used to move virtual objects in real time within mixed or fully virtual
environments for virtual productions [12]. The system also enables dynamic occlusion
handling using tracked hand controllers. In contrast, the ARLAS focuses on light
control, in which virtual lights are coupled with their physical counterparts. Virtual
lights act as interfaces to control the real studio lights in real time.

3. Implementation

3.1 Assignment and visualization of lights

To control a real light in the ARLAS, a virtual representative must be available for
each real light. This approach follows the concept of a Digital Twin (DT). A DT is a
continuously updated virtual representation of a physical system. In this context, the
virtual light serves as the digital counterpart to the physical fixture, enabling syn-
chronized control and accurate replication [13]. The virtual representatives are used
for assignments and are the virtual objects accessible to the user in the ARLAS. They
serve as interactive elements that the user can select within the ARLAS to control the
corresponding real-world light, as shown in Figure 4.

Another important aspect is that the real light must be recreated virtually, so that
the real and virtual light in the virtual set match to achieve the same visual represen-
tation. For this reason, detailed information on each light’s settings is essential and will
be used at a later stage.

The virtual objects of the lights are modeled based on the original lights. As there
are different types of lights in virtual studios, different 3D representations were
created for each. Figure 5 displays the various virtual lights positioned according to
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their arrangement in the virtual studio. Generally, there are highlight lights and area
lights. While both support adjustments in position, rotation, intensity, and color
temperature, highlight lights offer an additional option to set the focus. Within this
ARLAS, highlights are modeled as cylindrical objects, while area lights are depicted as
cubes. Some area lights are placed on the floor and are movable. Their 3D representa-
tions feature a frame to improve visual clarity and distinction.

The virtual lights are numbered to ensure correct mapping to the real lights. As
Figure 4 shows, the lights in the virtual studio are each assigned a numbered label,
which is also used for assignment in the lighting adjustment software. There is always
a yellow side on the 3D models that represents the illuminated side so that the

Figure 4.
Lighting Adjustment in a Virtual TV Studio with an AR HMD: (Left) Lights with AR Proxies; (Middle) AR
Menu on Arm for Adjusting Light Parameters; (Right) NDI Monitor for all Video Sources.

Figure 5.
Virtual scene based on the lighting setup of the virtual studio, showing different types of lights as visible to the user
in AR. Highlight lights are shown as cylinders, area lights as cubes. Floor-mounted area lights include a visible
frame. Numbering is displayed to enable correct mapping to real lights.
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positioning and rotation match. This is important for transferring properties of each
light to ensure accurate virtual replication.

3.2 Transferring the setting of virtual lights to the real lights

After selecting a light and adjusting settings, the corresponding real light should
reflect the changes. This is a key characteristic of a DT, where virtual adjustments
immediately influence the physical counterpart. Although it is technically possible to
send commands directly from the Unity-based ARLAS application to the lighting
software via Art-Net, this approach is not practical in this use case.

As previously mentioned, we aim to recreate the virtual lighting within the virtual
scene of the virtual set. Therefore, information about each light’s settings must also be
available within the virtual set application. To avoid sending data separately to both
the lighting console and the virtual set design and rendering tool, the virtual set
control software is used as the central interface. The central interface also improves
maintainability, as changes can be implemented more easily within the ARLAS.

We send the information about a light to the main interface in JavaScript Object
Notation (JSON) format using the Representational State Transfer (REST) Applica-
tion Programming Interface (API). There, the JSON data is processed so that the
correct virtual fixture is selected based on the fixture’s ID and setting information. The
described process is shown on the left side of Figure 3.

Lighting control is provided by lighting control software (GrandMA 2 on PC),
which can also be available as a lighting console. DMX should be sent to the lighting
control software, which then controls the fixtures. The Art-Net and Streaming Archi-
tecture for Control Networks (sACN) protocols can be used to receive DMX for the
used software. The DMX standard allows the control of 512 DMX channels in a DMX
universe. So a DMX universe consists of 512 control channels, and if one universe is
not sufficient for all devices, an additional universe must be used. A channel in a
universe can be controlled with values between 0 and 255 (8 bits). Figure 6 shows
visualization of the channels in the studio for the existing lights. A channel controls
the dimming level or the color temperature. To control colored lights, multiple DMX
channels are typically assigned: one for red, one for green, and one for blue.

Figure 6.
Representation of the DMX channel allocation for studio lights in a single universe, which enables their control and
configuration.
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3.3 Transfer of relevant video imagery using network device Interface (NDI)

To evaluate the lighting setup, the user needs access to relevant camera imagery
within the ARLAS. For this purpose, there is a virtual screen that receives and displays
video sources. The KlakNDI plug-in, which is based on Network Device Interface
(NDI), was used for implementation [14]. Figure 3 shows the integration of NDI
usage. For our purposes, the six most relevant NDI video sources were chosen to
support lighting adjustments.

NDI was developed by the company NewTek and stands for Network Device Inter-
face. It is an open protocol that enables the transmission of video and audio in real-time
via a Local Area Network (LAN) using video-compatible products. NDI enables video
systems within a network to automatically identify and establish communication with
one another. A distinction is made between sending and receiving applications [15]. In
this project, the ARLAS made in Unity receives the video sources using the KlakNDI
plug-in’s receiver script. These video sources are available in the NDI Connect applica-
tion on PCs through the use of a crossbar and are sent from there. It is required that the
PCs and the ARLAS operate within the same network environment.

Due to the performance limitations of the Meta Quest Pro, only one video source can
be viewed at a time. Figure 7 shows the virtual cube in Unity on which an NDI source is
rendered. Arrow buttons can be used to change the video source by switching the
receiver script to a different video source. The user can also use the buttons to scale the
virtual screen. The screen can be placed anywhere in the scene using hand tracking.

3.4 Connecting applications for chroma keyer control

The chroma keyer is used to create a key that serves to separate a target object
from its single-color background. This makes it possible to generate a new image
composition by integrating the target object into a different setting, such as a virtual
set. The Ultimatte, a color difference keyer, uses differences between color channels
in the background to form a key [16]. A final composited result is shown in Figure 4.
In this case, green is the reference color, and the person and the dummy are the target
objects inserted in a virtual set. It is required that the chroma keyer can be controlled

Figure 7.
Virtual screens on which important relevant video imagery can be displayed. These are necessary for assessing the
current light setting. The virtual screen is portable, scalable, and switchable.
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in the ARLAS. However, since no suitable AR interface exists for the chroma keyer, an
alternative solution had to be chosen.

Immersed was used in the implementation of the prototype. Immersed is an appli-
cation that provides the ability to work on virtual monitors in VR and AR. The PC is
connected to the app, and the screen is transmitted so that up to five virtual monitors
can be used without additional hardware. Monitors can be scaled up and customized.3

Figure 8 shows an example of Immersed being used to control the chroma keyer.
Because Immersed is not integrated into the target ARLAS and is a different applica-
tion, it is necessary to switch between the two applications. Currently, one application
must be closed completely before switching to the other. This is impractical and
requires the last state of the ARLAS application to be saved so that the previous state
can be used when the application is restarted.

3.5 Reproduction of the virtual light in rendering engine (Viz artist)

The lighting needs to be recreated virtually. The positions, rotations, and scalings
of the fixtures in the studio are known and are sent to the virtual set’s rendering
engine when changed by the ARLAS. Accordingly, the scene with fixtures can be
recreated in the virtual set, as shown in Figure 9. Next, the lights should be recreated
virtually. To achieve realistic lighting of virtual objects with virtually recreated light, it
is essential to distinguish between different types of lights:

Figure 8.
Use of the Immersed software to operate the chroma keyer. Any software on a connected PC can be operated in this way.

3

https://immersed.com/

238

Augmented Reality – Situated Spatial Synergy



• Purely real light: This light is only relevant in the real world and does not impact
virtual objects. It can be ignored for virtual lighting purposes, such as background
lighting that brightens the studio but not the performance area.

• Purely virtual light: This light exists solely in the virtual environment and
illuminates the surroundings without affecting real objects. No special coupling is
needed as it is already virtual.

• Coupled real and virtual light: This real light influences virtual objects and must be
accurately recreated in the virtual environment. Proper coupling is essential to
ensure realistic illumination of virtual objects.

The ambient lighting defined in the software should ideally match the actual back-
ground lighting conditions of the studio to ensure consistent illumination. Real-world
lighting environments can be captured and stored in an HDR environment
map. Although creating such a map is technically demanding, it simplifies configuration
of the virtual scene and improves visual quality [17]. Figure 10 shows the replication of
a highlight. A precise implementation in the rendering engine for all lights was not
pursued further, as the environment of the virtual scene must also match the real room.

3.6 Interactions for using the ARLAS

3.6.1 Determining light location and orientation (six DoF)

To correctly replicate the lighting setup, the full six Degrees of Freedom (DOF),
comprising both location (three DoF) and orientation (three DoF), must be determined

Figure 9.
Virtual lights in the virtual set (rendered in Viz Artist), based on the position and orientation of real lights.
Alignment is derived from the AR setup.
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for each light. Since spatial anchors did not provide reliable results, an alternative system
was implemented to fix virtual content at specific locations and orientations within the
scene. For this purpose, a specific point within the studio was identified and used as a
reference point. At the beginning of the ARLAS application’s execution, this reference
point must be recalibrated. To achieve this, three points must be correctly positioned and
rotated so that the floor level and the reference point align precisely.

Due to the limited precision of the Meta Quest Pro’s hand tracking, controllers are
required for the accurate placement and orientation of virtual lights during the initial
setup process. This decision is supported by previous observations with the Meta Quest 2,
which showed that using controllers is both faster and more precise than relying on hand
gestures such as pinch and grab movements for selecting and manipulating objects [18].

While the ARLAS application is intended to function entirely without controllers,
their use is currently necessary for the initial placement of lights. Accurate positioning
and orientation cannot be reliably achieved using hand tracking alone. However,
controllers are not ideal in this context, as adjusting lights via the lighting bar requires
both hands, and the controllers interfere with this process. Once the virtual lights have
been placed correctly, the controllers can be set aside, and interaction can proceed
using hand tracking.

To move the virtual lights, ray-based interaction is used. Rays, visualized as
straight lines extending from the controllers, allow users to select and manipulate
lights in 3D space. When grip buttons on the controller are pressed, the selected light
follows the movement of the controller in both location (three DoF) and orientation
(three DoF), enabling full six degrees of freedom manipulation.

3.6.2 Using the setting of a light

The user’s hand menu is the control element that offers a variety of functions to
efficiently control lighting in a studio. The menu contains sliders for adjusting the

Figure 10.
Visual replication of a real highlight used as a virtual light within the rendering engine of the virtual set.
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rotation, dimming, and focusing of the lights. The focus adjustment slider is functional
only for those lights that feature a variable focus setting. The sliders in the virtual hand
menu are designed skeuomorphically to resemble physical faders commonly found on
lighting consoles. Skeuomorphism refers to a design approach in which digital interface
elements replicate the appearance or functionality of their real-world counterparts [19].
It is used to enhance user familiarity and to improve ease of use. The center image in
Figure 4 shows the hand menu in use. Another important feature of the hand menu is
the display of the number of selected lights, which is shown at the top left of themenu as
a hint. This allows the user to keep track of the currently selected lights at all times. In
addition, a red indicator is activated at the top right of the menu when the user tries to
adjust the horizontal light. This light should not be changed, as it is already optimally
configured to illuminate the green background. As the horizontal light cannot be
adjusted, the corresponding sliders are deactivated to avoid user errors. Recognizable
feedback is very important, as it confirms to users that their actions have been carried
out successfully. Audible feedback is essential for actions performed, which is why
sounds are played when a button is pressed [20]. The hand menu is anchored firmly to
the user’s hand. This means that the menu is always available, regardless of where the
user is in the studio. This is practical, as the user can move freely in the room while the
menu remains easily accessible at all times. The menu can be used directly at any light’s
location. Another advantage of attaching the menu to the user’s hand is that both the
menu and the light remain visible simultaneously within the user’s field of view. This
simplifies operation significantly, as the user no longer needs to constantly shift their
gaze between the menu and the light. However, there is also a disadvantage: depending
on the position of the user’s hand, the menu can be obstructed by the user’s own arm.
This limitation can be mitigated by allowing users to reposition their hands, thereby
adjusting the menu’s placement as needed.

3.6.3 Selection of a light

To adjust a virtual light, it must first be selected, which can be done using the Meta
Quest Pro’s eye-tracking. A known problem here is the so-called Midas Touch Problem,
where unwanted actions are triggered by constant eye movements, e.g., by a short gaze
on the wrong button. A common solution is the use of dwell time, which requires the
user to maintain visual focus on an interface element for a certain duration before it is
selected. While this helps prevent accidental inputs, it can slow down interaction and
may become fatiguing over time. Another solution involves gaze gestures, such as a
quick blink. Multimodal interactions that combine eye-tracking with another modality
are also effective as they are more expressive and faster than pure hand gestures [21].
An intuitive combination of gestures is important [22]. Voice control is excluded, as it
tends to be distracting in a studio environment with multiple people present. Eye-
tracking combined with hand gestures is less physically demanding than the use of
controllers [23]. In the left image of Figure 4, a light is selected via eye-tracking and
confirmed using the pinch hand gesture. In addition, the user receives visual feedback
through the color change of the light as well as sound-based feedback.

4. Evaluation

The ARLAS was evaluated with 18 subjects. Most subjects had experience with the
virtual studio, but were not experts or long-time users. After a demonstration of the
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functionality, they were given a specific task and had to use the ARLAS by themselves.
After finishing the task, they received a questionnaire including space for open-ended
feedback.

Each participant was able to place the lights with the controls at least sufficiently. The
best-rated interactionwas the selection of the lights with eye-tracking and a pinch gesture.

Two settings could be adjusted using the sliders: light rotation and dimming. The
rotation control was problematic, as it occasionally caused axis values to reset, either
during adjustment or after reselecting a light. This made precise control difficult and
reduced usability.

The chroma keyer control received ratings of no less than satisfactory. However,
every person used the controllers to control it. These were necessary in order to access
the main menu and launch the Immersed application, through which the chroma keyer’s
user interface was accessed. This means that controllers are necessary to adjust the light.
The feedback clearly indicates that an NDI monitor with the video sources was missing
on the HMDwhile using Immersed in order to evaluate the control of the chroma keyer.

Three participants were unable to read the real numbers displayed on the physical
lights, indicating that the passthrough quality of the Meta Quest Pro is limited in
certain scenarios. However, it is sufficient for assigning virtual lights to the
corresponding physical lights. Only one participant reported experiencing discomfort
or motion sickness after using the ARLAS. It should be noted that newer AR-capable
HMDs, such as the Meta Quest 3 and newer devices, offer significantly improved
passthrough quality. Devices from other manufacturers may also be suitable, which
means that this limitation can be resolved by using more recent hardware.

Each participant was able to see the virtual lights from the ARLAS correctly
positioned and oriented in Viz Artist, confirming consistent spatial alignment across
components. This shows that the DT worked as intended and that virtual and real
elements remained consistent.

The NDI preview screen was rated as helpful for controlling the ARLAS. Each
participant was able to move it around the studio with them. One participant was
unable to scale to adjust the light. Based on the free responses of the subjects, it can be
said that the movement of the screen should be restricted.

Every participant reported that the lighting adjustment could be carried out inde-
pendently and that it was not necessary to enter the control room.

A comparison of the lighting adjustment speed between the AR-based and con-
ventional processes is not possible, since the participants’ task was limited to testing
the ARLAS and providing an overall evaluation. Detailed timing measurements were
not part of the study.

5. Conclusions

We demonstrated that AR can effectively be used to control and configure both real
and virtual lighting in a virtual studio. The ARLAS works like a DT, with the virtual
lights mirroring the real ones in real time. The lights in the studio can be manually
positioned and changed in orientation. While a previous setup can be loaded into
ARLAS, physical changes require manual adjustments within ARLAS. If only automated
lights like moving heads4 would be used or an automatic tracking of the lights were

4

https://vsvr.medien.hs-duesseldorf.de/tech/captury/
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available, the concept of DT would be better implemented. The main advantage is that
all adjustments can be made within the studio using a single application. Some issues
may be resolved with improved HMDs and the Software Development Kit (SDK). Some
subjects could not read the identification number of the real lights or experienced
motion sickness from the distortion and delay of the real images. Hands-free interaction
through eye-tracking was a major advantage, allowing users to interact with the studio
physically without putting controllers away. The software development of ARLAS
becomes easier because persistent spatial anchors are available, and the environment
can be scanned and detected. In this work, the user still had to manually set up the HMD
to the coordinate system of the studio. It is also important to design AR applications that
can adapt dynamically to changes in their environment. Regarding the studio, some
lights can be moved or changed, but the stored proxies are out of date and have to be
manually adjusted. Having access to all video sources of the studio and controlling major
components is a big benefit. In principle, an AR system becomes a universal, portable
Keyboard Video Mouse (KVM) with better interaction and screen space.
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Chapter 11

AI-Powered Augmented Reality 
as a Threat Vector for Human 
Manipulation
Louis Rosenberg

Abstract

Augmented Reality (AR) is a powerful perceptual technology that can alter what 
users see, hear, feel, and experience throughout their daily lives. When combined 
with the speed and flexibility of context-aware generative AI, the power is greatly 
expanded, allowing individual users to be targeted with custom-generated AR 
experiences that are instantly tailored to who they are, where they are, and what they 
are doing. This can transform the physical world into a magical place, but only if the 
augmentation of a user’s environment is provided for their personal benefit and best 
interests. Instead, if AI-powered AR systems are controlled by unregulated third par-
ties, such as large corporations or state actors, individually adaptive AR experiences 
could be deployed as a dangerous form of targeted influence. In fact, if the industry 
adopts an advertising business model for AI-powered AR devices, context-aware 
generative influence could become a widely used manipulative path for the promotion 
of products and services in the physical world. Worse, similar techniques could be 
used for political influence, propaganda, and disinformation. This chapter reviews 
the power and flexibility of AI-generated augmented reality, explores the risks that 
emerge when used for persuasion, manipulation, or influence, and proposes policy 
directions to mitigate these risks.

Keywords: artificial intelligence, mixed reality, augmented reality, targeted influence, 
distal attribution, AI manipulation problem, large language models (LLMs), true 
augmented reality, generative influence, regulation, ethical AI

1. Introduction

Augmented Reality (AR) is a powerful technology that merges realistic virtual 
elements into a user’s experience of the real physical world [1, 2]. It is often confused 
with simpler technologies such as smart glasses and head-up displays that annotate 
or embellish a user’s field of view, but do not actually alter the user’s mental model of 
reality. True AR (also often referred to as mixed reality) is a transformative cognitive 
experience in which the virtual content is so naturally and seamlessly integrated into 
a user’s perception of a real physical space that their brain builds a single mental model 
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of their ambient environment that includes both real and virtual elements perceived 
collectively as a single unified reality [3–6].

The distinction between annotating a user’s view and augmenting their reality 
is important because true AR is a highly impactful experience in which the user can 
easily confuse what is real and what is computer-generated. This has the potential to 
unleash amazing applications across a wide range of fields from entertainment and 
education to medicine, commerce, science, and engineering. It also has the potential 
to be an extremely dangerous vector for targeted influence, especially when third 
parties such as corporations or state actors can selectively alter a user’s perception of 
their physical surroundings as they navigate their daily lives [7].

Because the difference between smart glasses and true augmented reality has a 
profound impact on the benefits and risks of the experiences delivered, it is helpful 
to identify the cognitive process that governs whether an interface augments a user’s 
reality (i.e., the virtual content is authentically integrated into their mental model 
of reality) or simply annotates their field of view. To make this rigorous, we must 
introduce the psychophysical concept of Distal Attribution [8]. It refers to our brain’s 
ability to receive a piece of perceptual content (e.g., sight, sound, touch, smell, heat, 
etc.) and “externalize it” such that we experience the perceptual content as an authen-
tic aspect or element of the real world around us [5, 10].

This process is so fundamental to our sense of reality that we rarely think about 
its unique importance. To explore, consider this simple thought experiment—you are 
holding a walking stick as you climb a trail in a woody forest. You place the stick down 
and it hits a soft patch of mud just one step ahead of you. Your brain quickly updates 
its mental model of your surroundings and adjusts your gait for the soft ground your 
foot is about to land on. You proceed smoothly without a stutter in your step, all 
thanks to your rapidly updated model of reality.

This all seems obvious until you realize that the sensation your brain received 
was not imparted by the soft, muddy ground—it was imparted by the walking stick 
in your hand. From your brain’s perspective, nerves fired in your muscles as a result 
of the walking stick impacting your body through your hand. Your brain could have 
interpreted these signals as the walking stick suddenly going soft, suggesting it cannot 
support your weight anymore. But that is not what happened—your brain distally 
attributed the perceptual information to the ground on the other end of the stick. In 
other words, your brain correctly projected the sensory information into an external 
spatial model of the world. That model is what you perceive as reality (Figure 1).

This example highlights the fact that the reality we experience is not a direct rep-
resentation of the sensory information reaching our brains but the result of a complex 
process in which sensory content is incorporated into an internal mental model we 
experience as reality. It is not deterministic, meaning perceptual content can either 
(a) be correctly added to our mental model of reality, (b) be incorrectly added to our 
mental model of reality, or (c) simply fail to integrate with our mental model at all. If 
you project a standard movie on a wall, it could depict people in an adjacent room, but 
you are unlikely to believe the scene extends into the wall. That is because it does not 
get integrated into your mental model of reality. It is perceived as an annotation on 
top of reality and is analogous to the experiences provided by early head-up displays 
[9] and today’s smart glasses and weak AR devices.

Distal Attribution rarely fails in daily life because what we see, hear, feel, and 
experience are usually highly coherent, both spatially and temporally [11–13]. In fact, 
the only breakdown of distal attribution that I regularly experience in the real world 
is when I get my car washed. Despite knowing that my car is parked and that large 
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furry rollers are moving outside my windows, my brain often builds a mental model 
in which I actually feel my car moving. This error is caused by a mismatch between 
my vestibular and visual senses. My brain is forced to choose between a model of real-
ity where either my car is moving forward or the scene outside my windows is moving 
backward. This choice is called a Perceptual Hypothesis and is influenced by my senses 
in combination with my memories of prior experiences driving in cars. My memories 
win out, and my brain makes the wrong hypothesis (Figure 2).

Because Distal Attribution is the process by which our brain integrates content 
into our mental model of reality, achieving it is central to enabling true augmented 

Figure 1. 
Distal attribution turns perceptions into our mental model of reality.

Figure 2. 
Diagram of distal attribution in augmented reality [5].
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reality experiences [5, 10–13]. The first AR system to foster distal attribution and 
thereby enable users to experience a single unified reality of real and virtual objects 
was the Virtual Fixtures Platform developed at the Air Force Research Laboratory 
(1991–1994) [3, 5, 14]. That early research uncovered guidelines for interactive 
virtual objects to be perceived as believable additions to a user’s “ambient reality.” 
These requirements for generating an authentic mixed reality experience include: 
(a) real and virtual objects must be spatially registered in 3D within the limits of 
human perception, (b) the user must be able to interact naturally with both real 
and virtual objects, (c) real and virtual objects must interact with each other in 
authentic ways, and (d) the sensory modes of sight, sound, touch, and propriocep-
tion must be synchronized in time within human perceptual limits. For example, 
it was found during the Virtual Fixture studies that a relative time delay as low as 
70 ms among sight, sound, and touch could hinder distal attribution and make 
interactive virtual objects not be accepted as authentic elements of a real environ-
ment [16].

In addition, this research found that “a natural and predictable relation” must 
exist between efference (i.e., a user’s active engagement with an environment) and 
afference (i.e., that user’s changing perception of the environment) [5]. This might 
sound obvious, but it drives one of the most common failure modes that hinders 
distal attribution in AR and breaks suspension of disbelief. Consider a user placing 
a virtual book on a real desk. If the virtual book sinks into the real desk, afference 
and efference do not match, and the book may not be integrated into the user’s 
mental model of reality. If the solution is to restrict penetration of the virtual book 
into the real desk as a visual illusion, the book might appear on the desk, but the 
user’s hand will likely have penetrated below the desk (as perceived propriocep-
tively), which also creates a perceptual mismatch that hinders AR by breaking distal 
attribution.

To address such a mismatch, a variety of techniques have been developed. For 
example, haptic “impulse” sensations that mimic the instant of contact between the 
virtual book and the physical desk have been found to mask proprioceptive conflict 
and sustain distal attribution [17]. Other techniques that help ensure virtual objects 
are perceived as authentic elements in real environments include the casting of 
virtual shadows on real surfaces and the simulation of real-world lighting conditions 
on virtual objects [18, 40, 62]. Such cues have been found to increase realism, foster 
distal attribution, and enhance depth perception [19]. Also, sound field matching in 
the audio domain can ensure that virtual sounds match the acoustics of real environ-
ments [41]. In addition, auditory cues that emulate interactions between virtual and 
real objects can significantly enhance realism and performance [20, 49, 61]. Finally, 
pinning virtual objects to physical artifacts for tangible manipulation can support 
realism by aligning visual, haptic, and proprioceptive senses [21].

What all of these examples have in common is that enabling users to form a 
unified mental model of reality that integrates both real and virtual content requires 
achieving sufficient levels of perceptual consistency (i.e., spatial registration, temporal 
synchronization, and predictable relations between efference and afference among 
real and virtual objects). What is not required is perfect visual, audio, or haptic fidel-
ity. That is because our brains require consistent percepts, not high-fidelity percepts, 
in order to accept elements into our reality. For example, if you walk into a dark room 
where you can barely see the furniture, that room is just as real to you as it is under 
bright lights. However, if you bump into a table when crossing that dark room and 
your leg passes through it, realism is instantly lost.
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1.1 True augmented reality is finally here

As described above, it is challenging to create perceptual experiences in which the 
real and virtual are genuinely perceived as authentic elements of a single unified real-
ity. This can be referred to as true augmented reality or Mixed Reality [15, 37, 38, 45, 47]. 
For decades, this has only been possible in research labs and highly controlled product 
demos, but recently two high-profile devices, the Apple Vision Pro and Meta Quest 3, 
were released that finally cross the “uncanny valley” of augmented reality at consumer 
scale. The Apple Vision Pro achieves this by accurately registering virtual content to the 
physical environment using LiDAR, depth sensors, inertial sensors, and high-resolution 
cameras that work together to map the user’s surroundings and identify real surfaces 
as spatial anchors. It then uses a combination of precision head-tracking, pass-through 
video, and AI processing to maintain the registration and stability of virtual objects in 
3D space. Powered by Apple’s custom M2 and R1 chips, the system achieves AR with very 
low latency, ensuring that sights, sounds, and motions maintain spatial congruence and 
temporal synchrony. The result is a transformative experience for many users [22].

Similarly, the Meta Quest 3 also employs sophisticated depth sensors and high-
resolution cameras to map and recognize real-world surfaces, objects, and spatial 
layouts in real-time. Inside-out tracking enables alignment and stability of virtual 
elements as the user moves, while hand-tracking enables natural interaction. Powered 
by the Snapdragon XR2 Gen 2 chip, the system renders content with very low latency, 
maintaining coherence and fostering distal attribution. In addition, the Meta Quest 3 
provides improved haptic feedback compared to their prior systems, enabling more 
subtle sensations as real and virtual elements interact.

While the Vision Pro and Meta Quest 3 represent major strides in the production 
of high-quality headsets, even bigger advancements were made on the software side in 
2024 that may finally make AR devices an essential aspect of our digital lives, poten-
tially replacing the mobile phone as our primary interface within the next 5 years. The 
core advancement was the widespread deployment of next-generation AI systems 
called Multimodal Large Language Models (MLLMs), which enable foundational AI 
systems to receive as input, not just text, but real-time streams of video and audio. 
This means that AI assistants and other onboard AI systems have “eyes and ears” that 
allow them to react to the context of real-world environments.

When MLLMs are integrated into augmented reality eyewear that contains 
onboard cameras and microphones, AI assistants and other generative models 
powering the experience can now see and hear everything the user sees and hears in 
real-time. The addition of context-aware AI agents to AR systems means that every 
user will be able to navigate their world with an AI assistant hovering by their shoulder, 
scanning their surroundings in real-time, alerting them to things of interest, inform-
ing them of factual information, reminding them of nearby tasks, and providing 
them with custom-generated AR content in any place at any time. This, more than 
any other advancement in the evolution of AR, has the potential to mass-produce AR 
experiences for consumers that feel like superpowers [23, 25].

These context-aware AI agents will provide real-time information via eyewear 
through text and imagery, but even more importantly, they will assist users through 
natural dialog delivered through earbuds. This means that in the near future, we 
may all find ourselves with an AI whispering in our ears as we walk down the street, 
browse store shelves, hike mountain paths, attend classes, or perform jobs. This 
immersive “whisperverse” will feel like a mental superpower—a voice in our heads 
that continually informs us, reminds us, guides us, and even entertains us [24].
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In some embodiments, these AI assistants will be deployed as “Electronic Life 
Facilitators” (or ELFs) that appear visually to us in augmented worlds as embodied 
characters. As shown in Figure 3, I believe these AI-powered entities will likely be 
rendered in AR as cute creatures that earn our trust, hovering around us as they 
give guidance or flying ahead to point out elements in our world [25, 26]. Whether 
deployed as disembodied voices or personified characters, the addition of context-
aware AI assistants to our augmented future will be so impactful to our daily lives, I 
refer to this capability as Augmented Mentality and predict it will drive mass adoption 
[27]. After all, anyone not wearing AI-powered AR eyewear will be at a cognitive 
disadvantage.

The possibility of mass-produced AI-powered AR glasses may have seemed out 
of reach only a few years ago, but over the last 6 months, Meta and Google have both 
unveiled high-profile devices that bring these capabilities to consumers. Meta has 
already deployed MMLLMs for use in Meta Ray-Ban Smart Glasses and Meta Quest 3 
headsets [39]. In late 2024, Google unveiled their Project Moohan aimed at deploying 
AI-powered glasses and headsets in partnership with Samsung, driven by a spatial 
operating system called Android XR. In 2025, they partnered with Warby Parker for 
stylish frames [59]. In other words, Meta, Google, and Apple are in a race to market, at 
scale, the superpowers that AI-enabled AR eyewear will provide [60].

In addition to adding powerful assistive features, context-aware AI has the poten-
tial to make AR experiences increasingly realistic. As described above, the cognitive 
process of distal attribution occurs when AR content is so naturally integrated into 
our perceived surroundings, it gets incorporated into our mental model of reality. 
Context-aware AI will enable AR content to instantly adapt to changing conditions of 
our surroundings. This will reduce perceptual inconsistencies between the real and 
virtual, fostering distal attribution. In addition, when AI assistants are added to AR 

Figure 3. 
Our augmented future may include “ELFs” whispering in our ears [25].
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worlds that can see and hear everything that we are experiencing in real-time, these 
simulated entities will be significantly more likely to be accepted as authentic partici-
pants in our reality. Even if these agents are not truly intelligent, they are more likely 
to be perceived as “conscious beings” if they are responsive to our shared environ-
ment. This cognitive process is often called “Anthropomorphic Attribution” [28] and 
is likely to make context-aware AI assistants in AR seem far more real to us than those 
on flat screens [29].

2. AI-powered augmented reality will be magical but dangerous

With large corporations such as Meta, Apple, Google, and Samsung racing to 
deploy AI-powered eyewear that can provide convincing mixed reality experiences, 
our daily lives may soon be filled with immersive digital content that we engage with 
all around us. This will enable magical applications for consumers and professionals. 
It will also unleash new forms of targeted influence ranging from immersive ads to 
new tactics for fraud, manipulation, and deception [14, 29, 30, 48]. Specifically, two 
emerging forms of targeted content are expected to gain traction: Virtual Product 
Placements (VPPs) and Virtual Spokespersons (VSPs), detailed below.

Virtual Product Placements (VPPs) are promotional objects or experiences that 
are incorporated naturally into a user’s ambient reality (virtual or augmented) on 
behalf of a paying sponsor. VPPs can be presented simultaneously to large groups of 
users, but with the advent of generative AI, such experiences are likely to be personal-
ized at an individual level. In other words, VPPs will be custom-crafted for specific 
people at specific times and places to achieve specific influence goals. For example, if 
a user is profiled as a sports fan of a particular age, gender, and income, they might 
have a real-world experience in which they see someone walking past them on the 
street wearing a jersey for their favorite team that advertises a sports bar a few blocks 
ahead. Because this is a targeted VPP, other people around them might not see the 
same content, instead being targeted with very different customized promotional 
experiences [29].

With AR technology rapidly advancing, VPPs could soon be integrated into our 
surroundings so seamlessly that users could easily mistake them for authentic objects, 
activities, or even people in their proximity. If consumers cannot distinguish between 
true experiences and targeted content, marketing could become highly predatory. 
This means that as digital marketing shifts from flat ads and videos to promotionally 
altered environments and experiences, consumers need new protections [30]. A simple 
but powerful protection would be to require that all VPPs look visually distinct from 
their corresponding real-world artifacts. For example, if a digital product is placed 
into natural surroundings as promotional content, that virtual product could glow, 
shimmer, or be highlighted in some other visually noticeable way so it cannot be 
confused with authentic elements.

Virtual Spokespersons (VSPs) are simulated humans or other characters that 
are introduced into immersive environments to verbally convey targeted content by 
engaging a user in interactive promotional conversation [29, 30]. As AR technology 
becomes commonplace, it is likely that physical establishments such as retail stores 
and restaurants will be serviced by AI-powered virtual salespeople, virtual servers, 
and other virtual representatives that supplement the human staff. Similarly, when 
users exercise, they will likely be supported by a VSP virtual trainer giving them 
guidance and encouragement. While this seemed like pure science fiction just a few 
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years ago, LLMs and generative avatars have made VSPs not just viable, but likely to 
be deployed widely in immersive platforms, motivated by cost savings associated with 
replacing human employees with interactive AI agents [14].

As shown in Figure 4 below, the use of AI and AR in retail establishments was 
depicted in the award-winning 2023 short film “Privacy Lost” that aimed to educate 
policymakers and regulators on the unique manipulative dangers of AI-powered 
augmented reality glasses. In the film, a family sits in a restaurant wearing fictional 
AI glasses called “carbons” that enable them to be serviced by VSP servers. What is 
potentially most interesting about the film is that members of the family—husband, 
wife, and son—each see a different-looking server, optimized for their perspective. 
And the server, by reading their facial expressions and other emotional cues, is able to 
upsell each family member with AI-powered manipulative skill (video link, https://
www.youtube.com/watch?v=IsE_Pas2OQU).

Another instructive short film is “Hyper-Reality” (2014) that depicts the daily 
life of a headset wearer in the first person as she navigates a busy city. What is most 
memorable about the depiction is how visually overwhelming promotional content 
can become if advertising is unrestrained via smart glasses or AR (video link, https://
www.youtube.com/watch?v = YJg02ivYzSs). With the addition of AI agents that 
target users through interactive dialog, it is likely that promotional content deployed 
through AR systems will become less of a visual competition for our eyes and more of 
a cognitive competition for our attention. As every salesperson knows, the best way to 
persuade a customer is not to hand them a brochure or have them watch a video, it is 
to engage them in an interactive dialog that earns their trust, discovers their reserva-
tions, and works to sway their intent [29].

While using AI agents to optimally upsell customers is not a societal threat, these 
same AI-powered tactics could be used to deploy optimized and customized pro-
paganda, misinformation, and disinformation at scale [33]. For these reasons, new 
regulations should be considered to protect consumers from predatory AI tactics that 
employ targeted conversational advertising [30, 32]. At a minimum, regulators should 
consider requiring VSPs in virtual and augmented worlds to have a distinct appear-
ance from authentic human representatives, and they should be required to explicitly 

Figure 4. 
Image from short film “Privacy Lost” about AI manipulation dangers [31].
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announce when they are expressing targeted promotional content and indicate who 
the sponsor is for that content [29, 33].

Such protections are important because these AI-driven conversational agents 
could easily have access to detailed profile data about the targeted user they have been 
assigned to engage through interactive dialog. This data is likely to include their pref-
erences, interests, political leanings, hobbies, and a historical record of their reactions 
in prior promotional conversations. This could enable such agents to charm users in 
friendly small talk, customized to their interests and leanings, thus drawing them 
into misplaced feelings of trust and familiarity. In addition, without strict regulation, 
these AI agents are likely to also have access to real-time emotional data captured 
from the user’s facial expressions, vocal inflection, eye motion, pupil dilation, and 
even vital signs [14, 29, 30, 43, 52]. This will enable the AI agent to adjust its conversa-
tional tactics in real-time to optimize persuasive impact.

Intellimorphic Avatars are adaptive AI agents that intelligently adjust their 
appearance, behavior, and tactics in response to individual human users in order to 
maximize that user’s receptiveness to persuasive messaging. If not regulated, such 
avatars could adapt their gender, hair color, eye color, clothing style, voice, accent, 
speech patterns, and mannerisms to maximize influence on a targeted user based on 
that user’s previous interactions and behaviors in combination with their real-time 
reactions. Even more insidiously, advertisers could deploy Intellimorphic Avatars that 
capture a user’s facial features in real-time and incorporate hints of those features into 
their own facial rendering. Research has shown that incorporating a small fraction 
of a person’s own features into an AI-generated face can significantly increase a 
user’s feelings of trust [14]. This tendency is likely due to our implicit trust of family 
members who share genetic resemblance. This “familial mirroring” tactic, as well as 
incorporating vocal features and gestural mannerisms copied from the target user (or 
from a family member), could be greatly abused when VSPs are deployed for market-
ing, propaganda, or disinformation purposes and should be strictly outlawed [30].

Additionally, research on human behavior shows that subconscious mirroring of 
the verbal and non-verbal behaviors of a conversational counterpart—such as emu-
lating their speech rhythm, gestures, intonation, and breathing patterns—can build 
rapport and foster feelings of connection [42]. Although using such techniques could 
achieve similar benefits for AI-powered agents serving as personal assistants, tutors, 
or other supportive roles, the potential for such “behavioral mirroring” to be abused 
or even weaponized is significant and should be highly regulated.

Intellimorphic Environments—Similar to how avatars can be deployed that intel-
ligently adapt their appearance, voice, behaviors, and mannerisms to optimize impact 
on target users, environments can also be intelligently adaptive to individuals in 
real-time. For example, when a user wearing AI-powered eyewear enters a retail store, 
car dealership, or other commercial setting, the environment itself could be subtly 
adjusted to subconsciously guide a user in a certain direction or increase the prob-
ability that the targeted user notices a particular product or service. For example, a 
system that is aware of a user’s tastes, interests, background, or economic status could 
coax that user down particular aisles, maybe offering more expensive products, by 
subtly increasing the perceived lighting in that area or by projecting simulated spot-
lights or other visual accents on specific physical products. Similarly, virtual blinders 
or occluding barriers could be added to an environment to ensure a user does not go 
in that direction or does not notice things the system wants to steer them away from. 
In an extreme example, users walking down streets could see simulated construction 
fences or other barriers instead of homeless encampments or other real-world events 
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or artifacts that an organization or municipality might want to conceal [34, 46]. Such 
“reality-masking” techniques, which harken back to tales of fake “Potemkin Villages” 
in eighteenth-century Russia, could easily be abused as individually targeted distor-
tions, and should be highly regulated.

3. The unique danger of AI-powered conversational agents

When a user is engaged in real-time dialog with an AI-powered conversational 
agent such as a VSP that represents a third party, or a dedicated personal assistant 
such as an Electronic Life Facilitator (ELF) that follows the user through their daily 
life, the power balance has the potential to be highly skewed, with the human at a 
significant disadvantage [33]. The potential sources of power asymmetry between 
humans and AI agents are summarized as follows:

Familiarity Asymmetry: As described above, it is likely that AI agents will have 
access to personal data about target users, ranging from age, interests, education, 
and political views to their favorite sports teams, movies, books, and music artists. 
This will empower the AI to optimize the receptibility and persuasiveness of dialog 
for individual targets. In contrast, the human will know nothing about the artificial 
entity they are conversing with. If the AI agent is assigned a visual or vocal persona 
that represents a particular age, gender, style, or background, it is merely a façade, 
and yet the user will subconsciously make assumptions about the AI entity and its 
intentions, values, or trustworthiness based on its appearance. This represents a 
deeply asymmetric relationship that has no equivalence when engaging with human 
salespeople or other representatives.

Emotional Asymmetry: As described above, it is likely that VSPs and other AI 
agents will be capable of evaluating a user’s emotional state during conversations from 
the user’s expressed dialog, vocal inflections, and facial expressions. Already Open 
AI’s latest o4 model with multimodal video processing can assess a user’s emotional 
state from facial expression [36]. The human, on the other hand, will be unable to 
“read” their digital counterpart. That is because any emotions or vocal inflections 
conveyed in language, voice, or face of the simulated avatar are entirely fabricated, 
potentially chosen to maximize impact, and do not reflect an intrinsic emotional state 
of the AI representative. This is a highly asymmetric relationship [33].

Continuity Asymmetry: It is likely that platforms deploying conversational agents 
will keep track of each user’s reactions to targeted influence and will learn what types 
of persuasive tactics are most effective. The human in the loop, on the other hand, 
will learn nothing about the digital representatives they engage throughout their day, 
for they could be digital shapeshifters that can assume any style, tactics, or persona. 
In other words, the platform generating the VSP or other conversational avatar can 
“get familiar” with the target human over time, learning what tactics work best, while 
the human may believe they are engaging a variety of different entities. This too is a 
deeply asymmetric scenario that has no equivalent with human-human interactions.

Information Asymmetry: Unlike human influencers who can make arguments 
and counterarguments based on human-level knowledge and experience, AI 
agents will be able to instantly craft a compelling conversational response that 
draws on a nearly infinite information pool and could easily cherry-pick points 
that the human could not possibly validate in real-time. In fact, an AI agent in 
a virtual or augmented environment could create the illusion of expertise by 
conversationally referencing an overwhelming barrage of factual information as 
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a deliberate form of persuasion. This is a deeply asymmetric situation that has no 
direct equivalent in human-human interactions.

Strategic Asymmetry: Unless restricted by new policy protections, it is very likely 
that VSPs and other conversational agents will be trained in sales tactics, negotiation 
tactics, human psychology, cognitive biases, game theory, and other persuasive strat-
egies that make them extremely effective instruments of influence, manipulation, 
or even deception. For example, in 2022, DeepMind developed a strategic AI system 
called DeepNash that learned to bluff human players in the game of Stratego and 
sacrifice gaming pieces for the sake of long-term victory [37]. While humans are often 
trained in sales tactics, it is likely that AI agents will harness a far deeper, broader, and 
more nuanced range of persuasive strategies than any human could master, creating a 
highly asymmetric power imbalance.

Intelligence Asymmetry: The range of cognitive tasks in which AI agents can 
match or exceed human performance is expanding at an astonishing pace. Between 
2012 and 2020, AI systems have surpassed human abilities on critical benchmarks for 
image recognition, speech recognition, reading comprehension, and resolving lan-
guage ambiguities. Since 2021, AI systems have exceeded average human abilities on 
benchmarks for text summarization, software coding, medical diagnosis, and math-
ematical problem solving, and can produce written documents that are perceived as 
indistinguishable from human-generated content.

Looking forward, many researchers expect AI systems to surpass humans in 
benchmarks for logical reasoning and multi-step planning within the next few years. 
As we consider the impact of AI agents that are designed to assist us throughout our 
daily lives via augmented reality eyewear, we must assume they will soon be able to 
outreason us, out-plan us, and out-strategize us as they pursue conversational objec-
tives. This asymmetry greatly increases the manipulative risk if AI agents are allowed 
to impart targeted influence without regulatory oversight.

Authority Asymmetry: We must consider the psychological impact on human 
users when it is clearly established that the AI agents whispering in our ears and guid-
ing us through our days are significantly smarter than us on nearly every front and 
are likely to find better solutions to our daily problems than we could come up with 
ourselves and do so almost instantly. I refer to this looming intellectual power imbal-
ance as AI systems achieving “Cognitive Supremacy” and worry it will cause many 
individuals to blindly defer to their AI assistants rather than using their own critical 
thinking. Whether caused by “authority bias” or “expert bias,” it is well-established 
that humans often defer to perceived experts, greatly increasing the potential for 
influence and manipulation [53, 54]. This will likely result in excessive deference to AI 
agents that are perceived to possess super-human intellect.

Clearly, conversational agents pose unique interactive risks that have not been 
faced in traditional forms of targeted media. To help the public, regulators, and 
policymakers appreciate the new dangers posed by interactive and adaptive forms 
of “generative influence,” it is useful to characterize the risks using a formalization 
referred to as the AI Manipulation Problem, elaborated on in the next section.

4. Generative influence and the AI manipulation problem

As described above, AI-powered mobile devices have the potential to accurately 
track where users go, who they are with, what they are doing, what they are looking 
at, what they hear around them, and even their real-time emotional reactions based 



Augmented Reality – Situated Spatial Synergy

260

on facial expressions, body posture, and physiological reactions. At the same time, 
AI-powered immersive display has the potential to use this information to modify 
what the user sees, hears, and experiences in their surroundings. When combined, 
these two capabilities have the potential to be an extremely powerful form of digital 
manipulation that could become a significant risk to human agency [32, 35, 44]. To 
help policymakers better appreciate how this new threat compares to prior media 
technologies, it is helpful to formalize the risk using some basic concepts from the 
engineering discipline of Control Theory (CT).

Across many engineering fields, control theory is a widely used paradigm for auto-
matically optimizing the behavior of a target system. The target system could be the 
inside of a home, and a thermostat is a simple mechanism that utilizes control theory 
to optimize the behavior (i.e., temperature) of that home. A homeowner sets a target 
temperature, and if the house falls below the target, the heater turns on. When the 
heater is on, if the house rises above the target, the heater turns off. When the system 
is operating as expected, the thermostat keeps the house within a narrow temperature 
range around the target value. This is the basic concept of a control system, as shown in 
Figure 5 below.

When the schematic above is applied to a home heating unit, the block labeled 
“System” represents the house whose temperature is being controlled. The box 
labeled “Sensor” is the thermometer that detects the indoor temperature, and the box 
labeled “Controller” is the thermostat that modulates the heating unit. This creates a 
feedback loop that continually detects behaviors (e.g., temperature) and imparts influ-
ence (e.g., adjusts the heater), to guide the system toward the goal.

To appreciate the manipulation risk of AI-powered eyewear, we need to consider 
the case where the System being controlled is a human user. As shown in Figure 6 
below, the input could be an Influence Objective from a paid sponsor, for example, 
a request to encourage the target user to enter a particular store and buy a particular 
product. From an engineering perspective, this is very similar to setting the tempera-
ture on a thermostat, but in this case, it could be a complex promotional or manipula-
tive goal with respect to the target user.

To optimally achieve its Influence Objective, the controller must access real-
time sensors, which are the various onboard components that track the location 
and behavior of the targeted user within his or her environment. These sensors can 
include cameras, microphones, GPS sensors, LiDAR sensors, and other modules that 
monitor a user’s location, orientation, actions, and dialog. These sensors could also 
include heart rate monitors, eye trackers, and other more invasive elements such as 
skin galvanometers and EEGs. The sensor data can be processed by multimodal large 
language models to instantly generate a real-time assessment of that user’s behaviors, 
intentions, and emotions with respect to their surroundings.

Figure 5. 
Classic control system diagram [35].



261

AI-Powered Augmented Reality as a Threat Vector for Human Manipulation
DOI: http://dx.doi.org/10.5772/intechopen.1011751

The system also needs a Controller that, like a thermostat, continually adjusts 
its tactics to guide the system toward the desired goal. In this case, the controller is 
a powerful Generative AI system that deploys AI agents to modulate the sights and 
sounds experienced by a user as they navigate their world, including targeted conver-
sational dialog from AI-controlled avatars. Like a thermostat modulating the tem-
perature of a home, this can be deployed as a feedback loop that continually monitors 
the state of the user and adjusts tactics to achieve the influence objective.

For example, imagine a user in a coffeehouse wearing AI-powered AR glasses. 
The target user may not notice that a simulated couple has been added to the local 
environment, since the controller (which has access to gaze direction of users) 
could easily make the couple appear at the nearby table at an instant when the user 
is glancing in a different direction. The couple could be rendered photorealistically 
and therefore perceived as authentic customers by the target user. Once the couple is 
created, the controller could begin imparting targeted content in a subtle way: by hav-
ing the simulated couple strike up an audible conversation between themselves, their 
dialog being spoken within earshot of the target user. The conversation could begin 
as a casual dialog and gradually shift to an influence objective. The controller would 
then monitor the user’s reactions during the casual dialog to determine if and when 
the target user begins paying attention to the nearby couple.

Assessing attention could be as simple as detecting changes in the user’s gaze or 
biometrics in correlation with real-time comments made by the simulated couple. For 
example, the user might form a slight smile when the couple says something funny, or 
the user’s pupils might contract slightly when the couple says something provocative. 
Regardless of the cues, the controller could easily detect engagement, determining 
that the target user has begun paying attention to the overheard dialog. The controller 
could then drive the virtual couple to shift their conversation toward the influence 
objectives.

For example, the target user may be in the market for a new car. A sponsor might 
have purchased the right to target this user from the AR platform provider via an 
advertising-based business model. Without regulation, the platform provider would 
have no obligation to inform the user that the virtual couple are VSPs that were added 
to that environment for promotional purposes. Therefore, when the virtual couple 
begins discussing how happy they are with a recent purchase of a particular vehicle, 
the targeted user may believe he is overhearing the authentic dialog among customers 
in a coffeehouse and not a targeted influence campaign.

As the overheard conversation proceeds, the controller could monitor the tar-
get user, assessing facial expressions, body language, pupil dilation, posture, eye 
motion, respiration rate, and blood pressure to detect emotional reactions and adjust 
conversational tactics to optimize persuasive impact. For example, if the user shows 
increased focus when the couple begins talking about the car’s engine, the controller 

Figure 6. 
Control theory representation of the AI manipulation problem [35].
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could adapt its tactics, shifting the conversation toward vehicle performance. On the 
other hand, if the user’s attention fades when the couple talks about the sound system 
of the car, the controller could adjust, shifting off that line of influence. Meanwhile, 
the user could be unaware that the conversation is not authentic and may have no idea 
that it is reacting to his facial or biometric reactions.

In other words, the target user could easily become an unwilling participant in 
the overheard conversation, interacting through subconscious physical reactions. 
This may sound dystopian, but this type of feedback loop is feasible in virtual and 
augmented environments powered by generative AI systems. Taking this one step 
further, an AI-generated spokesperson could directly engage a user in interactive 
conversation, and using the adaptive power of AI, gradually talk them into accepting 
a targeted influence objective, whether it be buying a specific product or service, 
embracing a marketing message or propaganda, falling for a scam, or believing 
disinformation. In all such cases, it is the interactive and adaptive nature of generative 
influence that creates the unique risk. This is especially true when a real-time control 
system is established around the user, creating a feedback loop that can optimize 
persuasive tactics in real-time.

Thus, The AI Manipulation Problem refers to the unique manipulative risk to 
human agency when an AI-powered system establishes a feedback loop around a 
target user and performs the following steps:

i. Impart targeted influence on an individual user,

ii. Detect that user’s reaction to the imparted influence,

iii. Adjust influence tactics in response to the user’s detected reaction,

iv. Repeat steps i, ii, and iii to optimally achieve influence objective.

These are simple steps, much like a thermostat controlling the temperature in a 
house, and yet it could result in the most effective form of targeted manipulation 
ever developed. The danger is significantly amplified when the generative AI systems 
are placed onboard devices such as AI eyewear that can track a target user’s location, 
behavior, and emotions, while maintaining a context-aware model of that user’s 
environment. Unless regulated, this unique convergence of context-aware generative 
AI, mobile computing, and augmented reality could compromise human agency at 
scale by enabling individually customized targeted manipulation and persuasion with 
unprecedented levels of effectiveness [35, 51].

5. Regulatory protections

As it becomes increasingly likely that AI-powered augmented reality will 
be central to our digital lives, we must consider the need for regulatory protec-
tions and potentially even “immersive rights” [29, 55–57]. With respect to the 
AI manipulation problem described above, the most direct regulatory approach 
would be to ban the use of real-time feedback loops around human users in which 
AI agents work to optimize their persuasive impact [33, 35]. In addition, we must 
consider the risks of behavioral tracking, emotional profiling, and virtual product 
placements:
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Behavioral Tracking: To enable real-time AR experiences through AI-powered 
eyewear, platforms must be able to monitor user location, orientation, interactions, 
and behaviors, but they do not need to retain this data over time and should not be 
allowed to. Limiting persistent data storage would prevent invasive behavioral profil-
ing of user activities [7, 29]. In addition, new AI-based techniques are being explored 
to mask personally identifiable motion data within virtual and augmented environ-
ments [58].

Emotional Profiling: Already, many immersive devices enable real-time track-
ing of facial expressions, eye motion, posture, and vital signs to determine a user’s 
real-time emotional and physiological states. Without regulation, emotional profiling 
could be performed to optimize the emotional impact of targeted AR content and the 
manipulative effectiveness of AI agents. Limits should be placed on the tracking and 
usage of emotional data, and users should be clearly informed whenever their emo-
tional or physiological reactions are monitored [7].

Virtual Product Placements: As augmented reality becomes commonplace, 
advertising will include promotional products and services seamlessly integrated into 
our daily lives, potentially becoming indistinguishable from real experiences. This can 
easily be used to impart subconscious influence, affecting consumer sentiments and 
even political views. Regulations should mandate clear visual indicators for virtual 
product placements in a user’s environment [29].

6. Conclusions

Technologies for augmenting or annotating our reality have been in development 
for decades, from the early head-up displays of the 1950s, to the early immersive 
systems of the 1990s, to the highly realistic systems of today [3, 9, 50]. During most 
of that period, little concern has been given to the manipulative risks of targeted AR 
content. In recent years, however, the convergence of augmented reality, genera-
tive AI, and conversational AI agents has created significant new threat vectors for 
immersive influence and targeted manipulation [29–33]. This is especially significant 
for “true AR systems” that foster distal attribution and thus reduce the mental 
distinctions between what is real and what is digital [3–6, 14].

As described above, we must consider regulatory protections, such as banning the 
use of feedback loops that enable AI agents to optimize their influence during real-time 
interactions [33, 35]. In addition, regulators should ban the appropriation of a user’s 
own facial features, vocal qualities, gestural mannerisms, and speech patterns in the 
depiction of conversational agents. Also, regulators should require all promotional 
alterations to a user’s environment be clearly distinguishable from authentic elements 
[7, 14, 29]. Finally, regulators must be aware that the manipulative risks posed by AI 
agents could increase dramatically as AI systems achieve real or perceived cognitive 
supremacy with respect to human users.
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