Chapter 3

Personal Augmentation

The rapid advancements in extended reality (XR), arti cial intelligence (Al), and
sensor technologies have opened up new possibilities for augmenting human cogni-
tion. As our daily lives become increasingly integrated with digital tools, the poten-
tial to augment personal cognitive abilities through these technologies has become a
critical area of exploration. By focusing orpersonal augmentation , this chapter
highlights the potential of the convergence of these technologies in the context of
everyday tasks.

3.1 Theoretical Background

Personal cognitive augmentation through XR, Al, and sensor technologies has been
extensively studied across multiple domains, with a strong research focus on learn-
ing, problem-solving, memory, engagement, and interaction. Studies have demon-
strated that these technologies signi cantly enhance cognitive processes by improv-
ing learning retention, problem-solving e ciency, memory recall, user engagement,
and interactive experiences [587, 1052].

Al-driven immersive tutors dynamically adjust instructional content based on
users' progress, leading to improved conceptual understanding and higher engage-
ment across various educational contexts [1116, 697]. Similarly, XR-based procedu-
ral training has proven particularly e ective in elds such as medicine, engineering,
and the arts, where interactive, hands-on learning fosters greater knowledge re-
tention and skill acquisition [185, 1399, 921, 414, 1387, 283]. Furthermore, sensor
technologies play a crucial role in these advancements by capturing real-time user
data, enabling adaptive feedback, and re ning Al-driven personalization [757, 941].
These ndings highlight the transformative role of Al, XR, and sensor-based systems
in education, enabling more adaptive, interactive, and immersive learning experi-
ences across diverse disciplines. A speci ¢ body of research has focused on language
learning, which has emerged as one of the most successful areas bene ting from
Al-powered XR environments. Immersive and interactive experiences have been
shown to enhance engagement, comprehension, and retention. Studies indicate that
Al-driven XR conversational agents provide real-time corrective feedback, acceler-
ating uency acquisition more e ectively than traditional methods. Augmented
reality (AR) learning platforms incorporating contextual speech recognition and
multimodal feedback loops further improve pronunciation and grammar retention

24



[204, 599, 1421].

A growing body of research highlights how Al-powered XR environments enhance
cognitive adaptability and structured reasoning in problem-solving. Al-enhanced
XR simulations dynamically adjust task di culty based on user performance, pro-
viding real-time feedback and fostering adaptive learning strategies [479, 240]. Cog-
nitive augmentation extends beyond traditional learning applications to decision-
support systems that help users process complex information in real time. For
instance, the Wearable Reasoner, an Al-powered decision-support system, illus-
trates how Al and wearable technologies can enhance decision-making in ambiguous
environments [286]. By classifying information as supported or unsupported and
providing contextual explanations, the system improved users' ability to make in-
formed, logical decisions. Similarly, Al-driven XR decision-making assistants have
been shown to enhance critical thinking and situational awareness, particularly in
elds requiring rapid and high-stakes decision-making, such as medical diagnostics
and nancial forecasting [1232, 1016, 1103]. These ndings emphasize the role of
Al-driven XR systems in augmenting problem-solving capabilities across various
domains.

Memory retention has been another primary focus of XR-based cognitive aug-
mentation, particularly through spatialized memory encoding techniques. Studies
show that VR memory palaces signi cantly enhance recall performance by associat-
ing information with virtual spatial locations, an approach that has been shown to
outperform traditional rote memorization strategies. One example is NeverMind, an
AR application designed to enhance information recall by linking facts to familiar
spatial environments, demonstrating signi cantly higher retention rates compared to
traditional study techniques [1084]. These ndings suggest that XR-based memory
augmentation can provide e ective cognitive sca olding for learners across various
domains.

XR and Al-driven sensor technologies have shown signi cant promise in improv-
ing interaction capabilities for individuals with movement impairments. Research on
Al-assisted, sensor-based feedback systems indicates that real-time proprioceptive
and haptic feedback can greatly enhance motor learning and interaction precision
[513]. For instance, sensor-driven XR rehabilitation environments have been used
to assist individuals with impaired mobility, integrating gait support strategies and
real-time adaptive feedback to facilitate motor coordination [785, 403]. Similarly,
Al-enhanced mixed reality frameworks have been deployed to improve upper limb
rehabilitation in individuals with neuromuscular disorders, providing personalized
motion assistance through XR-integrated motion capture [59]. These ndings sug-
gest that XR-driven cognitive augmentation can create highly adaptive, personalized
rehabilitation and interaction systems, addressing speci ¢ motor and cognitive chal-
lenges faced by individuals with movement di culties.

Despite substantial progress, key challenges remain in optimizing XR, Al, and
sensor technologies for domain-speci ¢ applications. While research highlights their
potential to enhance learning, problem-solving, memory, and motor skill develop-
ment, e ectively integrating these systems requires further exploration. Advancing
this eld necessitates a deeper investigation into how XR, Al, and sensor-based sys-
tems can be designed, adapted, and seamlessly implemented to support real-world
cognitive augmentation across diverse contexts.
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Speci cally, this chapter addresses the key research question:

A

RQ: How do cognitive augmentation systems impact individual learning, skill
development, and cognitive processes?

3.2 Case Studies (N1{N8)

To address this research question, a series of case studies have been developed. These
studies illustrate the potential of these emerging technologies to support cognitive
augmentation at personal levels while also revealing the challenges and opportunities
encountered in their implementation.

3.2.1 N1: Augmented Reality Language Learning
for Dyslexia

Objective and Context

Learning a foreign language (FL) involves complex processes that span linguistic,
cognitive, and cultural dimensions. For students with Speci c Learning Disorders
(SLDs), such as dyslexia, which is the most prevalent condition within this cate-
gory, mastering a new language can be particularly challenging. Despite increased
attention from various research elds and the implementation of legislative mea-
sures aimed at promoting educational equity, the obstacles faced by students with
SLDs remain signi cant. Traditional educational settings often fail to e ectively
support these students, as elements like the class pace, teacher-student ratios, and
assessment criteria can exacerbate their struggles, further complicating the learning
experience [412]. This situation underscores the pressing need for teaching methods
and materials that are more inclusive and accessible. The use of Al and Augmented
Reality (AR) in language education introduces promising new approaches but also
raises concerns about maintaining a balance between technological innovation and
the human aspects of language learning.

In response to these challenges, the development of ARELE-bot|a mobile ap-
plication combining Al (such as ChatGPT) and AR|seeks to revolutionize modern
language education. This app aims to provide an accessible, personalized, and non-
judgmental learning environment that complements traditional teaching methods,
serving as a valuable tool for language teachers rather than a replacement. During
the design and development of this app, particular focus is given to its e ective-
ness for students with dyslexia, by utilizing their unique cognitive skills, termed the
'holodysnomic brain." This term, originating from 'Holo-' for global and '-dysnomia'’
for a deviation from usual cognitive processes, highlights the dyslexic strength in
global and holistic information processing. These individuals demonstrate a re-
markable ability to merge data from varied sources, and their robust holistic visual
processing and visual memory o er signi cant advantages in speci c tasks [108].
This leads to a distinctive approach to thought that positively deviates from the
conventional norms, o ering unique advantages in language learning contexts which
ARELE-bot is designed to harness, providing specialized assistance for their speci c
areas of di culty.

The central research question driving this case study is:
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A

RQ: How can AR technology, integrated with ChatGPT, be designed to sup-
port and enhance language learning for individuals with dyslexia?

Related work

This Section o ers an overview of relevant research focusing on SLDs and dyslexia in
Foreign Language Learning and on Al and AR's roles in language education. It also
explores some of the critical challenges of the application of Al and AR technologies
in language education.

Speci ¢ Learning Disorders, Dyslexia and Foreign Language Learning

SLDs pose a considerable challenge in the educational context. International esti-
mates suggest that their global prevalence ranges from 3% to 15%, in uenced by
varying de nitions and diagnostic criteria used across countries [42, 315, 600, 1429].
Based on neurobiological and evolutionary foundations, SLDs speci cally a ect the
learning of essential academic skills such as reading, writing, and mathematics,
while not altering general intellectual functions. They often co-occur with issues
in self-regulation, social perception, and interaction but are not directly caused by
external factors like cultural or educational in uences [264]. SLDs are characterized
by signi cant comorbidity and can coexist with other disorders, such as Attention
De cit Hyperactivity Disorder (ADHD) and emotional conditions like anxiety, low
self-esteem, and depression [13, 823, 1343]. This added complexity leads to further
challenges in students' educational journeys, often resulting in academic failures and
impacting personal and social development [1065, 1101]. Among SLDs, dyslexia is
the most widespread disorder, a ecting about 80% of individuals with an SLD and
signi cantly in uencing the development of linguistic skills [1158, 1159]. Dyslexia is

a neurobiological disorder, characterized by genetic, morphological, and neurofunc-
tional anomalies [328, 463, 462, 410, 423, 1157, 1272], manifesting in di culties in
decoding and recognizing words.

Given these di culties, students with SLDs, particularly those with dyslexia, face
challenges in several areas of Foreign Language learning, as noted in Melero (2020).
In reading and text comprehension, they struggle with text decoding and phono-
logical processing, which requires extensive cognitive e ort and a ects their ability
to understand texts deeply. Listening skills are hindered by problems in auditory
processing and phonological memory, making it di cult to grasp spoken language,
especially in foreign contexts. Writing is also a challenge due to lexical, morphosyn-
tactic, and syntactic retrieval issues, impacting the quality of their written work and
their ability to organize text e ectively. Additionally, speaking and oral interactions
are a ected by di culties in lexical retrieval and phonological processing, leading to
reduced uency and accuracy in their spoken language [843]. Additionally, memory
retention, particularly for sequential or detailed information, can be a signi cant
hurdle for them, as well as di culties in organization [844, 845, 1199, 1200, 519].
These cognitive di culties are further compounded by challenges in maintaining
attention and motivation in conventional learning environments, making traditional
language education methods less e ective for them. These cognitive challenges are
often accompanied by behavioral and emotional di culties, including frustration,
stress, and a decline in motivation, negatively impacting self-esteem and leading to
avoidance behaviors. Anxiety related to linguistic performance can create mental
blocks, hindering language performance [1001].
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On the other hand, individuals with dyslexia exhibit a unique cognitive pro le,
often characterized by a holistic and global approach to information processing, as
described in the 'holodysnomic brain' concept. Their strengths lie in their ability
to integrate information from multiple sources, a skill that lends itself well to cre-
ative and artistic endeavors, as well as divergent thinking. This cognitive style also
includes robust holistic visual processing and strong visual memory skills, providing
them with distinct advantages in certain tasks [108]. However, these strengths are
counterbalanced by challenges in traditional language learning areas.

Well-designed educational tools should therefore leverage these cognitive advan-
tages while providing support in areas of weakness. By highlighting and utilizing
their strengths in holistic and visual processing, and simultaneously addressing chal-
lenges in phonological and auditory processing, memory, and organizational skills,
along with adaptive assessment, the design of these systems can o er a more e ective
and personalized learning experience for individuals with dyslexia.

Enhancing Language Learning: Integrating Articial Intelligence and Aug-

mented Reality Tools

Al-driven tools in language education, including Al-powered automatic speech recog-
nition (ASR), Al-powered chatbots such as ChatGPT, and advancements in Al
in Language Testing have transformed the methodology of language learning and
education in language acquisition technologies [1259]. In the context of language
learning, ASR emerges as a vital tool for pronunciation training and oral skill de-
velopment. It enables the applications to accurately transcribe and assess spoken
language inputs from learners, providing immediate feedback on their speech accu-
racy and uency [1345]. Particularly noteworthy is the role of Al-powered chatbots
like ChatGPT in this technological ensemble. ChatGPT, as an advanced chatbot,
o ers interactive and conversational practice by simulating real-life dialogues in the
target language. This feature is crucial in not just enhancing language pro ciency,
but in providing a responsive and engaging learning environment. Users can practice
and re ne their language skills in a dynamic setting, closely mimicking real-world in-
teractions. This hands-on approach facilitates a deeper understanding and retention
of language, making ChatGPT an invaluable tool in language learning applications
[1152]. Progress in language evaluation through Al, including ChatGPT, utiliz-
ing sophisticated algorithms, o ers personalized and adaptive testing experiences,
comprehensively measuring language pro ciency [1410, 772].

Augmented Reality, on the other hand, adds an immersive dimension to lan-
guage learning. By overlaying digital information onto the physical environment,
AR applications can create context-rich, interactive scenarios that facilitate lan-
guage comprehension and retention [128, 1221, 1218, 1224]. AR's potential is exem-
pli ed by its ability to simulate real-life situations where language skills are applied,
thereby bridging the gap between theoretical knowledge and practical application.
For instance, Ibrahim et al. [576] and Weerasinghe et al. [1334] introduce novel
systems for immersive language learning through dynamic labeling of real-world ob-
jects. They compare this AR-based approach to traditional learning, nding that
AR is more e ective and enjoyable, with signi cant improvements in immediate and
delayed recall tests. Additionally, an AR system designed for learning Japanese
compound verbs, which utilizes image schema and animations, demonstrated no-
table improvements in post-test performance and retention [420]. In addition, AR
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can create virtual environments where learners can engage in simulated dialogues
with native speakers or Al-driven characters, thereby improving their conversational
uency and comprehension. Such environments can mimic everyday situations like
shopping, dining, or traveling, providing learners with practical language usage ex-
periences [321]. Moreover, AR's interactive nature encourages active participation,
which is essential for language retention and mastery [1084].

The Role of Articial Intelligence and Augmented Reality in Enhancing Ac-

cessibility and Inclusivity

The integration of Al and AR in language learning applications also signi cantly
contributes to making language learning more accessible and inclusive for a broader
spectrum of learners. For instance, ASR applications are not only bene cial for
pronunciation training but also serve as an essential tool for learners with writing
or typing di culties, enabling them to interact with the application through speech
[426]. Al-driven chatbots can adjust their interaction style and content complexity
based on the learner's pro le, ensuring that the educational material is accessible
and comprehensible to all users. Furthermore, advancements in Al in Language
Testing incorporate adaptive algorithms that can modify the testing format to suit
the needs of learners with disabilities, ensuring fair and equitable assessment condi-
tions [476]. AR can provide visual and auditory cues in language learning scenarios,
which are particularly bene cial for learners with SLDs or attention de cits [37]. By
creating an engaging and multisensory learning environment, AR helps in maintain-
ing focus and motivation among these learners [1335]. Additionally, AR's ability
to create simulated real-world environments is invaluable for learners with mobil-
ity limitations, allowing them to experience diverse linguistic and cultural contexts
without physical travel [38].

Critical Challenges of Application of Articial Intelligence and Augmented

Reality Technologies in Language Education

The integration of Al and AR technologies in language education, while o ering
numerous bene ts, also brings critical challenges. The shift towards technology-
mediated language instruction, such as Al-driven tools, can lead to a diminished
presence of direct human interaction, which is vital for developing communication
skills and cultural competencies in language learners. Kozar [682] emphasizes that
the absence of face-to-face interaction can impact the development of pragmatic
language skills, which are best nurtured through real-life conversational experiences.
Al-driven chatbots, such as ChatGPT, o er interactive language practice but may
lack the depth and exibility of human tutors. They are often critiqued for their
inability to fully understand and respond to the nuances of human emotion and
cultural contexts, which are crucial in language learning, potentially leading to mis-
understandings or limited conversational scope [401]. On the other hand, AR brings
an immersive dimension to language learning, yet it is not without its drawbacks.
Bower et al. [157] point out that while AR can create engaging, context-rich learn-
ing experiences, it may also lead to cognitive overload, as learners have to process
both the real world and the overlaid digital information simultaneously. Addition-
ally, Godwin-Jones [438] argues that the e ectiveness of AR in language education
is contingent on the quality and relevance of the augmented content, which can be
challenging to align with speci c learning objectives and cultural nuances. These
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criticisms underscore the need for careful integration of Al-driven tools and AR in
language learning environments, ensuring that these technologies complement rather
than replace the essential human elements of language acquisition.

Methodology

This section details key features of ARELE-bot, with particular emphasis on how its
functionalities have been carefully designed to speci cally meet the needs of students
with dyslexia.

Design Strategies Tailored for the Requirements of Individuals with Dyslexia

Our literature review highlights the unique challenges that individuals with dyslexia
face in language learning, such as di culties in phonological processing, auditory
processing, memory, organizational abilities, and maintaining attention and mo-
tivation. On the other hand, their strengths include the e ective integration of
diverse information sources and strong visual processing skills. Furthermore, it also
underscores the advantages of integrating Al-driven tools and AR thoughtfully in
language learning contexts, ensuring that these technologies enhance rather than
supplant the crucial human aspects of language learning. Considering these ele-
ments, this section outlines the speci c design strategies of ARELE-bot, tailored to
meet the educational needs of students who present this learning disorder.
ARELE-bot has been meticulously developed with a user-centric focus, incorpo-
rating interfaces and modules speci cally targeted to enhance the learning experience
for learners facing such challenges. Capitalizing on their skills in visual processing
and memory, the app highlights the signi cance of visual learning strategies, en-
abled through AR technology. AR components in ARELE-bot generate immersive,
contextual-rich settings by superimposing digital data onto the real world, enhancing
both motivation and attention. Further enhancing its approach, ARELE-bot o ers a
customizable learning experience, enabling users to tailor language pro ciency levels
1. This adaptable approach aligns with user preferences, easing cognitive load and
stress, particularly bene ting dyslexic students by allowing them to learn at their
own pace, enhancing con dence and motivation. Interactive and multisensory learn-
ing is a fundamental aspect of ARELE-bot's design, enhancing engagement through
a combination of visual and auditory elements. The app creates an immersive learn-
ing experience by integrating interactive, conversation-based activities within an AR
environment. Learners engage in dialogues with a teacher's avatar, practice vocabu-
lary through voice interactions, and re ne pronunciation in a dynamic, context-rich
setting. This approach makes language practice more realistic, engaging, and re-
latable, fostering deeper learning and retention. ARELE-bot also includes features
that aid in organization, planning, and sequencing with an emphasis on visual modes
of interaction. Users can create and edit their visual dictionaries and visual seman-
tic networks, helping them visually organize vocabulary and concepts for enhanced
understanding and recall. The design of ARELE-bot also focuses on reducing cogni-
tive load, presenting information in small segments with simple instructions and an
intuitive, uncluttered user interface. This ensures a seamless and enjoyable learning
experience without overwhelming the user with complex navigation or information.

1The language pro ciency levels in ARELE-bot are based on the scale of the Common European
Framework of Reference for Languages (CEFR).
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Finally, ARELE-bot features an adaptive assessment system that personalizes lan-
guage learning exams according to the pro ciency level selected by the user, ensuring
a customized educational experience. The app includes positive reinforcement, and
continuous, constructive feedback as part of an extensive language learning assess-
ment, designed to keep learners engaged and motivated. The app's assessments are
designed to be stress-free and encouraging, focusing on understanding and progress,
thus contributing positively to the overall learning experience.

Feature Description

The application starts with a registration and sign-in process. Upon entry, users are
greeted by name and prompted to select their language pro ciency level. This level
of personalization is dynamic, allowing users to adjust their language level as they
progress, thereby ensuring the learning experience evolves with them. Continuing
this, the application o ers four main features: conversation with the virtual teacher's
avatar, discovering word meanings, exploring dictionaries, and examining language
skills. These will be detailed in the following:

" Conversation with the virtual teacher's avatar: In the ARELE-bot language
learning application, the user has the option to have a conversation with the
virtual teacher's avatar, experienced through an AR interface that incorpo-
rates the use of OpenAl's chat feature. The user should scan the ground, to
nd a suitable place for the placement of the avatar. This action leads to the
unveiling of the conversation interface which allows users to actively engage in
simulated real-life conversations by speaking to the virtual teacher via a micro-
phone button. This feature is instrumental in honing verbal communication
skills, as it mirrors actual conversational scenarios. Moreover, the inclusion of
a stop button empowers users to pause the teacher's responses, granting users
agency, thus allowing learners to customize the interaction according to their
unique learning requirements and preferences (See gure 3.1a).

Discovering word meanings: Another functionality of ARELE-bot includes an
interactive feature for learning the meanings of words and lexical chunks. Users
can capture images or vocalize words and chunks to enhance their contextual
understanding, multisensory learning, and memory retention (See gures 3.1b
and 3.1c). In image capture mode, objects are labeled and bordered for easy
identi cation (See gure 3.1b). Users then select a name from the detected
objects list and access a detailed information page with various learning aids
(See gure 3.1d). This page is also accessible for vocalized words, o ering
similar learning aids. It includes a suggested editable object name, a selection
of images, and a sentence contextualizing the word's use. Users can listen
to and adjust the pronunciation speed, practice speaking themselves, and re-
ceive feedback. The learning process concludes with saving the interaction
in the cloud-based visual dictionary for future review, supporting long-term
vocabulary retention.

Exploring dictionaries: The ARELE-bot application enriches language learn-
ing with its advanced dictionary exploration and management features, crucial
for building a strong vocabulary and semantic networks, thereby improving
visual learning and organizational skills. Users can access and practice their
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stored vocabulary in the visual dictionary, enhancing retention and pronunci-
ation accuracy. Additionally, the app enables the creation of visual semantic
networks by selecting category names and adding visual nodes from saved ob-
jects, aiding in understanding language structure (See gure 3.1e). Users also
have the option to edit these networks at a later stage by adding new cate-
gories or images and forming connections between them, allowing for a exible
and dynamic learning experience (See gure 3.1f).

Examining the language skills: In the design of ARELE-bot, a signi cant
component is the examination module (See Figures 3.2), which utilizes the
Open Al API and is customized according to the user's chosen language pro -
ciency level. This module o ers a suite of exams meticulously crafted to align
with the user's language pro ciency as de ned by CEFR. Utilizing Al mod-

els from OpenAl, the exams are dynamically generated, ensuring a tailored
personalized experience. Each exam segment - reading, vocabulary, listening,
and grammar - is strategically designed to assess specic linguistic compe-
tencies. For instance, the reading exam presents a concise text of 100-150
words, followed by ve multiple-choice questions, aimed at evaluating compre-
hension skills. Similarly, the vocabulary section challenges lexical knowledge
through ten targeted questions. The listening and grammatical components,
comprising ve and ten questions respectively, are structured to test auditory
processing and the understanding of various grammatical aspects. A notable
element of these exams is the immediate, static feedback mechanism, which
motivates users to persist in nding the correct answer. Moreover, the integra-
tion of time-tracking functionalities aids learners in developing e ective time
management skills, a crucial aspect often overlooked in language learning.

Technical Implementation

The development of the ARELE-bot language learning application was carried out
using Android Studio [451], an integrated development environment (IDE) tailored
speci cally for Android application development. The app was designed to run on
Android smartphones, ensuring compatibility with devices supporting ARCore func-
tionality. Development and testing were performed on Android devices such as the
Samsung Galaxy S20, chosen for their high computational performance and robust
AR capabilities, which ensured smooth rendering and interaction with AR features.
The primary programming language used in the development was Kotlin, selected
for its modern features, concise syntax, and seamless integration with Android devel-
opment frameworks [451]. Kotlin's interoperability with Java also allowed for lever-
aging existing libraries and ensured e cient performance in a resource-constrained
environment like mobile devices. JavaScript was also used for speci c tasks, par-
ticularly in integrating the front-end interface with dynamic back-end functionality,
due to its versatility in managing APIs and handling interactive elements.

The application incorporated a variety of advanced technologies to achieve its
core functionality. OpenAl API (GPT-3.5-turbo) [944] powered the conversational
Al component of the app, enabling the virtual teacher avatar to engage users in

2The Common European Framework of Reference for Languages (CEFR) is an international
standard for describing language ability.
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dynamic and personalized interactions. The API generated language exercises tai-
lored to the learner's pro ciency level and provided real-time feedback, making the
learning experience more responsive and individualized. For example, during con-
versational practice, the API dynamically adjusted sentence complexity and o ered
contextual examples of word usage to enhance understanding.

The app’'s AR capabilities were implemented using the Sceneform Library [449],
which enabled the placement and interaction of virtual objects, such as the virtual
teacher avatar, within real-world environments. To further enhance the learning
experience, TensorFlow Lite Vision API [447] was used for real-time object detection.
This feature allowed the application to identify objects captured by the device's
camera and associate them with vocabulary words in the target language. For
instance, pointing the camera at a book prompted the app to display the word
"book" in the selected language, facilitating contextual learning.

On the back end, the Parse Platform SDK [973] and Back4App [71] ensured
secure and scalable management of user data, such as learning progress, person-
alized assessments, and interaction logs. These platforms supported the dynamic
generation of content, ensuring a consistent and user-friendly experience. To sup-
port speech-based interaction, the app used the Android Speech Package [448] for
speech-to-text and text-to-speech functionality. This enabled users to engage in pro-
nunciation exercises and conversational practice with real-time feedback on spoken
accuracy. Speech inputs were processed and compared to prede ned pronunciation
standards.

The virtual teacher avatar, central to the app's interactive experience, was de-
veloped using Ready Player Me [1045], which allowed for the creation of a highly
customizable 3D character. Animations were crafted using Blender [142], adding
realistic and engaging movements to the avatar, further enhancing the immersive
learning experience. The avatar acted as a guide, delivering personalized feedback,
and simulating real-world conversational scenarios to build uency and con dence.

The system architecture integrated all these components to create a cohesive and
e cient learning environment. Real-time interaction between the front-end applica-
tion, Al-driven back end, and AR functionality ensured that the app was adaptive
to user input and responsive in delivering personalized content. Each technological
choice was made to align with the app's objectives of enhancing engagement, im-
proving retention, and providing an inclusive and supportive learning experience for
students with dyslexia.

33



(a) Conversation with (b) Image overlay (c) Speech recognition

the avatar
(d) Information page, (e) Creating semantic (f) Editing semantic
and building visual networks networks
dictionary

Figure 3.1: A collection of the App's interfaces
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(a) Listening Exam

(b) Reading Exam

Figure 3.2: Language Exam Interfaces|Examples include (a) a listening exam
and (b) a reading Exam interface.
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Proposed Evaluation Plan

While this study focuses on the design and technical implementation of ARELE-bot,

a comprehensive evaluation is planned as a future step to assess both its short-term
and long-term impact on language learning for students with dyslexia. The eval-
uation will examine its e ectiveness in enhancing language acquisition, addressing
cognitive strengths and challenges, and in uencing emotional factors such as motiva-
tion, con dence, and anxiety reduction. The proposed study will involve participants
aged 10{16 with a formal diagnosis of dyslexia who are learning Spanish as a second
language. Individuals with severe cognitive impairments beyond dyslexia-related
challenges will be excluded to maintain the study's focus. Additionally, participants
should have basic familiarity with digital devices to ensure e ective interaction with
the application. Parental or guardian consent will be required for participation,
ensuring ethical compliance and participant well-being.

To assess short-term outcomes, participants will complete pre- and post-study
language assessments, user satisfaction surveys, and emotional feedback surveys.
Metrics such as task accuracy and task completion time will be collected through
the app's backend infrastructure, providing insights into immediate learning gains,
engagement levels, and usability. For long-term evaluation, follow-up assessments
will be conducted at intervals (e.g., three and six months post-study) to measure
the retention of language skills, continued engagement, and the sustained impact
on con dence and motivation. These assessments will help determine whether the
bene ts of Al-driven language learning persist over time.

The evaluation will employ Python-based tools for data analysis. Statistical
methods such as paired t-tests will compare pre- and post-assessment results to
gauge immediate improvements, while repeated-measures ANOVA will assess changes
over time across participant subgroups (e.g., age, baseline pro ciency levels). De-
scriptive statistics will summarize emotional response ratings, while thematic anal-
ysis of qualitative feedback will identify patterns in users' emotional and cognitive
experiences.

By integrating both short- and long-term assessments, this evaluation will pro-
vide a more comprehensive understanding of ARELE-bot's e ectiveness in support-
ing dyslexic learners, ensuring its impact extends beyond initial engagement and
contributes to sustained language development.

Conclusion and Discussion

ARELE-bot is designed to meet the cognitive, emotional, and behavioral needs of
students with SLDs, with a particular focus on dyslexia. By transforming their chal-
lenges into strengths, the app fosters an inclusive language learning environment.
Built on a neurodiversity framework, it highlights visual, multisensory, organiza-
tional, and communication skills, while o ering adaptable, real-time assessments
in a supportive, low-stress space that minimizes anxiety. Rather than replacing
traditional teaching methods, ARELE-bot is meant to complement and support
educators. The app holds the potential to open new avenues for both students
and teachers, enhancing language education through its immersive, engaging, and
personalized approach.

However, several limitations must be acknowledged. One signi cant challenge
was ensuring diversity and relevance in Al-generated language exercises. The GPT-
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3.5 model occasionally struggled with generating non-repetitive questions for lan-
guage exams, leading to redundant content that could a ect engagement. Addition-
ally, some Al-generated answers lacked nuance, which may have confused learners
rather than provided meaningful guidance. Addressing these limitations in future
iterations of ARELE-bot will be essential. Upgrading to models like GPT-4 or
exploring open-source Al solutions could enhance the diversity, accuracy, and con-
textual relevance of generated content at a feasible cost. Additionally, incorporating
advanced personalization mechanisms, such as reinforcement learning-based adapta-
tion, could improve the system's ability to dynamically adjust exercises to individual
learning patterns.

In summary, future research should prioritize re ning Al-generated content, en-
hancing adaptability, and conducting user studies to evaluate both the short-term
and long-term e ectiveness of Al-driven language learning tools in inclusive edu-
cation. Additionally, usability studies should investigate how ARELE-bot can be
seamlessly integrated into traditional classroom settings, ensuring that both students
and educators fully bene t from its capabilities in real-world learning environments.

3.2.2 Insights

The ndings of this study have been published in [482].

Objective

The primary goal of this case study is to develop an AR-based language learn-
ing application, ARELE-bot, that enhances language acquisition for students with

dyslexia. The application aims to leverage the visual and holistic learning strengths
of dyslexic learners through immersive, adaptive, and supportive XR environments.

Technical Infrastructure

ARELE-bot was built using Android Studio with Kotlin as the primary program-
ming language due to its compatibility with Android and its modern features. The
backend is managed through Parse Platform SDK and Back4App, ensuring secure
storage of user data and seamless access to learning materials. The development
leverages OpenAl's GPT-3.5-turbo-instruct model to enable interactive conversa-
tions with a virtual teacher, vocabulary searches with voice-based word meaning
retrieval, supporting personalized language exercises, and real-time feedback. To
enhance user engagement with the physical world, TensorFlow Lite Vision API is
used for object detection, allowing users to associate vocabulary words with real-
world objects.

Interaction Modalities and Sensor Integration

The application supports multimodal interaction, tailored to the cognitive needs of
dyslexic learners:

" Speech Recognition : Utilizing the Android Speech Package for speech-to-
text and text-to-speech functions, users can engage in spoken interactions with
the virtual teacher, perform voice-based word searches, and receive feedback
on pronunciation.
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" Object Detection : Through TensorFlow Lite, the app enhances vocabulary
learning by allowing users to identify and label real-world objects, deepening
word association.

Visual Interaction : The application integrates dynamic visual aids, includ-
ing visual dictionaries and semantic networks, to support vocabulary acqui-
sition and conceptual understanding. Learners can explore interactive word
maps, where words are connected based on meaning, context, and usage. Ad-
ditionally, image-assisted word associations reinforce reading uency and com-
prehension.

Potential Findings

ARELE-bot demonstrates the potential for signi cantly enhancing engagement and
retention in language learning for students with dyslexia. By o ering an immersive,
adaptive environment that aligns with dyslexic strengths, the application addresses
cognitive challenges and fosters a supportive learning experience, promoting both
language comprehension and user motivation.

Technical, Usability Challenges and Future Directions

One signi cant challenge was ensuring diversity and relevance in Al-generated lan-
guage exercises. The GPT-3.5 model occasionally struggled with generating non-
repetitive questions for language exams, resulting in redundant content that could
a ect engagement. Additionally, some Al-generated answers lacked nuance, poten-
tially confusing learners. Upgrading to models like GPT-4 or exploring open-source
Al solutions could mitigate these issues by providing more robust language genera-
tion capabilities at a feasible cost.

3.2.3 N2: Mixed Reality Virtual Assistant in Puzzle-
Solving

Objective and Context

Mixed Reality (MR) is a groundbreaking technology that seamlessly blends the
physical and digital worlds, o ering a transformative approach to tasks requiring
advanced spatial skills [1078]. This technology o ers unique opportunities to ma-
nipulate and observe how humans interact with spatial information in dynamic and
immersive environments. Advances in computer science have enabled the creation
of highly interactive and contextually aware MR systems, pushing the boundaries
of user engagement and cognitive processing across various elds. For example, MR
helps designers visualize and evaluate design elements, thus facilitating on-site de-
sign modi cations and decision-making processes [283]. Moreover, MR applications
in architectural and engineering education allow students to interact with virtual
3D models of buildings and mechanical systems. This leads to improved spatial
visualization and understanding of complex structures [685]. In the medical eld,
MR has been utilized to train surgeons, o ering virtual simulations of anatomi-
cal structures and surgical procedures that improve spatial awareness and precision
[1109]. Additionally, MR has shown promise in enhancing spatial navigation skills,
allowing individuals to practice and improve their ability to navigate in a controlled
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and supportive environment [752]. However, MR's bene ts are particularly striking

in assembly tasks, where precise spatial coordination and sequencing are crucial. In
these scenarios, MR provides real-time guidance and enables users to visualize and
interact with virtual components, thereby reducing errors, improving accuracy, and
boosting e ciency during the assembly process [68, 1329, 307].

Integrating Conversational Virtual Agents (CVAS) as an interactive layer can
provide real-time guidance in MR environments [179, 802]. A CVA is a sophisticated
software system engineered to simulate human-like conversations [699]. CVAs have
evolved from simple rule-based chatbots to sophisticated systems capable of natural
language understanding and interaction. Initially developed for customer service,
CVAs now nd applications across diverse domains such as healthcare, education,
and entertainment [1018, 482, 594]. The concept of agents and humans coexisting in
a shared MR environment has introduced greater intelligence into MR experiences.
Prior studies have highlighted the general bene ts of MR supported by CVAs [46,
540] enhancing both task performance and the social aspects of user interaction
[540, 859]. This enhancement boosts engagement, motivation, and performance in
virtual settings [859, 368].

Puzzle-solving exemplies an assembly-like challenge that benets from MR-
based guidance [810]. Solving a 2D puzzle, traditionally done on a physical table,
requires advanced spatial cognitive skills such as visual perception, mental rotation,
pattern recognition, piece matching, spatial organization, spatial reasoning, and
spatial memory to decompose a problem into manageable parts and synthesize them
into a coherent whole [746, 543]. The literature highlights the adoption of MR
technologies, supported by state-aware guidance, as an e ective way to enhance these
cognitive skills [1075, 1402], particularly in puzzle-solving scenarios [744, 243, 1270].
These technologies can provide real-time feedback directly integrated into the puzzle-
solving process. This interaction fosters a deeper understanding of how individual
components contribute to the overall puzzle image [744, 1270]. The multi-sensory
nature of MR experiences can enhance the user's capacity to process and integrate
spatial information, thus leading to improved performance [294].

Prior research on puzzle-solving in extended reality (XR) environments highlights
the critical role of collaboration, whether through interaction with another individual
or by leveraging guidance provided by CVAs in immersive settings [169, 479, 95, 514].
Some studies highlight the critical role of avatar intelligence and task complexity in
co-solving immersive puzzles [240, 238]. Moreover, investigations into avatar presen-
tation and social presence reveal how visual and interactive elements signi cantly
shape collaboration dynamics and enhance task performance [582, 961, 479]. Since
puzzle-solving tasks have great potential to stimulate the need for interaction and
collaboration with agents, their integration with a CVA could greatly bene t from
enhancements in both task performance and social interactions. This social inter-
action can transform the solitary puzzle-solving activity into a collaborative e ort.
However, the dynamics of these interactions might di er signi cantly depending on
whether the CVA o ers continuous guidance or assists the user only on demand
[1059]. Continuous guidance suits tasks requiring close monitoring, like beginner
training or time-sensitive activities. Still, it may lead to over-reliance and limit
autonomy, thus reducing the user's ability to work independently [124, 1407]. Con-
versely, on-demand assistance ts tasks needing autonomy, problem-solving, or ex-
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ploration. This solution fosters engagement, critical thinking, and accomplishment
while allowing users to learn through the support available when required [704].

Prior studies on CVAs in XR puzzle-solving environments have explored the
bene ts of visual cues for guidance [243, 744, 487]. We expand the eld by examining
the impact of CVA representation modalities|voice-only and embodied|on task
e ciency, cognitive workload, and social presence in puzzle-solving tasks. Focusing
on auditory guidance and CVA-user dialogues, this work highlights the performance
boundaries and challenges associated with each modality, emphasizing the need to
align agent modalities with task and user needs and o ering valuable insights for
CVA design.

We employed the CVA classi cation design architecture [313] and the MIRAS
(Mixed Reality Agents) Cube Taxonomy [540] to integrate a CVA named "Katie"
into the MR application for on-demand user guidance. We explored two di erent
modalities for Katie: a Voice-only version and an Embodied form, which incorpo-
rated the voice with basic lip-syncing and idle movements (see Figu®®). In the
follow-up study, we selected 34 participants to evaluate the designed modalities and
focused on the following key Research Questions (RQSs):

A

RQ1: How does the representation mode of the CVA (Voice-only vs. Embod-
ied Avatar) in uence puzzle-solving performance and user interactions during
complex spatial puzzle-solving in an MR environment?

RQ2: What is the impact of the representation mode of the CVA (Voice-only
vs. Embodied avatar) on participants' cognitive workload and social presence
during complex spatial puzzle-solving in an MR environment?

RQ3: What are the participants' perceptions of usability and technology ac-
ceptance in this MR experience?

By addressing these questions, this study contributes to the understanding of
how di erent forms of assistance can be optimized for enhanced user performance
and satisfaction in MR environments. The ndings may inform the design of fu-
ture intelligent assistants, leading to more intuitive and e ective human-computer
interactions.

Related Work

MR systems are widely utilized across various tasks requiring spatial reasoning,
precision, and coordination [283, 685, 1109, 752], with particular prominence in
industrial and assembly processes [68, 1329, 921, 1402, 307]. A key feature of MR in
assembly tasks is its ability to o er state-aware guidance by integrating visual and
auditory cues in the context [1329]. This technology signi cantly reduces errors and
increases e ciency [1075, 1402], o ering a more interactive and reliable alternative
to traditional instruction manuals [921].

Puzzle solving can be seen as a form of assembly task [810], where components
must be carefully aligned and tted together to create a functional structure. These
tasks require strong spatial reasoning and memory, attention to detail, and a me-
thodical approach to problem-solving [746, 543]. MR-enhanced puzzle simulations
have demonstrated signi cant value in education and training by fostering active
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learning, critical thinking, collaboration, and enhancing spatial problem-solving
skills [243, 744, 1270]. The guidance in these exampled MR systems is typically
provided through visual cues that con rm correct or detect wrong placements or
suggest potential piece placements during the assembly or puzzle-solving process.
For example, Lima et al. [744, 487] used an RGB-D camera to accurately detect and
highlight correctly assembled pieces. Another notable example is JigsAR [1270], a
system developed to assist users in assembling jigsaw puzzles. JigsAR uses color
guantization and image histograms to compare puzzle pieces with a database, sug-
gesting the three most probable correct placements for each piece.

However, there is very limited literature exploring voice-driven feedback in MR
systems for puzzle-solving, despite its potential to enhance user interaction and
engagement in MR environments [943], as well as systems that o er on-demand
guidance. On-demand guidance allows users to request help as needed, promoting
autonomy, focus, and a personalized, less intrusive experience, especially suitable for
tasks requiring focus, such as puzzle-solving [1407, 704]. By managing information
ow, this approach boosts con dence and engagement, making it ideal for educa-
tional and training settings [1059]. This underscores the importance of balancing
assistance with minimizing distractions [124].

Shared virtual worlds emphasize the potential for real-time collaboration in im-
mersive environments. For example, research in this domain demonstrates how
remote expert support and multi-user coordination can streamline tasks. Adapting
these mechanisms could bridge the gap between individual e orts and synchronized
teamwork, providing valuable insights for designing MR systems optimized for col-
laboration and teleoperation [432, 1414, 168]. Previous studies in puzzle-solving in
XR underscore the role of collaboration [169, 95, 514]. Although human compan-
lons play a valuable role in fostering engagement and teamwork, CVAs also o er the
potential to provide immersive, scalable, and context-aware guidance to enhance
task e ciency in MR environments [1323]. Many works in the literature explore the
usage of di erent types of CVAs to improve human communication and interper-
sonal skills in various training contexts like healthcare, customer service, and sales
[1018, 594].

CVAs can be classi ed by purpose, communication channels, and response gen-
eration architecture [313]. Task-oriented CVAs are designed for speci ¢ works, en-
suring precise assistance [1063]. Communication channels like text and voice CVAs
support various interaction needs, from detailed instructions [681] to hands-free
tasks [1140] allowing users to focus on physical components and spatial awareness.
Embodied CVAs enhance interaction by combining verbal and visual cues, which
can be patrticularly bene cial in tasks that require social aspects, and collaboration
[1063, 654]. CVA architectures range from rule-based, for consistent responses [584],
to retrieval-based, which adapts to dynamic inputs, and Al systems for more nat-
ural interactions [804]. The MIRA Cube Taxonomy [540] classi es virtual agents
in MR environments along three dimensions: corporeal presence, interactive capac-
ity, and agency level. Agents are categorized by their presence as stronger in the
virtual or physical domain or balanced in both. Interactive capacity refers to their
ability to sense and act in these environments, while agency is classi ed from basic
(weak) to complex (strong). Current research on CVAs in MR has largely focused
on agents characterized by high virtual presence and interactivity, yet possessing
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relatively limited agency [540]. Prominent examples include MARA, a mobile city
guide designed to enhance tourist experiences [1127], and Welbo, a virtual assistant
for interior design [46]. More advanced systems like ALIVE [792] and the Invisible
Person [1019] incorporate greater agency through sophisticated architectures capa-
ble of modeling internal states and complex behaviors, which aim to enhance the
overall level of realism in interactions. These frameworks guide the integration of
CVAs into immersive experiences.

Many studies have examined the degree of realism in CVAs across various tasks
and contexts. Realistic agents have been found to be more appealing and engaging
for communication, as they provide visual cues such as eye contact, facial expres-
sions, body representation, and synchronized body and lip movements. Conversely,
invisible agents are often preferred for visually intensive tasks, where their lack of
visual distractions allows users to focus more e ectively [1054]. Beun et al. [119]
demonstrated that a realistic virtual head improved memory test scores compared to
text-only representations, though not signi cantly more than a cartoon character.
Similarly, visible CVAs have been shown to enhance social presence and improve
performance in tasks such as anagram solving and Question-and-Answer games in
AR [881, 258].

Research on integrating CVAs in MR puzzle-solving has explored the e ects
of avatar intelligence, self-similar appearance and voice, avatar realism, and task
complexity [240, 479, 582, 961, 238], all of which play a vital role in shaping trust,
user engagement, and group dynamics. However, despite these advancements, the
speci ¢ e ects of CVA representations on spatially demanding tasks in MR, such as
puzzle-solving, require further investigation, particularly in the context of CVA-user
dialogue, voice-driven interactions, and on-demand assistance.

Material and methods

This section provides an overview of the system design and architecture, the devel-
opment process, the data analysis methodology, and the re nement of our system
through a pilot study.

System design and architecture

The system architecture comprises four primary modules: User Interface, Puzzle
Manager, CVA (Voice-only or Embodied avatar), and Data Logger (see Figure 3.4).
The User Interface processes user inputs and provides necessary feedback. During
the puzzle-solving experience, the User Interface leverages the capabilities of the
MRTK to accurately interpret pinch gestures. This allows the user to initiate the
experience by interacting with a virtual button. The individual puzzle pieces were
printed as 10 cm x 10 cm squares, resulting in a complete puzzle dimension of 40
cm x 40 cm (16 pieces). This size was selected to ensure that the puzzle was large
enough to be manageable within the experimental setup. The module employs the
Vuforia engine to identify and track individual puzzle pieces by treating each piece
as a 2D image target. When the user physically moves a piece (see Figure 3.5b),
Vuforia tracks the movement and communicates the status to the Puzzle Manager.
Additionally, when a user selects a piece with a pinch gesture (see Figure 3.5¢), the
app highlights the selected piece by generating a blue border around them, thereby
aiding users in focusing on speci ¢ puzzle elements and indicating the user's intended
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interactions. The module, built on MRTK, captures spoken input, interprets it as
commands, and communicates them to the CVA Katie, enabling users to ask vocal
guestions about a piece's position or orientation. In our study, 'orientation’ refers
strictly to the direction the puzzle piece faces. There are four possible orientations
(0°, 90, 180, 270).

Depending on the agent's communication channel, categorized based on CVA
classi cation architecture|either Voice-only or Embodied (see Figure 3.3), the User
Interface con gures the type of feedback to communicate with the user. In the
Embodied avatar condition, the virtual agent will be represented by a lifelike avatar
seated near the table where the user is situated, gazing attentively at the puzzle
board (see Figure 3.3). During assistance, the avatar features lip-sync animations
synchronized with audio instructions and natural sitting animations, such as subtle
breathing. These features align with the corporeal presence dimension of the MiRA
Cube Taxonomy, enhancing the user's perception of the avatar as a lifelike entity.
When not assisting, it continues to display subtle sitting animations, maintaining
a consistent yet unobtrusive sense of corporeal presence [377]. In the Voice-only
version, the interaction is limited to audio feedback, where the assistant's voice
guides the user without any visual or embodied representations.

The Puzzle Manager manages the state and dynamics of the puzzle-solving pro-
cess. First, it prepares the puzzle board and ensures all settings are ready for
user interaction. It continuously receives input from the user interface regarding
the movement and orientation of pieces, updating the positions and orientation ar-
rays accordingly. It checks whether each piece is correctly positioned and oriented
by comparing its current state to the expected con guration and, upon request,
reports the validity of each piece's placement and orientation to the CVA. Further-
more, it logs data related to user interactions with puzzle piece positioning to the
data logger.

The CVA adheres to a task-based, rule-based design, as outlined in CVA classi-
cation architecture. It processes user queries and o ers corrective guidance, such
as positional and directional adjustments ("Move up" or "Rotate clockwise™) or
con rming correct placement and orientation. Table 3.1 provides a detailed list of
the available user commands and the agent's responses, including a table on the
right-hand side of the architecture diagram linked to the "Response Setter" module,
outlining the logic used to evaluate position and orientation queries. The linear
and non-exact nature of the CVA's guidance was intentionally designed to challenge
users, encouraging exploration, problem-solving, and more frequent interaction with
the assistant. This setup guarantees high interactive capacity with highly respon-
sive interactions while maintaining low agency through consistent and predictable
responses, as categorized in the MiRA Cube Taxonomy. The minimal user-CVA
interaction was intentional in both modalities, as the system balances autonomy
and assistance, promoting user-driven problem-solving [704, 1407]. Additionally,
the CVA logs data related to user queries to the data logger.

Finally, the Data Logger records logs of user interactions throughout the exper-
iment sessions.

The User Interface processes user inputs and provides necessary feedback. It
gives the user the possibility to initiate the experience by interacting with a virtual
button within the MR environment that sends a command to the Puzzle Manager.
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Figure 3.3: Two CVA modalities used in the puzzle-solving task

Figure 3.4: The system architecture. Black arrows indicate common elements
across all conditions, while the green arrow applies only to the Embodied condition.
Descriptions of components using MRTK or Vuforia highlight these technologies in
blue.

During the puzzle-solving experience, the User Interface leverages the capabilities of
the MRTK to accurately interpret pinch gestures. Additionally, the module employs
the Vuforia engine to identify and track individual puzzle pieces by treating each
piece as a 2D image target. It continuously communicates the status of the pieces
to the Puzzle Manager. In addition, the module, built on the MRTK, captures
spoken input and interprets it as commands for the system. Then, these commands
will be communicated to the CVA Katie. When the user physically moves a piece
(see Figure 3.5b), Vuforia tracks the movement and communicates the status to the
Puzzle Manager. Additionally, when a user selects a piece with a pinch gesture (see
Figure 3.5c¢) the app highlights the selected piece by generating a blue border around

44



Position Queries

User Assistant Response

Command

Position This piece is correctly
positioned.

I[f Not Correct
The piece needs to move further
up.
The piece needs to move furthel
down.
The piece needs to move furthel
to the left.
The piece needs to move further
to the right.

Place the piece on the board.
orientation Queries

User Assistant Response
Command
Orientation [This piece is correctly oriented.

I[f Not Correct
The piece needs to be rotated
counterclockwise.

The piece needs to be rotated
clockwise.
Table 3.1: User commands and CVA responses.

them, thereby aiding users in focusing on specic puzzle elements and indicating
the user's intended interactions. Then, the user can vocally ask questions about the
piece position or orientation. Depending on the agent's presentation mode|either
Voice-only or Embodied (see Figure 3.3) the User Interface will con gure the type
of feedback provided, whether Audio or Visual, to communicate e ectively with the
user. In the Embodied avatar condition, the virtual agent will be represented by a
lifelike avatar seated idly near the table where the user is situated, gazing attentively
at the puzzle board Figure 3.3. The avatar will feature lip-sync animations to
synchronize visual cues with audio instructions, enhancing the sense of corporeal
presence [377]. This creates a virtual, vivid, and tangible interaction experience,
making the avatar appear both engaging and immersive. In the Voice-only version,
the interaction is limited to audio feedback, where the assistant's voice guides the
user without any visual or embodied representations. This mode focuses purely on
auditory communication.

The Puzzle Manager manages the state and dynamics of the puzzle-solving pro-
cess. First, it prepares the puzzle board and ensures all settings are ready for user
interaction. It continuously receives input regarding the movement and orientation
of pieces from the User Interface, updating the positions and orientation arrays
accordingly. It checks whether each piece is correctly positioned and oriented by
comparing the current state to the expected con guration and reports the validity
of each piece's placement and orientation to the CVA upon request.

The CVA in the application is designed to interact with the user by providing
real-time feedback on the position and orientation of puzzle pieces. This module,
following a task-based architecture, focuses on the puzzle-solving task while adher-
ing to a rule-based architecture that ensures contextually relevant assistance. In
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