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Abstract—This article presents the development and validation
of a unified architectural and software model for educational
Extended Reality (XR) systems, which integrates the
technological, pedagogical, and interface-related aspects of virtual
and augmented reality into a coherent, modular, and
interoperable framework. The proposed model addresses key
limitations of existing XR solutions in education—such as
platform dependency, limited scalability, and insufficient
pedagogical grounding—through the use of WebXR technologies
and open standards. The architecture is designed as a multi-
layered structure that ensures cross-platform access, real-time
interactivity, adaptive levels of immersion, and seamless
integration with learning management systems. A conceptual
model is formulated that explicitly links architectural design
decisions to instructional objectives and establishes the principle
of pedagogically determined design of XR learning environments.
The applicability of the proposed model is evaluated through the
design, implementation, and functional testing of a prototype
WebXR-based educational system for engineering education. The
results demonstrate that the unified architecture provides a
sustainable, scalable, and pedagogically grounded foundation for
the effective integration of XR technologies in educational
contexts.
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I.  INTRODUCTION

Virtual reality (VR) and augmented reality (AR) are
transforming traditional models of learning by providing
learnerswith opportunities to explore complex concepts through
immersive experiences. Instead of passively receiving
information, students can actively manipulate and observe
learning objects within a three-dimensional environment. These
approaches contribute to deeper understanding, increased
motivation, and thedevelopment of practical skills [5,7,15,20].

Virtual reality represents a computer-generated simulated
environment that enables active user participation through
immersion and interaction withina three-dimensional space [25,
27].1t is part of the broader family of extended realities (XR),
which also includes augmented reality (AR) and mixed reality
(MR) [2, 3, 21, 26].

In education, XRisregardedas a tool forcreating immersive
learning experiences that enhance engagement, improve
comprehension, and support personalized learning [14, 19, 22,
23].

The semantic representation of 3D objects, implemented
through ontologies and standardized descriptors, enables not
only more efficient organization and retrieval of educational
resources but also automated adaptation of content to individual
learner needs. In the work of Georgieva-Trifonova and Galabov
[9],aconceptual framework is proposedin which 3D modelsare
described using semantic web technologies such as OWL and
RDF, making it possible to link geometric characteristics with
educational context. The authors demonstrate that by developing
an ontology for educational 3D objects, contextual interpretation
of learning content can be effectively supported.

A. Relevance of the Problem

Over the past decade, virtual and augmented reality
(VR/AR) technologies have steadily penetrated a wide range of
industrial and scientific domains. In the educational context, the
adoption of XR technologies creates conditions for the
development of a new generation of software systems that
integrate 3D visualization, interactivity, and sensory interfaces
into the learning process [8]. This trend necessitates the design
of stable and scalable architectures capable of ensuring reliable
real-time performance and compatibility with diverse hardware
configurations.

Existing educational XR solutions are often constrained by
high hardware requirements, as well as by the lack of unified
software interfaces and optimized formats for 3D content.
Furthermore, the integration of XR into educational
environments requires effective communication among system
modules, including tracking algorithms, haptic feedback
mechanisms, scene generators, and user interaction components.

The present article addresses this technological gap through
the development of an architecture and a prototype of an
educational XR system built on a modermn development platform
(WebXR), supporting adaptive interfaces and true scalability.
The study examines in-depth issues related to the selection of
file formats for scenes and objects (gl TF, OBJ, FBX), challenges
in synchronization and motion tracking, and the impact of
hardware configuration on the quality ofuser experience [30].

Given the rapidly increasing significance of cloud
computing and web-based XR solutions, the proposed
development also includes an analysis of integration
possibilities with cloud services, content storage, and remote
accessto XRapplications. The employed technologies adhere to
principles of modularity, portability, and compliance with open
standards, making the proposed prototype applicable in both
local and distributed learning environments.
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The relevance of the problem arises not only from the rapid
advancement of XR technologies but also from the need for
clearly defined solutions for their sustainable integration into
education. In this context, the present study aims to bridge the
gap between theoretical developments and the practical
implementation of effective, scalable, and accessible XR
systems.

B. Objective of the Study

The primary objective of this article is to develop and
scientifically substantiate a unified architectural and software
model for educational XR (Extended Reality) systems that
integrates the technological, pedagogical, and interface-related
aspects of virtual and augmented reality, and to validate its
applicability through the development and experimental
evaluation of a prototype XR system in a real educational
environment.

II. THEORETICAL SYNTHESIS AND CONCEPTUAL MODEL
FOR THE ARCHITECTURAL DESIGN OF EDUCATIONAL XR
SYSTEMS

The theoretical foundations and technological classifications
of virtual, augmented, and extended reality examined in this
section reveal a considerable diversity of approaches, platforms,
and levels of immersion. However, the existing scientific
literature lacks a wunified conceptual framework that
systematically links the degree of immersiveness, architectural
decisions, and pedagogical objectives of educational XR
systems. This results in fragmented implementations, often
optimized for a specific platform or hardware configuration, but
difficult to transfer and scale across different educational
contexts.

In this sense, the present study is based on the understanding
that XR technology in education should not be viewed merely
asanisolated visualization environment, but rather as a complex
sociotechnical system in which technological, cognitive, and
pedagogical components are functionally interconnected. The
theoretical analysis indicates that the effectiveness of XR-based
learning does not depend directly on the level of technological
complexity, but on the alignment between the system’s
architectural design and the instructional objectives it serves [4,
6].

Based on the reviewed theories of immersiveness, presence,
and cognitive load, the principle of pedagogically determined
architectural design can be formulated. According to this
principle, the selection of the XR platform, visualization type,
and interaction mechanisms should be driven by the didactic
function of the learning environment, rather than the reverse.
This implies a clear distinction between scenarios that require
full immersion and unrestricted spatial interaction, and those in
which semi-interactive or web-based XR solutions are more
appropriate from the perspectives of cognitive efficiency and
resource accessibility.

Froma theoretical standpoint, the architecture of educational
XR systems can be conceptualized as a multi-layered structure
comprising:

e Layer for sensory interaction and visualization;
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e Layer for interaction logic and simulation;

e Layer for pedagogical scenarios and instructional
control;

e Layer for assessment, adaptation, and feedback.

This stratification enables a clear separation of
responsibilities between technological and pedagogical
components and creates prerequisites for modularity,
interoperability, and content reuse. In this context, web-based
XR technologies stand out as an architectural solution with
strong theoretical potential, as they allow the integration of
different levels of immersion within a unified logical structure
without dependence on a specific hardware platform.

Based on this theoretical synthesis, a generalized model can
be formulated (Fig. 1), according to which sustainable
educational XR systems are characterized by architectural
adaptability that enables dynamic regulation of immersion,
interactivity, and content complexity in accordance with
learners’ age, cognitive level, and instructional objectives.

@

Layer 4 Adaptation, A t, and Feedback
* Learning personalization

+ Learner behavior analysis

« Assessment and reporting

+ Integration with LMS platforms (xAPI, SCORM)

v
Layer 3 Pedagogical Scenarios and Instructional Control ’

+ Learning objectives and expected outcomes
* Scenarios, tasks, and missions
+ Cognitive load management

v
Layer 2 Interaction Logic and Simulation
+ Scene and virtual object management

 Simulation models and behavioral rules
* XR runtime and synchronization mechanisms

v
Layer 1 Sensorial and Visual Interaction
* AR/ VR / MR visualization modes
+ HMD and mobile consumer devices
» Gestures, gaze, voice, and 6DoF navigation

Fig. 1. Conceptual model for the architectural-pedagogical design of
educational XR systems.

This model emphasizes the functional relationship between
architecture and pedagogy and serves as the theoretical
foundation for the proposed unified architectural and software
approach.

This model can be formally defined as the principle of
pedagogically determined architectural design, according to
which architectural decisions related to the level of
immersiveness, interaction mechanisms, and system complexity
should be derived from instructional objectives, learner
characteristics, and cognitive constraints, rather than solely from
available technological capabilities.

III. ARCHITECTURAL MODELS OF XR SYSTEMS

Modern educational systems based on virtual reality employ
a variety of architectural models tailored to instructional
objectives, the number of users, available technical resources,
and the required level of interactivity. The choice of architecture
has a significant impact on system performance, scalability, and
the ability to integrate with existing educational platforms.

Recent studies explore the use of large language models
(LLMs) as a means of supporting architectural decision-making
through the automatic generation of design rationales and
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alternative  solutions; however, such approaches are
complementary in nature and cannot replace the need for clearly
defined architectural models in safety-critical and educational
XR systems [32].

Client-server model — One of the most commonly used
approaches in multi-user virtual environments. In this model, a
central server manages the state of the virtual world,
synchronizes the actions of individual users, and allocates
resources such as positioning, interactions, and real-time events.
This enables the simultaneous participation of multiple learners,
who can collaborate or compete within a shared environment. A
typical example is virtual laboratories with remote access used
in engineering education [24].

Local systems — These systems represent fully standalone
solutions executed directly on VR devices such as Meta Quest
or HTC Vive Focus. They areparticularly suitable for individual
learning, as they do not require a constant internet connection
and allow a high degree of personalization. Applications of this
type often include simulators for specific skills, such as surgical
training systems, laboratory experiments, or immersive
language leaming environments. The main advantages of this
model are low latency and high interactivity, while its
limitations stem from hardware constraints and the lack of
shared sessions.

Cloud-based architectures — In this model, VR contentand
computational processes are hosted in a cloud infrastructure,
while access is provided through streaming of video and data to
client devices. This enables the use of less powerful end
devices—such as laptops, tablets, or even mobile phones—to
access high-quality VR experiences. Cloud architectures
facilitate centralized content management, updates, and user
data analytics, and they allow easy scalability in educational
institutions with large numbers of wusers [31]. Their
disadvantages include dependence on a stable internet
connection and potential latency issues in lower-quality
networks [10].

Regardless of the selected architectural model, every XR
system includes a set of core functional modules, including:

e Rendering—responsible forthe visualization of the three-
dimensional  environment, including lighting
simulations, textures, and animations;

e Input—output communication — enables interaction with
the user through devices such as controllers, voice
commands, hands, eyes, or gestures;

e Interaction logic — defines how user actions affect the
environment, including object behavior, events, and
scenarios;

e Integration with Learning Management Systems (LMS)
—through standardssuchas SCORM, xAPL,and LTI, XR
systems can exchange data on learner progress,
performance, and activity with platforms such as
Moodle, Blackboard, and others [1, 11, 12, 19].

The synergy among these modules ensures smooth and
effective educational communication between the learner, the
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virtual environment, and instructors, while simultaneously
meeting contemporary requirements for personalized, scalable,
and accessible learning.

A. Critique of Existing Architectural Models of XR Systems

Despite the diversity of architectural approaches used in
contemporary VR and XR systems, the analysis indicates that a
significantportion of existing solutions suffer from conceptual
and practical limitations that render them partially or entirely
unsuitable for sustainable application in educational contexts.

First, many of the reviewed systems are monolithic in their
architecture, with rendering, interaction logic, user
management, and instructional scenarios tightly coupled within
a single application. This monolithic design hinders adaptation
to diverse instructional objectives, limits component reuse, and
complicates integration with external educational platforms.

Second, a large proportion of VR architectures are closed
and tightlybound to specifichardware and software ecosystems,
resulting in vendor lock-in. This constrains cross-platform
deployment, increases implementation and maintenance costs,
and creates barriers to the widespread adoption of VR solutions
in educational institutions.

An additional issue is that many architectural models were
originally designed for entertainment or industrial applications,
without explicitly addressing the pedagogical requirements of
education. As a consequence, mechanisms for defining learning
objectives, instructional scenarios, assessment, and progress
tracking are often absent, which limits their effectiveness as
comprehensive educational tools.

From a scalability perspective, existing solutions frequently
prove difficult to deploy for large numbers of users, particularly
in university environments. Centralized client—server models
may introduce performance bottlenecks, while local and
hardware-dependent systems do not support efficient scaling or
remote access. Cloud-based architectures partially mitigate
these challenges but introduce new constraints related to latency,
network dependency, and operational costs.

In summary, existing architectural models of VR systems
demonstrate a lack of a unified, modular, and pedagogically
oriented approach that simultaneously ensures accessibility,
scalability, interoperability, and integration with educational
systems. These limitations motivate the need for the
development of a new architectural model capable of
overcoming the identified weaknesses and addressing the
specific requirements of educational XR environments—a topic
examined in detail in the following section of the article.

B. Comparative Analysis with Existing XR Frameworks

In order to further substantiate the identified limitations of
existing XR architectural approaches, a comparative analysis
was conducted between widely used XR development
frameworks and the proposed unified architectural model
(Table 1). The comparison focuses on key characteristics
relevant to educational XR systems, including platform
dependency, integration with learning management systems
(LMY), accessibility, pedagogical support, and scalability.
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TABLEI. COMPARATIVE ANALYSIS OF XR FRAMEWORKS AND THE
PROPOSED MODEL
. Unreal WebXR Proposed
Feature Unity XR | Ergine | (existing) Model

Platform . . .
dependency High High Medium Low
LMS L . . Full
integration Limited Limited Limited (xAPI/LTI)
Web-based No No Yes Yes (native)
access
f’eda gogical No No Partial Explicit
ayer
Scalability Medium Medium High High

The comparison demonstrates that existing XR frameworks
primarily emphasize rendering performance and interaction
capabilities, while pedagogical integration is either implicit or
absent. This limitation reduces their applicability in structured
educational environments, where instructional design,
assessment, and learner feedback are essential components.

In contrast, the proposed model introduces an explicitly
defined pedagogical layer, which enables the formalization of
instructional scenarios, learning objectives, and evaluation
mechanisms. Additionally, the integration with LMS platforms
through standardized protocols such as x APl and LTI supports
bidirectional data exchangeand facilitates the tracking of learner
progress and performance.

Another significant advantage of the proposed approach is
the use of WebXR technologies, which reduces platform
dependency and enables seamless cross-device accessibility
through standard web browsers. This overcomes one of the
major constraints of traditional XR frameworks, which are often
tightly coupled to specific hardware and software ecosystems.

Based on this analysis, it becomes evident that the proposed
unified architectural model addresses key limitations of existing
XR frameworks by combining technological flexibility,
pedagogical structuring, and interoperability. These
characteristics provide a strong foundation for the development
of scalable and accessible educational XR systems, as further
elaborated in the following section.

C. Principled System Architecture

The proposed architecture follows a design-based research
approach, in which theoretical principles derived from
pedagogical and cognitive theories are translated into concrete
architectural components and validated through iterative
prototyping and functional testing in a realistic educational
context. Based on the analysis of platforms and architectural
approaches for XR systems [ 18],aunified modular architectural
model for an educational XR system implemented via WebXR
is proposed. The model aims to provide a technological and
pedagogical foundation for the development of XR solutions
that integrate virtual and augmented reality within a single
architecture and support interactive learning scenarios for the
demonstration and practice of engineering concepts (e.g.,
microcontrollers, sensor circuits, and control logic). The design
is oriented toward achieving: 1) high interactivity and low
latency in real-time operation, 2) cross-platform access through
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a standard web browser, and 3) integration with leaming
platforms and accountability mechanisms [29].

1) Technical specification of architectural layers and their
interactions: To overcome the conceptual nature of the
architectural presentation and to achieve a higher degree of
formalization, this section provides a detailed technical
specification of the three main architectural layers—
technological, pedagogical, and interface—as well as the
mechanisms governing their interactions. Particular emphasis
is placed on the application programming interfaces (APIs),
data flows, and interoperability protocols that ensure the
functioning of the system as an integrated XR environment.

The technological layer encompasses the hardware devices
and the execution environment, implemented through the
WebXR APL It provides a unified interface to XR device
functionalities via standard methods such as requestSession(),
getViewerPose(), and requestAnimationFrame(), which manage
the creation of XR sessions, retrieval of user position and
orientation, and real-time rendering synchronization. Input data
at this layer includes spatial coordinates of the head and hands,
controller states (buttons and axes), as well as events generated
by gestures and voice commands. The output consists of
transformation matrices and event streams that are transmitted
to the visualization and scene management layer.
Communication with higher layers is realized through a
continuous rendering loop (frame loop), ensuring low latency
and real-time synchronization.

The pedagogical layer implements the instructional logic
and includes modules for managing leaming scenarios, defining
objectives, tracking progress, and evaluating outcomes. This
layer operates as a central coordination mechanism that
processes events generated by the technological layer and
interprets them within the context of specific learning tasks.
Data processing is carried out through a scenario engine that
manages transitions between instructional states, as well as
through simulation modules that model the behavior of virtual
objects and processes. Data exchange with external learning
management systems is achieved through standardized
protocols such as xAPI and LTI, enabling bidirectional
communication of learner actions, task completion time, and
performance results.

The interface layer provides direct communication between
the user and the system through visual, audio, and interactive
means. It includes graphical components implemented using
HTML/CSS and WebGL, as well asmechanisms formultimodal
input, including controllers, gestures, and voice (via the Web
Speech API). This layer transforms user actions into events
transmitted to the pedagogical layer and visualizes processing
results in the form of feedback (visual, auditory, or textual). In
this way, a closed interaction loop is established, supporting the
cognitive process and user orientation within the XR
environment.

Interaction between the layers is implemented through an
event-driven architecture, in which input events generated at the
hardware level are propagated through the technological layer,
processed by the pedagogical layer, and resultin state changes
that are visualized through the interface layer. The data flow
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includes transformations of spatial coordinates, logical states of
objects, interaction events, and telemetry data for analysis and
assessment. To ensure interoperability and extensibility, open
web standards such as WebXR, WebGL, and REST-based
interfaces are employed, enabling integration with external
services and cloud platforms.

The formalization oftheseinteractionsis illustratedin Fig. 2,
which presents the layered structure, core components, and data
flows of the proposed XR system.

The hardware and device layer (A) provides the sensory
channels and actuation mechanisms required for immersion and
interaction, including XR devices (HMDs, controllers, inertial
measurement units, and cameras), as well as audio output and
microphones for voice interaction. This layer generates the
primary input data for the system—head and hand position and
orientation, as well as events originating from controllers,
gestures, and/or voice commands.

The XR runtime and device abstraction layer (B) is
implemented via WebXR. Its functionis to manage XR sessions,
reference spaces, and frame synchronization, while providing a
unified programming interface to the functionality of different
XR devices. Through this layer, support is ensured for both VR
and AR modes, as well as a fallback 2D mode in the absence of
XR support, which enhances the accessibility and robustness of
the system across diverse educational settings [30].

Layer A LayerB Layer C ‘
Hardware Devices | —)| @ WebXR Runtime _> ﬁ | Rendering and Scene [
J |

(HMD, controllers, IMU, (XRSession, XRFrame, \V/  (Threejs + WebGL, |

cameras, audio/microphone) Reference Space) GLB/GLTF)

Layer E Layer D Layer F
Interaction and UI/UX [ — @ Learning Logic and Simulation —3) l@ Data and Assessment
(HTML/CSS, gestures, (scenarios, rules, validation) (scores, SCORM/XAPI/LTI)

Audio API)

Fig.2. Block diagram of the unified architectural model of an educational
XR system.

External Systems (optional)
LMS / CMS / Cloud Services / Repositories

(content, assignments, reports)

The visualization and scene management layer (C) is
responsible for real-time rendering of the three-dimensional
environment. It employs WebGL as the graphical backend and
Three.js as the engine for managing scenes, materials, lighting,
and animations. Learning objects are represented through
optimized 3D assets in GLB/GLTF format (e.g., models of
microcontrollers, LEDs, sensors, etc.). The output of this layer
is a visualization synchronized with user movements and
optimizedto meetrequirements for low latency and stable frame
rates [16, 17, 29].

A central role in the architecture is played by the learning
logic and simulation layer (D), which implements the
pedagogical scenario and the functional logic of the learning
process. This layer manages the sequence of instructional steps,
task objectives, conditions for success or failure, and transitions

Vol. 17, No. 4, 2026

between system states. It includes a scenario engine, a learning
object model, and a simulation module for microcontroller-
related actions. Through integration with tools such as Arduino
IDE, Tinkercad Circuits, or Firmata, software-based simulation
ofreal engineering processes is enabled, with results fed to the
visualization and interface layers in the form of events, states,
and indicators.

The interaction and user interface layer (E) provides direct
communication between the learner and the system. It includes
interface elements (HTML/CSS) for instructions, hints, and
control panels, as well as multimodal input through controllers,
gestures, and voice. Feedback to the learner is delivered via
visual cues, audio notifications, and voice guidance (Web
Speech API and Audio API), supporting orientation and aiding
the management of cognitive load during interaction within the
XR environment [13, 28].

For analysis and assessment purposes, the architecture
incorporates a data, tracking, and accountability layer (F), which
records learner actions, task completion time, errors made, and
hints used. These data enable internal analysis of learning
effectiveness and, when required, integration with external
learning management systems through standards such as
SCORM, xAPL, or LTI[1, 11, 12].

The operation of the system is realized through key data
flows, which are presented in Table 2.

IV. SOFTWARE ARCHITECTURE OF THE SYSTEM

In order for the technical components to operate, a complete
set of software modules is required to manage the system
elements and transmit data from input devices to higher-level
logic responsible for the augmented reality visualization system.
A schematicrepresentation of the softwarearchitecture is shown
in Fig. 3. The kernel, together with system libraries and device
drivers, forms the core of the operating system. The runtime
environment is often included as part of the operating system
package, although this is not mandatory. In embedded operating
systems, the runtime environment is typically minimal and is
used mainly for diagnostics and maintenance, while all input—
output interfaces are managed directly by the application
software.

|

’ Operating System

=TT Environment

Programs

@Q Application Libraries
@ System Libraries H il::l:ﬁ Device Drivers

@ Operating System Kernel

i:[::l} Firmware (Hardware)

Fig.3. Software architecture of the system.
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At the software level, the system is implemented through
several modules that operate jointly to visualize augmented
reality content.

The first module is responsible for calibrating the selected
camera. It is activated when the device is changed or when
recalibration is required. This module guides the user through
the calibration process and stores the camera parameters in the
device’s persistent memory so that they are accessible to the
other system modules.

The second module is responsible for real-time tracking of
camera motion and for computing the three-dimensional
geometry of the observed scene. It utilizes stored camera
parameters. Its output includes the position and orientation of
the camerain 3D space, as well as extracted data describing the
scene geometry.

The third module handlesthe visualization of the live camera
feed and the overlay of augmented content. It uses the camera
position and calibration data to create a virtual camera
equivalent to the real one, which “views” the AR scene from the
same perspective and renders it on the display.

Each of these modules is implemented as a set of libraries
and application programming interfaces (APIs), enabling code
reuse, modular development, and straightforward extension with
new functionalities or applications. This structure also allows
independent testing of each system component.

The overall algorithm for visualizing the final output is
presented in Fig. 4.

The advantage of the XR approach is that the learner is not
isolated from the physical world, as is the case in a conventional
VR environment. Instead, the learner can seethe real room, their
own hands, and surrounding objects, which prevents
disorientation and allows virtual devices to be naturally
positioned within context (Fig. 5). XR visualization provides a
higher degree of realism in the demonstration of sensor
technologies, as learners can observe how measurements change
in response to real objects placed in front of the sensor.

The prototype is implemented as a web-based XR
applicationusingJavaScript and WebGL technologies, executed
in a standards-compliant browser environment and tested on
Meta Quest 2 devices supporting the WebXR APIL The source
code for the prototype XR system can be downloaded from

GitHub:
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https://github.com/mgalabov/vr-

demo/blob/main/MG_AR.html

p Start

v

Captured image

and camera
position

Create virtual camera
using parameters

/T\ and position of
real one
Database: AR
<@ Renderthe ./ @ model:
.’ virtual scene W= * 3D objects
« 2D images

!

Apply filter to
the real image

}

Composite on
display

}

B End

Fig. 4.

Fig. 5.

Augmented reality rendering algorithm.

FEEEROREE =

XR visualization system using Meta Quest 2.

TABLEII. KEY DATA FLOWS IN A WEB-BASED XR EDUCATIONAL SYSTEM
Intermediate Layers / .
No. Data Flow Name Data Source Modules y Output / Result Functional Purpose
Real-time XR hardware | WebXR API . Ensuring smooth visualization, spatial accuracy,
. o . .. . Rendered scene in the . . .
1 Rendering and | (HMD, position and | visualization engine | gaip and real-time synchronization of the virtual scene
Synchronization orientation sensors) (Three.js / Unity Web) with the user’s movements
. Input events . . . . .
Interaction pu v Interaction layer Managing user actions, executing pedagogical
. (gestures, . . Updated scene and - S R
2 Processing and scenario engine . . scenarios, and maintaining interactivity within the
. . controllers, gaze, | . X ” visual/audio feedback .
Instructional Logic voice) instructional logic learning process
. Leamer actions in [ Simulation module . . Reproducing the behavior of real electronic
Microcontroller . . . Simulation results and
3 . . . the virtual | (virtual microcontroller, o components and systems to support hands-on
Action Simulation . . XR indications . . .
environment logical models) learning without physical hardware
Int ti R It Tracki I i tivit luati
Assessment and nteraction evepts Telemetry and | REPOTLS, progress racking eaming  activity,  evaluating
4 . and simulation indicators,and/orLMS | performance, and integrating with external
Reporting assessment module . . .
results integration educational platforms
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V. CONCLUSION

A significant scientific contribution of this work is the
development and validation of a unified architectural and
software model for educational XR systems that integrates
technological, pedagogical, and interface components into a
single, interoperable framework.

A unified modular architectural model of an XR system has
been developed, defining the logical dependencies among
input—output devices, the user interface, the visualization
engine, and the control module for managing real-time
interactions. The model presents a generalized approach to XR
system design, reveals patterns in the processing of sensory data
and their transformation into visual—interactive representations,
and serves as a theoretical foundation for the development of
scalable XR architectures.

Based on this model, a prototype XR system has been
developed with the aim of practically validating the proposed
unified architectural model for educational XR environments
through real-world implementation and experimental use. The
system is designed as an interactive learning environment
focused on the demonstration, practice, and analysis of
engineering and technological processes, with particular
emphasis on microcontroller- and sensor-based systems.

Future work will focus on large-scale empirical validation of
the proposed modelthrough controlled educational experiments,
quantitative analysisoflearningdata, and long-term deployment
in higher education environments, as well as on extending the
architecture with adaptive and artificial intelligence—based
instructional components.
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