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Dear Readers,

With great pleasure, we present to you the second issue of Volume 15 of the Journal of Information
Technology and Applications (JITA)—an issue that marks not only the continuation of our publishing
cycle but also the steady growth of our scientific community. This issue reflects the diversity and
dynamism of contemporary ICT developments and applications. The published papers span a wide
range of topics—from [oT architectures and embedded systems to artificial intelligence, machine
learning, digital education, and applied data analytics. Such thematic breadth is a testament to the
interdisciplinarity of ICT and its growing impact on all segments of society.

The research presented in this issue includes:

¢ innovative loT gateway architectures and decentralized data collection models;

» advances in CNN-based intelligent transport systems and driver-assistance technologies;

e applications of low-cost sensors and Al in environmental monitoring;

e the role of Al assistants in contemporary pedagogical practice;

e case studies of Al-driven business transformation;

¢ development of domestic language Al models and insights into the evolution of large language
models;

e analyses of financial sustainability of e-learning platforms;

e improvements in distance learning systems.

These papers show the rapid integration of intelligent systems into daily life and highlight the
importance of ICT research in shaping future socio-technical systems. In this issue, young researchers
and early-career academics stand out, demonstrating technical skill and creative problem-solving. We
actively support such authors as a core mission of our journal.

As JITA expands its international editorial board, indexing, and visibility, we reaffirm our commitment
to open scientific exchange, methodological transparency, and the spread of research that advances
theory and practice. We invite researchers from academia and industry to contribute, join projects,
and strengthen our community.

We thank all authors, reviewers, and members of the editorial and technical teams for their dedicated
work. Their contributions ensure the high quality and integrity of JITA and enable the journal to
remain a respected forum for ICT research.

We wish you an inspiring reading experience and look forward to receiving your future submissions.

Editor-in-Chief

Dalibor P. Drljac¢a, PhD

Pan-European University APEIRON

Journal of Information Technology and Applications (JITA)
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IMPLEMENTATION OF A MESHTASTIC GATEWAY SYSTEM WITH A
LOCAL DATABASE FOR |OT APPLICATIONS

Daniel Menic¢anin’, Jelena Radanovic?, Drazen Marinkovic3
!Pan-European University Apeiron, Faculty of Information Technology, Banja Luka, Bosnia and Herzegovina,
danijel. menicanin@gmail.com, 0009-0001-6311-4043
2Pan-European University Apeiron, Faculty of Information Technology, Banja Luka, Bosnia and Herzegovina,
dev.radanovic@gmail.com, 0009-0001-5135-7662
*Pan-European University Apeiron, Faculty of Information Technology, Banja Luka, Bosnia and Herzegovina
drazen.m.marinkovic@apeiron-edu.eu, 0009-0006-8001-2168

Original scientific paper
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Abstract: This paper presents a system for reliable collection, filtering, and processing of data from a LoRa Meshtastic decentralized
network, developed for use in remote areas with weak or no mobile network coverage. The core idea stems from the need to enable
efficient exchange of small data packets at intervals, without relying on expensive and often unavailable internet infrastructure.
The key innovation lies in the implementation of the Meshtastic gateway concept, which provides internet access via HTTP
requests, while the developed database model ensures continuity and reliability of data transmission. Data arriving in the network
as unstructured messages are extracted using regular expressions, transformed into JSON format, and sent to the visualization
platform Grafana, while simultaneously being stored in a local database for later queries, research, and analysis. The system’s
reliability is further enhanced by introducing a two-layer acknowledgment mechanism (Meshtastic ACK_APP and remote API
application-level ACK), as well as an offline mode that logs undelivered messages and their causes through flags and error records.

This ensures resilience to data loss and enables seamless operation continuation after connection interruptions.

Keywords: LoRa, Meshtastic, [oT, Database

INTRODUCTION

The Internet of Things (IoT) has in recent years
become a key technology in areas such as industrial
automation, smart cities, agriculture, and environ-
mental monitoring. The fundamental idea of [oT sys-
tems is the collection and processing of data through
a network of sensors and their transmission to re-
mote platforms where analysis and visualization take
place.

However, in practice, a major problem arises, most
of these systems depend on a stable and continuous
internet connection, which is not always achievable
in remote or infrastructure-limited areas.

The challenge is particularly evident in applica-
tions that require only periodic transmission of small
amounts of data. In such cases, maintaining a perma-
nent mobile or fixed internet connection represents
an unnecessary cost and reduces the overall cost-ef-

fectiveness of the system. This creates a gap between
real-world needs and existing commercial solutions.
As a response to this challenge, a system was devel-
oped that combines the LoRa [1] Meshtastic network
and a multiplatform application for data collection
and processing. Unlike LoRaWAN solutions, which
require a centralized gateway and a connection to a
provider’s network, Meshtastic uses a mesh topology.
This means that each node in the network functions
both as an endpoint and as a repeater, achieving re-
silience to interruptions and eliminating dependence
on a single central point. In this way, the system can
operate completely offline, without the need for in-
frastructure support.

The role of the developed application is to receive
data from the Meshtastic network, perform filter-
ing, and transform it into a structured JSON format.
Since a large number of non-system and auxiliary
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messages appear in the network, regular expressions
(regex) are used to extract only relevant data from
predefined senders. The filtered data is then writ-
ten to a local database and simultaneously sent to
the Grafana [2] visualization platform via HTTP API
calls. This ensures dual security, data is available in
real time and permanently stored locally for further
analysis. Figure 1 shows the Grafana interface used
for data visualization.

QMNLINE

Figure 1. Visualization of collected data using the Grafana
dashboard

The key contribution of the system lies in the im-
plementation of reliability and redundancy mecha-
nisms. The Meshtastic network provides delivery
confirmation within the protocol itself (ACK_APP),
while the application further utilizes HTTP responses
from remote APIs. In case of internet disconnection,
all data is automatically stored in the local database
with a clearly marked status “undelivered” and an
associated error reason. When the connection is re-
stored, the system automatically performs synchro-
nization and retransmission, eliminating the possibil-
ity of data loss.

A special quality of the developed solution lies in
the fact that the application is cross-platform, devel-
oped in the Dart/Flutter environment, and runs on
Windows, Linux, and Android operating systems. This
provides high flexibility of use from server operation
in office environments, through field monitoring on
laptops, to mobile deployment on Android devices.

Based on the problem identified and the proposed
solution, this work seeks to answer the following re-
search questions:

1. How can loT systems ensure reliable and cost-
effective data transmission in environments
with limited or no internet infrastructure?

2. To what extent can a decentralized LoRa-based
mesh network (Meshtastic) serve as a viable
alternative to traditional LoRaWAN or cellular
solutions?

3. How effective is regex-based filtering in ex-
tracting relevant sensor data from a noisy, un-
structured message stream?

4. Whatlevel of reliability and redundancy can be
achieved through hybrid local and remote data
handling, especially during intermittent con-
nectivity?

5. How does a cross-platform gateway applica-
tion contribute to the practical deployment
and scalability of offline-capable [oT systems?

METHODS AND MATERIALS

The architecture of the developed system is de-
signed to integrate all the key layers required for
reliable data collection, processing, and distribution
in environments where internet infrastructure is un-
available or not economically viable.

At the base level of the system are sensors con-
nected to ESP32 microcontrollers. These devices
are responsible for collecting measurement values,
formatting them into key-value pairs, and preparing
them for transmission. The messages then enter the
LoRa Meshtastic network, which represents the com-
munication layer of the system. Thanks to its mesh
topology, the network is self-sustaining and allows
messages to be dynamically routed through multiple
nodes until they reach their destination.

When messages reach the node connected to the
application, the data processing layer begins. The ap-
plication retrieves all incoming messages from the
network via serial communication and filters them
using regular expressions. After filtering, the data is
transformed into JSON format, making it standard-
ized and ready for integration with remote services
or storage in the local database.

In the third layer;, data distribution and storage
take place. The data is sent to the remote Grafana ser-
vice via HTTP API calls, while simultaneously being
written into the local database. The database does
not serve merely as passive storage, it actively par-
ticipates in system functionality by enabling analyti-
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cal queries and reconstruction of historical events.
A special feature is the flag-based record marking
mechanism: if data is not successfully delivered to the
AP], it remains in the database marked as “undeliv-
ered” with the corresponding error reason recorded,
ensuring complete transparency. Figure 2 shows the
data flow diagram of the system architecture.

s, R
V-

N
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Figure 2. LoRa Meshtastic Gateway System — Data Flow
Diagram and Acknowledgment Structure

One of the key aspects of the system architecture
is the implementation of a two-layer message deliv-
ery confirmation mechanism.

At the protocol level, the Meshtastic network en-
sures message receipt confirmation through the
ACK_APP port number. On top of this, an additional
application layer is implemented, where the remote
API server returns an HTTP response indicating the
success of data processing. This combination allows
the system to maintain a clear record at all times of
whether a message has been successfully delivered
and acknowledged.

If an internet connection interruption occurs, the
application continues to operate smoothly in offline
mode, during which all data is stored in the local da-

tabase and marked with an error flag. Once the con-
nection is restored, the application automatically
retries transmission and synchronizes the database
with the remote service.

Furthermore, the system architecture has been
extended to include two operational modes of the ap-
plication: server mode and client mode.

Figure 3 shows the application in server mode.

Figure 3. Meshtastic Gateway - Server mode

In server mode, the application assumes a central
role. It serves as the point where complete data pro-
cessing is performed, including filtering, transforma-
tion into JSON format, database entry, and transmis-
sion to Grafana. This mode of operation implies that
the server application maintains the main instance of
the database and functions as a gateway between the
Meshtastic network and the internet [3]. In this way,
the server mode enables integration of the entire sys-
tem with external analytical tools and ensures cen-
tralized real-time monitoring of all network nodes.

In client mode, the application operates in a sim-
plified configuration. It does not process or store
data directly but instead sends queries through the
Meshtastic network to the main application running
in server mode and retrieves results from the data-
base. This allows remote users, those without direct
internet access, to obtain information about the sys-
tem’s status. The client mode extends the concept of
decentralization by enabling access to data even in
situations where the client does not have a connec-
tion with the server through a traditional network,
but exclusively via the Meshtastic network. This
functionality is particularly important for field opera-
tions, where operators or researchers can monitor
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data on their computers or mobile devices, while the
main server remains located in a secure environment
with constant power supply and internet access.

The visual and user interface component of the
application has been carefully developed to ensure
intuitive operation in both modes. The Dashboard
provides an overview of all active nodes and key sys-
tem metrics, while the configuration section allows
users to enter all parameters necessary for operation
(node IDs, names, API keys, and color categorization).
A significant feature is the integration with the data-
base through the application interface, which enables
users to explore and query data locally without con-
necting to remote services. Application settings, such
as theme selection or automatic connection to the
first available node upon startup, further simplify us-
age in field conditions.

By combining server and client modes, the sys-
tem architecture provides complete flexibility and
achieves a balance between centralized processing
and decentralized access. In this way, the developed
solution gains characteristics that surpass traditional
[oT implementations: the system becomes simulta-
neously robust, scalable, and adaptable to diverse op-
erational conditions.

The developed application is designed to give us-
ers full control over system operations and access to
all collected data, with special attention paid to inter-
face clarity and usability. Its functionalities are orga-
nized into several modules that together form a sin-
gle, intuitive tool for managing distributed IoT nodes.

At the core of the application is the Dashboard,
which serves as the system’s operational center. On
this screen, users can view all active nodes, their basic
parameters, and statuses. For each node, data such as
identification number, name, and the latest received
data set are displayed, along with availability indica-
tors. Special attention has been devoted to presenting
the overall “health” of the system. Users can monitor
node availability, message loss rates, transmission
delays, and general communication status. The Dash-
board also includes the status of the local database
and the remote AP], allowing users to see in real time
whether data is successfully transmitted to the ana-
lytical platform or held in a waiting state due to inter-
netissues.

Visual alerts notify users of critical events such as
network interruptions, API connection loss, or sud-

den drops in node battery voltage and capacity. This
enables quick assessment of the entire system and
timely response to any problems.

The second segment of the application is the Node
Configuration Module, where all parameters neces-
sary for data monitoring and processing are defined.
For each node, it is possible to enter its SENDER ID,
a name for easier identification, and an API key [4]
that enables communication with remote services. In
addition, Node ID values are assigned, which are used
on the visualization platform side, along with color
labels that categorize nodes within the interface to
improve clarity in more complex systems.

This section provides full control over the integra-
tion of new nodes, while the flexibility of the module
allows for easy addition, modification, or removal of
devices from the network.

Figure 4 shows the configuration interface for the
nodes.

(L LR L A ]
¥
] =]

Figure 4. Configuration interface for the nodes

The third functional unit of the application relates
to database operations, implemented through the
Query Module. Here, users can explore and analyze
historical data stored in the local database. The data
can be filtered by time intervals, sender identity, or
type of measurement. This functionality enables us-
ers to generate reports and perform analyses even
when the internet is unavailable or when remote ser-
vices are not operational. In this way, the database is
not merely a passive element of the system but be-
comes an active tool for exploring and evaluating all
collected values.

The Settings Module forms the fourth functional
unit and is designed to adapt the application’s opera-
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tion to user needs and specific conditions. It allows
for theme selection to improve visibility under vari-
ous lighting environments and the activation of an
auto-connect option that links to the first available
node on the serial port at startup, significantly sim-
plifying field operations. This section also provides
fine control over security settings, including the ac-
ceptance of self-signed SSL certificates when working
with private or test API services.

Another important part of the application is the
About section, which provides a summary of essen-
tial information about the application and its authors.
This section serves as an overview of the basic docu-
mentation and metadata, giving users insight into the
software version and providing contact information
for technical support.

All system functions are integrated into a single
application that combines monitoring, configuration,
and data analysis. This unified design provides users
with a practical and reliable tool for managing and
supervising distributed [oT systems.

In distributed IoT systems that rely on LoRa and
Meshtastic networks, message loss and communica-
tion interruptions represent real challenges. There-
fore, the developed solution places particular empha-
sis on reliability and redundancy. Mechanisms are
implemented across multiple layers, from the trans-
port layer managed by Meshtastic to the application
layer and local data storage.

Figure 5 shows the Meshtastic logger, which reads
the data transmitted by a node via the COM port.

Figure 5. Meshtastic logger

The ACK [5] mechanism within the Meshtastic
network represents the first layer of reliability. Each
transmitted message can receive an acknowledgment
(ACK) from the next node, ensuring that the data has
been successfully forwarded within the network,
even if it has not yet reached the final application.
This level of confirmation is particularly important

in mesh topology, where messages may be routed
through multiple intermediate nodes. If an ACK is
not received, the message is retransmitted, thereby
reducing the likelihood of data loss due to transient
interference.

Building on this, an application-level ACK is im-
plemented, originating from the remote API after an
HTTP request. While Meshtastic confirms only that the
message has successfully traversed the network, the
HTTP response provides information about whether
the data was actually received and recorded by the ex-
ternal service, such as Grafana, as shown in Figure 6.

Figure 6. Grafana

If the remote server returns an error or fails to re-
spond within the expected time, the application logs
this event and marks the message as “undelivered.”

To ensure data redundancy, every message, wheth-
er successfully sent to the API or not is recorded in
the local database. If external transmission fails, the
message is flagged as “undelivered,” and the reason
for failure (unavailable internet connection, timeout,
or APl response error) is stored. This provides a com-
plete record and enables straightforward debugging
and post-analysis. [6]

When the internet connection is restored, auto-
matic synchronization is triggered. The application
identifies all messages marked as “undelivered” and
resends them sequentially to the remote API until a
positive ACK is received. This mechanism effectively
eliminates the risk of permanent data loss and allows
the system to continue operating seamlessly even af-
ter prolonged network interruptions.

Such a multi-layer reliability approach makes the
solution suitable for real-world scenarios where com-
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munication disruptions are frequent, such as remote
rural areas or industrial environments. [7]

RESULTS

The developed system was implemented through a
combination of hardware and software components,
where ESP32 microcontrollers with attached sensors
formed the foundation for data collection, while the
LoRa Meshtastic network provided the communica-
tion layer. The software part included an application
developed in the Dart/Flutter environment, a parser
for data filtering and transformation, and a local da-
tabase in which all messages were stored along with
their delivery statuses. This created a self-sustaining
mechanism capable of operating under various net-
work conditions.

In the first phase of testing, the system operated
under stable conditions with a constant internet con-
nection. Sensor nodes sent data at 10-second inter-
vals, and the application processed and forwarded
them to the remote APIL The latency from the mo-
ment of data generation on the sensor to its display in
Grafana averaged 1.2 seconds. During several hours
of continuous operation, no data loss was recorded,
confirming that the system functions flawlessly in
ideal network conditions.

Next, the system was tested in scenarios involv-
ing internet connection interruptions. During peri-
ods lasting between five and thirty minutes without
connectivity, all data were smoothly recorded in the
local database, marked as “undelivered,” and supple-
mented with metadata about the cause of the error.
Once the connection was restored, the application
automatically performed resynchronization and for-
warded all messages to the remote API. The results
showed that no data were lost, and the local database
allowed complete event reconstruction and precise
tracking of the time each error occurred.

The network’s performance was also tested with a
ten nodes. Nodes were included, periodically sending
data to simulate a more complex system. The appli-
cation’s parser successfully filtered out around 35%
of the traffic generated by Meshtastic in the form of
auxiliary and non-system messages, so only relevant
data from defined senders proceeded for processing.
Despite the increased communication volume, the
application maintained stable operation, with no net-
work congestion or message loss observed.

The local database proved to be not only essential
for maintaining system integrity but also invaluable
for data analysis. Queries such as extracting all data
for a specific node within the last 24 hours or search-
ing for voltage values above a defined threshold were
executed in under 100 milliseconds. This confirmed
that the database serves not merely as a passive layer
but as an active tool for real-time exploration of his-
torical data.

The user interface demonstrated clarity and us-
ability during practical testing. The Dashboard pro-
vided a clear overview of active nodes and key system
metrics, while the Configuration Module offered flex-
ibility in assigning API keys, identification numbers,
and visual markers.

The Query Module proved especially valuable
in offline mode, enabling report generation directly
from the local database without the need for internet
access. Features such as automatic connection to the
first available node upon startup were particularly
useful in field conditions, where speed and simplicity
are crucial.

The research results confirm that the system pro-
vides stable and reliable performance. Under stable
network conditions, the average latency was 1.2 sec-
onds, no dataloss occurred in any scenario, and around
35% of non-system traffic was effectively filtered out.
The network successfully handled the load of ten
nodes, and the local database enabled fast analytical
queries with response times below 100 milliseconds.
The main limitation remains the low bitrate of LoRa
communication, making the system optimal for small
amounts of data transmitted at periodic intervals.

Discussion

The evaluation of the implemented system indi-
cates that the integration of a LoRa Meshtastic mesh
network with a locally hosted data processing and
storage application constitutes a viable and reliable
solution for Internet of Things (IoT) deployments in
environments with limited or intermittent internet
connectivity. The system architecture, based on de-
centralized communication and dual-layer reliability
mechanisms, demonstrated robustness in various
test scenarios, including network interruptions and
increased communication load.

A significant contribution of the proposed solu-
tion lies in its ability to operate autonomously in
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offline conditions. The introduction of a two-layer
acknowledgment mechanism, protocol-level ACKs
via the Meshtastic network and application-level ac-
knowledgments from HTTP API responses, ensured
data integrity across all stages of transmission. In
cases of connection loss, data packets were securely
stored in a local database, appropriately flagged as
undelivered, and subsequently synchronized upon
reconnection. This redundancy model significantly
reduces the risk of permanent data loss and supports
system resilience in real-world conditions.

In comparison to conventional [oT architectures,
particularly those based on LoRaWAN, the presented
solution eliminates the dependency on centralized
gateways and service provider infrastructure. The
adoption of a mesh topology ensures fault tolerance
through dynamic rerouting and enables flexible de-
ployment in areas with challenging topography or lim-
ited access to power and network infrastructure.[8]

Furthermore, the implementation of server and
client operational modes enhances system scalability
and decentralization, allowing field users to access
critical data via the Meshtastic network without di-
rect access to the internet.

Although effective in many cases, the LoRa tech-
nology still has several built-in constraints. The re-
stricted data rate and narrowband communication
capacity limit the applicability of the system to use
cases involving low-volume and periodic data trans-
mission. While this makes it suitable for scenarios
such as environmental monitoring, agriculture, or re-
mote infrastructure supervision, it is not applicable
in contexts requiring high-throughput data exchange
or multimedia support.

Another notable constraint pertains to message
parsing and data filtering. Although the system effec-
tively utilizes regular expressions to eliminate non-
system and auxiliary traffic, future iterations may
benefit from the implementation of more adaptive
parsing methods, such as machine learning-based
classification or context-aware filtering, particularly
in larger and more heterogeneous networks.[9]

Potential directions for future development in-
clude:

1. Optimization of performance in high-density

node environments,

2. Support for alternative or parallel visualization

platforms,

3. Implementation of real-time network topology

mapping,

4. Enhancements in data security, including en-

cryption and authentication layers,

5. Remote management and over-the-air firm-

ware updates for sensor nodes.

Overall, the system demonstrates a high level of
operational stability, adaptability, and practical value
in field deployments. The modular software architec-
ture, real-time visualization integration, and effective
handling of intermittent connectivity represent key
advancements in the design of resilient and cost-ef-
ficient IoT systems.

These findings suggest that the proposed ap-
proach provides a sustainable foundation for the fur-
ther development of decentralized sensor networks
tailored to infrastructure-limited environments.[10]

CONCLUSION

The developed system demonstrated that the
combination of a LoRa Meshtastic network and an
application for filtering, transforming, and distribut-
ing data can provide a reliable and cost-effective in-
frastructure for loT applications in areas with weak
or no mobile network coverage. Thanks to the mesh
topology and the ability of each node to function si-
multaneously as both a transmitter and a repeater,
the network ensured resilience to interruptions and
stable message transmission.

Meanwhile, the application contributed by elimi-
nating non-system data, standardizing the content
into JSON format, and enabling integration with re-
mote services such as Grafana.

Testing confirmed that the system operates suc-
cessfully even in conditions with internet connection
interruptions, as the local database assumes the role
of maintaining system integrity. The delivery con-
firmation mechanisms at both the network and ap-
plication levels guaranteed that no data were lost,
while later resynchronization ensured consistency
between the local database and the remote API. A
key advantage of the solution lies in its flexibility, the
same system can be used in server mode, as a cen-
tral point for processing and visualization, or in client
mode, where remote users can access data through
Meshtastic even without an internet connection.

The system’s limitations are primarily related to
the capacity of LoRa technology, which is suitable for
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Abstract: Considering established relevance to the GTSRB dataset, it is important to emphasize that research investigates the
effectiveness of convolutional neural networks (CNN) in the field of road sign recognition. Following that wide range of techniques
for comprehensive preprocessing pipelines were implemented, including data normalization and augmentation as well as
resizing images. The CNN model has demonstrated the ability to overcome adverse conditions across multiple road sign classes,
demonstrating outstanding scores against the performance metrics used in testing and evaluation process. Model achieved
classification accuracies exceeding 99% across most categories. Nevertheless, in certain classes there is presence of performance
metric decline related to the inaccurate visualization and contradiction of features. The crucial role of the preprocessing phase has
been highlighted while the implementation of the CNN model has been identified as one of the most reliable approaches in the field
of road sign recognition. However future implications must be considered to achieve the full potential of the model. Some of the
crucial contributions for the future will be introducing real life variation in the dataset. On the other hand, occlusion, lighting and

weather conditions are the important factors that should be brought into focus.

Keywords: road sign recognition, machine learning, convolutional neural networks, adas

INTRODUCTION

One of the critical components of Intelligent
Transportation Systems is Road Sign Recognition,
whose purpose is to provide support for digital com-
ponents of the vehicle in the field of traffic regulations
interpretation. Taking it into account the examples of
these interpretations are speed limits, hazard warn-
ings, and navigation commands. Following that Road
Sign Recognition for Driver Assistance takes into
consideration important aspects such as efficiency
and management of traffic flow, adherence to regu-
lations and road safety. The real-time recognition of
road signs in an Advanced Driver-Assistance System
(ADAS) [1] reinforces the process of human error
suppression such as missing important signals or
misinterpreting them. However, the system enhances
the level of situational awareness of the drivers while
allowing them to make effective decisions in order to
minimize chances of potential accidents.

Road sign recognition forms the difficulty of per-

ception systems in autonomous vehicles, enabling
safe navigation in complex environments. Autono-
mous vehicles comply with the laws by monitoring
traffic signs and consequently to that assist in coordi-
nating the interactions with pedestrians and human-
driven vehicles. Public safety issues in this concept
are the subject of address, while enhancing the more
extensive adoption of autonomous driving technolo-
gies all over the world. It is important to emphasize
that there is evident utilization of Convolutional Neu-
ral Networks (CNNs) [2] in this project, given that
these networks are specialized in extracting spatial
data, consequently making them ideal for classifica-
tion problems involving images.

Attention mechanisms are one of the advanced
techniques that improve the model’s capacity to fo-
cus on important sign regions while at the same time
not compromising performance of computation. Tak-
ing that into account it is obvious that all these neces-
sary approaches are implemented using on-the-fench
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algorithms that process data in real-time, with the
main purpose for deployment in dynamic real-world
environments. By realizing complicated and diverse
conditions in the real world, the system differenti-
ates itself. Regarding that, the process includes reli-
able operating systems under all circumstances like
variations of light, bad weather, and the presence of
occlusions. Considering these issues, solutions are
essential for developing a framework that can move
applications across different environments.

This research contributes to the field by evalu-
ating CNN-based road sign recognition using the
GTSRB dataset, with emphasis on preprocessing
strategies and performance metrics. The study aligns
with global trends in sustainable urban mobility and
intelligent vehicle technologies, bridging the gap be-
tween human-driven and Al-driven systems.

In the context of contribution to road safety and
compliance with traffic regulations, it is important
to emphasize that timely and precise availability of
road sign recognition reduces the risk of driver dis-
traction. The focus is on adherence of traffic regula-
tions for the purpose of safe and legal driving behav-
ior. Considering the above, the project corresponds
with the global trends and contributes to achieving
sustainable urban mobility and the implementation
of intelligent vehicle technologies, as it improves road
safety. It is important to emphasize that the integra-
tion of road sign recognition in the fully automated
and semi-automated system closes the gap between
the vehicle operated by a human and the one oper-
ated by artificial intelligence.

Taking it into consideration, among the greatest
challenges that development of autonomous driv-
ing systems faces in the current decade is the reli-
able identification and real-time recognition of road
signs under the impact of a wide range of different
environmental circumstances, including various
weather conditions. Road signs are critical indicators
for navigation consistency and legal compliance with
traffic rules. Misinterpretations or delay in recogni-
tion could undermine the performance and imple-
mentation of ADAS. In order to address the problem
of misclassification, CNN model has been trained on
GTSRB dataset for the purpose of ensuring efficient
real-time road sign recognition, measured using per-
formance metrics. As the result of data preprocess-
ing and optimization of the pipeline, the model could

decrease performance efficiency. This research pro-
vides a comprehensive structure of research in neu-
ral networks and deep learning; however, it also has a
direct impact on the development of the automotive
industry by improving reliability and reducing driver
mistakes in autonomous systems.

The section Literature review will include reviews
of 10 research papers in the context of their research
purpose, methodology, and findings and its relation
to the topic of proposed investigation. The proposed
dataset is going to be subject of training and assess-
ment, including the stages of preprocessing data,
model training and its evaluation. In the Dataset and
Methodology section the theoretical background will
be explained in relation to methodology. Sections re-
lated to Results and Discussion are going to contain
the analysis and comparison related to the contribu-
tions and limitations of the model. The reference is
going to be to the tables and figures where collected
data is going to be sorted. Afterwards the whole re-
search paper is going to be summarized.

LITERATURE REVIEW

In the context of literature related to the topic of
road sign recognition it is important to take into con-
sideration a variety of approaches related to the topic
of research. There is evident contribution of recent
research to find out methodologies addressing rec-
ognition, accuracy, and reliability issues in real time.
However, the following investigations are implement-
ing techniques including deep learning models, clas-
sic approach to machine learning as well as optimiza-
tion, while providing a comprehensive overview and
discussion. The alignment of the following papers to
corresponding research is in the field of efficiency and
accuracy of machine learning models for the purpose
of advancement in real time road sign recognition
while developing driving safety as well as improving
autonomous driver assistance systems.

It is important to emphasize that a structured
protocol was employed for the purpose of identify-
ing, selecting, and synthesizing the reviewed litera-
ture. Considering that these relevant studies were
retrieved from IEEE Xplore, ScienceDirect, Springer-
Link, and Google Scholar using keywords associated
with road sign recognition and deep learning. Tak-
ing it into account the inclusion criteria required, the
peer-reviewed research papers are interpreting pro-
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posed machine-learning or deep-learning methods
in the field of road sign detection or classification,
reporting quantitative performance, and interpreting
clearly defined datasets. Evaluating the abstracts as
well as complete texts, the final research papers were
selected based on relevance experimental results,
methodological quality, or relevant computational
modeling in the field of road sign recognition. On the
other hand, work that does meet the criteria that was
subject of evaluation has not been taken into consid-
eration.

Observing the approach introduced in [3], it is
important to emphasize that the purpose of this re-
search is performance evaluation while addressing
issues related to real-time road sign recognition. This
process is determined by implementation of CNNs.
Through the analysis of this research, it has been dis-
covered that methods of this investigation are based
on development of transfer learning, which was a
crucial element related to GTSRB evaluation present-
ed in [4]. The results have shown that the accuracy
rate of CNN reaches 98.9%, suggesting substantially
reduced computational cost. When it comes to the
relevance of the approach [4] to proposed research,
it could be scientific proof of efficiency related to the
CNNs in the field of road sign recognition, while rein-
forcing the theory of accurate and safe models devel-
opment.

When it comes to the work discussed in [5] the
main focus is on the advancement of YOLO (You Only
Look Once) models which are related specifically for
traffic sign recognition in complex environments, in
fact circumstances which are not controlled. Taking
it into consideration, the YOLOv4 modified model
emphasizes pyramid networks method as an im-
portant feature while enhancing effective detection
under low light conditions. The outcome has shown
advancement in precision and recall results, while
accuracy rate reached 95% under more challenging
occasions. This could be useful for proposed research
in the field related to ensuring reliability associated
with real-time sign recognition for driver assistance,
while optimizing YOLO for complex environments.

The focus of research discussed in [6] the research
paper is on the multimodal data creation and imple-
mentation related to the traffic signs recognition un-
der the impact of comparative weather conditions.
They have utilized a combination of CNNs and RGB

images as main methods, while considering thermal
data to perform data fusion. The results have shown
improvements in recognition accuracy that have ris-
en by 7%, in comparison with RGB methods alone
where the environment was dark and cloudy. The
relevance of the research to the implementation of
corresponding work is discussed in [6] in the context
of combining infrared with RGB data in order to im-
prove recognition under the impact of poor lighting,
while focusing on achieving safe driving conditions.

Key idea for idea introduced in [7] is establishing
attention models to enhance more efficient optimiza-
tion and acquisition around traffic sign identification
models. In order to achieve that idea there has been
an elevated technique of self-attention in compliance
with CNN architecture. At the end the outcome sug-
gested a rise in accuracy of detection in the field of
partially covered and small signs, with a high per-
centage of F1 score equal to 97.8%. Considering the
purpose of proposed investigation and the idea of the
work discussed in [7], the alignment is emphasized in
the domain of elevating reliability, while implement-
ing attention mechanisms in order to enhance detec-
tion of small or relatively covered signs.

When it comes to the idea introduced in [8], the
aim was to alter MobileNet compact architecture
related specifically to the low-power devices. There
have been techniques related to aggressive data aug-
mentation which include training of MobileNet mod-
els on the dataset presented in [4]. The findings have
shown that accuracy rate achieved 95.5% under the
circumstances where memory consumption has been
reduced in order to be suitable for embedded sys-
tems. It aligns with the focus of proposed research on
implementation of real-time applications which are
resource-efficient, suitable for autonomous vehicles
as well as the Advanced Driver-Assistance System
(ADAS).

For the purpose of examination of work presented
in [9], regarding the methodological approach in this
specific research, there has been evident comparison
of the traditionally based approach such as SVMs and
K-NN against the deep learning models used to inter-
pret dataset. The traditional method is mainly based
on predefined elements, since relevant features are
manually extracted. The outcome has shown CNNs as
the most relevant approach to this kind of data, since
the MLP model reached an accuracy rate equal to
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98.98%, while the CNN achieved accuracy of 99.46%,
on the specific dataset. The relevance of this specific
research to the topic of corresponding research is
shown in the concept that includes evaluation of traf-
fic sign recognition systems in order to support de-
velopment of ADAS.

Keeping track of demonstrating the efficacy of
the deep neural networks was in the focus of work
introduced in [10] in order to implement reliable
multi-class traffic sign recognition. In the context of
methods used it is important to emphasize that this
approach interprets deep neural networks in the
combination with application to the dataset as re-
ported in [4]. The results have shown that accuracy
rate reached 99.46%, emphasizing differences to the
previously used methodologies. Itis important to take
into account that the approach of research discussed
in [10] aligns with proposed research in the field of
implementation of deep neural networks in order to
achieve high accuracy rate, emphasizing application
of deep learning in real time in order to achieve road
safety.

Research presented in [11] aims to explore the im-
plementation of traffic sign recognition, while elevat-
ing the hierarchical classification method. Following
that there has been utilized a combination of hierar-
chical classification and cascade classifier techniques.
Considering the results it is important to take into
account that classification accuracy reached a rate
equal to 98.96% on the GTSRB dataset reported in
[4]. This research aligns with the purpose of authors’
work in the context of improving accuracy rates in
the real time, complex traffic environments.

Considering the work presented in [12] the focus
was on evaluating model performance of traffic sign
recognition under the impact of data augmentation.
Methods that acknowledge this approach include
applied transformation techniques such as scaling,
rotation and adaptation of brightness, implemented
to train data. The outcome suggests accuracy rate
that achieves 98.9%, while highlighting robustness
of the performed techniques. This research is related
to proposed investigation within the framework of
robustness of potential implementation in real time
driving conditions.

The main idea of work proposed in [13] is the
examination of the local binary patterns (LBP) ap-
plication in combination with SVMs for the purpose

of effective traffic sign recognition. Considering the
focus of the research, there have been implemented
approaches that include implementation of the LBP
and SVM related techniques in order to gather hand-
crafted features. However, in the field of this research,
itis important to emphasize that there are significant
outcomes related to the accuracy rate, which has been
reported as a percentage of 98.78% on the GTSRB da-
taset is presented in [4]. Considering the approach of
research discussed in [13], there is the prospect of
applying the relevant techniques in the context of this
investigation.

Considering the previously reviewed literature
and the resources authors have used, the research hy-
pothesis will be stated as follows: “The Convolutional
Neural Networks (machine learning) model can effi-
ciently recognize road signs in real-time, for the pur-
pose of autonomous and safe driving development.”
Such a methodology is most appropriate, since the
experimental design controls the ability of the model
to recognize signs effectively in real time conditions.

METHODS AND MATERIALS

Taking into consideration the dataset that is
planned to be used in this project, GTSRB (German
Traffic Sign Recognition Benchmark Dataset) has
been chosen, as noted in [4]. Dataset originates from
the 2011 ISI GTSRB competition and takes into con-
sideration road sign images from the real-world con-
ditions from German roads. This dataset includes
50000 images, traffic signs and its representation
which has been organized in 43 categories. It is im-
portant to emphasize for the purpose of machine
learning processing, images are conformed and re-
sized to a uniform dimension which is equal to 32x32
pixels ratio.

Corresponding dataset requires ordinary pre-
processing steps such as implementing fixed input
size, conducting pixel values normalization while at
the same time applying data augmentation. GTSRB
represents robust benchmark that can be used for
the purpose of evaluation and comparison, since it
adopts wide range of different images. Considering
the structure and characteristics, images have differ-
ent height, angle and illumination, while providing a
substantial dataset for testing and training.
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Table 1 Columns of GTSRB dataset: The table contains relevant
information regarding metadata of images included in the

dataset.
Column Description
Filename Name of file
Width Width of image
Height Height of image
RoiX1 X-coordinate of the top-left corner of the Region of
Interest (ROI).
Roi.Y1 Y-coordinate of the top-left corner of the ROI.
Roi.X2 X-coordinate of the bottom-right corner of the ROI.
Roi.Y2 Y-coordinate of the bottom-right corner of the ROI.
Classld Road sign classification label[4]

However, in the context of annotations, as shown
in “Table 1” we should highlight that each image con-
tains metadata sorted it the form of columns: File-
name, Width, Height, Classld, and bounding box co-
ordinates (Roi.X1, Roi.Y1, Roi.X2, Roi.Y2) as we can
see from “Table 1”. The resolution of the images in the
dataset has a different range of quality, depending on
the conditions and environment where the image has
been taken. It is important to emphasize that dataset
specified in [4] is frequently used for the purpose of
benchmarking models related to road sign detection.

The most significant segment of intelligent trans-
portation systems and advanced driver assistance sys-
tems (ADAS) [1] is represented in the field of road sign
detection. Taking into consideration this model, au-
thors must emphasize optimizing safety of drivers as
well as the accomplishment of the legal requirements.
The key idea of road sign detection is implementing
computer vision and machine learning techniques to
analyze graphical information. Considering the theo-
retical background of road sign recognition, it is im-
portant to emphasize the scope of computer vision
in the field of traffic sign detection and classification.
The main purpose of this system is the advancement of
driver assistance framework. This system is already in-
tegrated into modern cars enhancing the autonomous
drive, with the main purpose of reducing human error
while elevating road safety. CNNs are based on princi-
ples of feature extraction, pattern recognition and im-
age classification, with the primary objective to reduce
manual engineering of features, while highlighting its
fundamental implementation.

CNNs [2] as a type of deep learning network have
been used in coordination with algorithms for real-

time processing. They are ideal for categorizing image
data since they are establishing spatial hierarchies by
implementing convolutional layers. Characteristics
of this class of algorithm are related to the high effi-
ciency consequently to its architecture which is based
on identification of the organizational structure of im-
ages. The structure includes filters and pooling lay-
ers, with the main objective of minimizing spatial di-
mensions to maintain critical patterns. Subsequently
these learned features are classified into predefined
categories. The CNNs are optimal for precise road sign
detection and classification, considering that they are
in line with the methodology of biological vision sys-
tems. The type of research design and methodology
that is going to be conducted is in accordance with the
purpose of the proposed research with strong relation
to optimization of the machine learning model in real
time focusing on the driving safety as well as the au-
tonomous driving assistance. The proposed method
for research is focused on real-time implementation of
machine learning to recognize road signs for advanced
safety and performance of autonomous vehicles. The
context of strategy in general involves measures such
performance comparison to each method in this ex-
periment-driven approach. The focus is going to be on
experimental methodology where the model will be
evaluated on a benchmark dataset, in relation to the
dataset specified in [4].

Wide range of libraries and frameworks were uti-
lized to build models, prepare and manipulate data,
as well as visualize the results afterwards. Tensor-
Flow, representing the machine learning framework
developed by Google[14], has been used alongside
Keras, a tool that implements a high level neural net-
work API[15], for the purpose of development and
training of the CNN model. Additionally, NumPy li-
brary includes the various numerical computations
mainly focused on arrays and matrices consisting of
a wide range of mathematical functions necessary for
operating with data structures [16]. It is important to
emphasize that NumPy has been used in combination
with Pandas as one of the fundamental Python librar-
ies [17] for the purpose of manipulation and analy-
sis of structured data formats. Another important
library that has been used throughout the process is
Matplotlib [18], which serves data visualization and
performance metrics calculation. The research de-
sign is structured as follows (Figure 1):
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Exploratory Design: This phase is mainly focused
on the review of the dataset presented in [4], primar-
ily focusing on the characteristics including class dis-
tribution as well as quality of images.

Experimental Design: This phase involves the
process of training and testing CNN model relating to
the preprocessed data. The main subject of this type
of design includes learning rate optimization, batch
size, as well as the optimizers on their own, for the
purpose of elevating proposed outcomes.

Quantitative analysis: Capability of models to
effectively recognize traffic signs will be evaluated
using the following performance metrics: accuracy,
precision, recall as well as F1 Score.

Preprociicy

ol Dasmis!

s O Mol

= ————""

Frakame M

Figure 1 Stages of the research process

All the processes related to the preprocessing of
dataset, training a CNN model, evaluating perfor-
mance metrics, and testing the model in the real-
world conditions following the corresponding steps
for road sign identification. The GTSRB is the dataset

that has been used in the field of training and testing
of the model as noted in [4], with preprocessing to
enhance coherence and reliability related to the input
requirements of the proposed model. Data prepro-
cessing stage involves preprocessing of the images
contained in the highlighted dataset, considering the
process of resizing to the dimension of 32x32 pixels,
including the pixel value normalization as well as en-
coding labels for the purpose of multi-classification.
In order to evaluate performance of the proposed
model in real time as specified in [4] dataset has been
split into two subsets, including training and testing
subset in the ratio 80:20. The primary model that is
going to be trained is the CNN model, in the form of
a separate step of the research process as shown in
Figure 1. The proposed model has been already con-
firmed as a proficient model for managing the pro-
cess of image recognition. In the field of classification
of traffic signs, convolutional, pooling and dense lay-
ers optimization has been completed. It is important
to consider that accuracy, precision, recall and F1
Score as well as the confusion matrix are figures used
to determine efficiency of the proposed model, indi-
cating the evaluation stage.

RESULTS

This method ensures precision and enables the
management of variables such as sign recognition,
type of signs and on the other side the setup of a
model. Implementation of these methods includes a
comparison of traditional models with those based
on machine learning.

Accuracy: indicates the contribution of model to
positive road sign identification in the relation to the
to the overall predictions by a model, reflecting its ef-
ficiency
Accuracy = (True Positives + True Negatives) / (True
Positives + True Negatives + False Positives + False
Negatives)

Precision: percentage of road signs that have been

correctly identified.
Precision = True Positives / (True Positives + False
Positives)

Recall: capability of model reflecting how many
existing traffic signs were positively detected.
Recall = True Positives / (True Positives + False Nega-
tives)

F1-Score: indicates the relation between precision
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and recall in the field of reliability of the model.
F1 - Score = (Precision * Recall) / (Precision + Recall)
[19]

As mentioned in the former part of the research,
there will be a combination of exploration and exper-
imental design, while quantitative analysis is going to
be utilized for evaluation. Considering the collection
of data related to machine learning based road sign
detection, this approach is going to include use of the
pre-existing dataset called GTSRB as presented in [4].
When it comes to the data collection method, data
that have been part of manipulation and the analy-
sis process are classified as secondary data. The ex-
periment will be applied in a controlled environment
which involves computer-based condition, where the
external factors were subject to control. In the field
of this research, independent variable refers to the
type of selected model. Metrics related to the accura-
cy, precision, recall, and F1 Score, used to determine
performance of specific models, are represented
as dependent variables. Taking into account the ex-
perimental design, this method mostly fits with clas-
sification of quasi-experimental designs alongside
with quantitative analysis. The reasons are that da-
tasets are evaluated in the environment, which was
not controlled or altered in real-time, while evaluat-
ing performance results. Optimizing machine learn-

7 Speed limit (100km/h) 29 Bicycles crossing

8 Speed limit (120km/h) 30 Beware of ice/snow

9 No passing 31 Wild animals crossing

10 No passing for vehicles 3 End of a.II sp‘ee.d and

over 3.5 tons passing limits
11 Right—gf—way at'the 33 Turn right ahead
next intersection

12 Priority road 34 Turn left ahead

13 Yield 35 Ahead only

14 Stop 36 Go straight or right

15 No vehicles 37 Go straight or left

16 me\’clﬁrc]ltccl)izc:)\erL?k;iSted 38 Keep right

17 No entry 39 Keep left

18 General caution 40 Roundabout mandatory

19 Dange{ﬁ:slecfltjrve to 41 End of no passing

20 Dangerous curve to 0 End of no passing by
the right vehicles over 3.5 tons

21 Double curve

The “Table 2” demonstrates the mapping from
each class ID to the name of the corresponding road
sign, from the GTSRB dataset. This classification is
important for interpreting the model output and un-
derstanding the semantic meaning of predictions in
the field of road recognition.

Table 3 Classification metrics for road sign recognition using

ing models in real time conditions to recognize road CNN model

signs. The primary focus is on improving road safety Class ID Accuracy  Precision Recall F1 Score

and enhancing development of autonomous driving 0 1.00 0.98 1.00 0.99

techniques, emphasizing making decisions with pre- 1 0.99 1.00 1.00 1.00

cision. In the following section the results related to 2 0.99 0.99 0.99 0.9

training and examination of the dataset noted in [4] 3 0.98 0.98 0.99 0.99

are going to be presented and evaluated according to 4 1.00 0.99 1.00 1.00

the performance metrics. 5 0.99 0.99 0.96 0.98

6 1.00 0.99 1.00 0.9

Table 2 Class Labels and Corresponding Road Sign Descriptions 7 0.98 1.00 0.98 0.99

in the GTSRB Dataset 3 0.99 0.98 0.99 0.99

CII;SS Description Class ID Description 3 0.39 1.00 1.00 1.00

10 1.00 1.00 1.00 1.00

0 Speed limit (20km/h) 22 Bumpy road 1 100 0.99 1.00 0.99

1 Speed Ifm!t (30km/h) 23 Slippery road . 12 100 1.00 100 1.00

2 Speed limit (50km/h) 24 Road narrows on the right 13 100 0.99 100 1.00

3 Speed limit (60km/h) 25 Road work 1 1.00 0.99 1.00 100

4 Speed Ifmft (70km/h) 26 Traffic sgnals 15 100 1.00 0.99 1.00

5 Speed limit (80k‘m./h) 27 Pedestrians 16 100 100 100 100

6 End ?;;E;jﬁ)“m't 28 Children crossing 17 1.00 1.00 1.00 1.00

18 1.00 1.00 1.00 1.00
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19 0.98 1.00 0.98 0.99
20 0.99 0.99 0.99 0.99
21 1.00 0.98 0.98 0.98
22 1.00 1.00 1.00 1.00
23 0.98 0.98 0.99 0.99
24 0.98 1.00 1.00 1.00
25 1.00 0.99 1.00 0.99
26 1.00 0.99 1.00 1.00
27 1.00 1.00 0.98 0.99
28 1.00 1.00 1.00 1.00
29 1.00 0.95 1.00 0.98
30 1.00 1.00 0.99 0.99
31 1.00 1.00 1.00 1.00
32 0.98 1.00 1.00 1.00
33 1.00 1.00 1.00 1.00
34 1.00 0.99 1.00 0.99
35 1.00 1.00 1.00 1.00
36 0.99 1.00 1.00 1.00
37 1.00 1.00 1.00 1.00
38 1.00 1.00 0.99 1.00
39 1.00 1.00 1.00 1.00
40 1.00 0.98 1.00 0.99
41 1.00 1.00 1.00 1.00
42 1.00 1.00 1.00 1.00
Average 0.9874 0.9837 0.9837 0.9835

The “Table 3” represents precision, recall and F1
Score, for each road sign class, establishing multiple
performances of the CNN model across different cat-
egories. The overall evaluation implied that perfor-
mance of the CNN model is outstanding. Main reasons
for that are figures related to F1 Score where average
results is 0.99, indicating that model is characterized
by successful generalization in the combination with
minimal overfitting. However high supported classes
were established consequently to strong training,
while qualification of the low supported classes was
determined by insignificant variations. This corre-
lates the performance of CNN architectures concern-
ing the recognition tasks based on the images. The
classification report clearly indicates that CNN model
performs well in the field of precision, recall and F1
Scores. Taking into consideration Class 1 and Class 2
where results indicated 1.00 for all performance met-
rics. Marginal declines are present in Class 29 and
Class 5 where a challenging aspect was misclassifica-
tion of road signs that have been sharing similar at-
tributes. Considering evidence there is limited scope

of sign detection in particular classes, while in gen-
eral CNN model has considerable capacity for effec-
tive road sign recognition. The corresponding report
indicates comprehensive assessment related to per-
formance of the CNN model’s in recognizing traffic
signs on German roads, where each Class ID is used
to represent a unique category of road sign within
the GTSRB dataset. For instance, Class 1 stands for
the speed limit (30 km/h), Class 2 for the speed limit
(50 km/h), Class 13 for yield, Class 14 for a stop sign,
and similar. A total of 43 classes were instructed to
the model. The CNN model had an outstanding per-
formance, with accuracy rates around or equal to
1.00 for almost every class. It is important to em-
phasize that the precision, recall, and F1-scores were
relatively high, proposing the fact the model was not
only characterized with high accuracy rates, but with
remarkable consistency when it comes to recognition
of road signs.

Results have shown all metrics effective classifica-
tion (1.00) for multiple classes including Class 1, 2,
10,12, 13, and 16, and demonstrated that traffic signs
represented by these classes were perfectly classi-
fied. A few declines in performance were noticed in
classes including Class 5 (speed limit 80 km/h) and
Class 29 where the F1-scores have marginally fallen
(0.98). The main reason was close visual comparison
these classes have with surrounding or related signs,
resulting in unidentified classification. Following that
the average accuracy throughout all classes is approx-
imately 98.7%, indicating that the model performed
effectively in general. It is important to emphasize,
even the lowest-performing class in this case Class
19 has achieved an F1-score of 0.99, indicating ex-
ceptional strength. This performance demonstrates
the capacity of the model to generalize previously un-
identified information as well as distinguish between
various types of road signs, even if the changes are
minimal. The insignificant number of misclassifica-
tions could be related to shared visual characteristics,
including color or shape, between the two classes,
which could result in deceiving of a human eye. In
general, the table demonstrates the distribution of
the classification performance of the model for each
class, indicating capability of the CNN to perform
road sign detection and classification tasks, consider-
ing it a crucial step towards implementing ADAS.
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Figure 2. Accuracy scores for road sign recognition by class

Gives an accurate score for each individual class
of road sign, which demonstrates the extent to which
the model accurately identified signs over road sign
types. Many of the classes had extremely high accu-
racy, frequently 100% or very close as shown in Fig-
ure 2., meaning the model was reliably and accurately
identifying the sign in most cases. Minor variations in
accuracy suggest small misclassifications, consisting
of the odd visual similarity in the classifications that

resulted in misclassification.

u
b 1)

l

'''' FRFAFFAAAAANEIAADR
1

Figure 3. Precision scores for road sign recognition by class

Shows precision scores on each road sign class
indicating the accuracy of the model to predict each
class without false positives. The vast majority are
precise to almost 100% as shown in Figure 3., indi-
cating the model could avoid misinterpretation of dif-
ferent signs as the particular class being considered.
There are slight declines for certain classes, but this
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Figure 4. Recall scores for road sign recognition by class

could be as a result of visual overlaps, or other ways
less distinct features.

Shows recall scores for each class of road sign and
the extent to which the model was able to correctly
classify all relevant instances of a class. Recall is high
across all signs so, for the most part as presented in
Figure 4., we can conclude that the model was not
often missing any correct signs for a class. The small
drops in recall for a few classes of road signs seems to
suggest that it is sometimes difficult for the computer
vision system to detect signs with similar shapes or
distinctive features.
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Figure 5. F1-scores for road sign recognition by
class

Shows the F1-scores for each road sign class, which
reflects the trade-off of precision and recall. The con-
sistent high F1-scores for each class show that the
model is reliably detecting and correctly identifying
each sign type, as displayed on Figure 5. The slight
variation between classes indicates that you lose a
few borderline classes to topics of explained interest
between false positives and false negatives.

Since results reveal the significance of establish-
ing preprocessing techniques (normalization and
augmentation), analysis can suggest there is evident
contribution to advancement in performance of the
model among different classes. In the field of classes
characterized by balanced distribution and reduced
ambiguity, the evaluation indicates high performance
results. Despite minor changes in the certain met-
rics, the model performed consistently, since the ap-
proach of deep learning techniques has overcome ad-
verse conditions related to complex classification for
multiple classes. Perhaps the data is imbalanced and
consequently signs appear similar or complex for vi-
sual interpretation. Considering that evidence shows
difficulties in classification of similar signs indicat-
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ing recall decline for Class 5. On the other hand, low
precision for Class 29 illustrates inaccurate visualiza-
tion and contradiction of features in relation to other
classes. Outlined challenges highlight requirements
for diversification as well as the feature extraction
mechanisms involving more refined approaches.

Discussion

The reviewed studies together indicate a tenden-
cy of evolving road sign recognition technologies in
terms of accuracy, robustness, and real time applica-
tion. It is important to consider that these technolo-
gies, from CNNs and YOLO optimizations through
data fusion and lightweight models, are demonstrat-
ing the importance of machine learning in order to
achieve safe driving conditions. Along with that, at-
tention mechanisms, hierarchical models, and data
augmentation provide core for addressing the prob-
lems of occlusion, poor illumination, and limited re-
sources in real time. However, the development of a
reliable road sign recognition model that operates in
real time in alignment with main objectives of ADAS,
is generated throughout the context of these studies.

Author’s work is demonstrating that CNN algo-
rithm acquires architecture that can achieve almost
optimal performance using the GTSRB. Following
that, arguments considering GTSRB as an appropriate
benchmark model in the field of evaluating the perfor-
mance of different road sign recognition algorithms
is justified. It is important to emphasize that results
from the corresponding research demonstrate that all
forms of systematic preprocessing whether normal-
ization, augmentation, and resizing are fundamental
element of the process, while directly providing space
for improving model robustness and decreasing the
degree of intra-class variability and responsiveness.
The research proved that the architecture incorporat-
ed within the pipeline created during this project has
all the appropriate components to effectively identify
and analyze road signs in a broad range of situations,
thus demonstrating its flexibility. The authors are going
to obtain valuable insight into developing an improved
pipeline for identifying and interpreting road signs by
using information from the research to make compari-
sons about the performance of the architecture with
different categories of signs in future research.

The conclusion that the CNN architecture remains
the most sophisticated approach for structured vi-

sual classification tasks and therefore is still effective
in the context of intelligent transportation systems
is strongly supported through this study. This study
provides a clear route for conversion from bench-
mark data to real-world settings. It also makes clear
the types for variation in the real-life conditions that
need to be considered, such occlusion, illumination
variations, weather, and imaging system noise. Ad-
ditionally, to develop a technique for process repli-
cation and scaling in the field of future research, au-
thors’ work improves the knowledge of how to com-
bine preprocessing, developing models, and failure
analysis into an integrated workflow.

CNN model responds well in multiple areas, while
there is room for improvement regarding Class 29
and Class 5 because of the quiet decline of the per-
formance metrics. Considering the evidence, there is
indicated a need for advancement in preprocessing
or implementation of systems based on hierarchical
classification for discrete road signs. Findings suggest
that models based on the deep learning approach
have better performance compared to the tradition-
al models such as SVMs and k-NN. This statement
is supported by performance metrics reaching high
figures with remarkable consistency derived from
training and examination of dataset noted in [4]. The
most important task was to develop a robust road
sign recognition model, which has been implemented
by training and testing CNN to the dataset described
in [4]. Whole concept of the research design has been
oriented towards the form of exploratory design
with focus on dataset review in combination with ex-
perimental design (training and testing model) and
quantitative analysis (performance metrics evalua-
tion). Consequently, relevant methods that have been
utilized include data preprocessing, data augmenta-
tion and architectural optimization. The final phase
includes evaluation of results according to the perfor-
mance metrics formulas.

The results highlight elevated performance of pre-
cision, recall and F1 Score metrics while achieving
results of 0.99 or higher. In the classes that include
speed limits and directional signs F-score has accom-
plished a perfect result which equals 1.00. These two
classes are fundamental for autonomous driving sys-
tems. On the other side marginal decline is present
in precision results for Class 29 reaching 0.96, indi-
cating that road signs are sharing similar attributes
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leading the model to misclassification. However, re-
call drop-in Class 5 indicates limited representation
within the dataset, which also happened in the work
discussed in [11]. Both these declines have an impact
on F1 Score of proposed classes, since it evaluates the
relationship between precision and recall. [t is impor-
tant to emphasize that proposed numerical analysis
is designed to highlight the significance of class bal-
ance in addition to improvement of visual distinctive-
ness in the field of categories that have low perfor-
mance results.

The results of the research highlight the effec-
tiveness of CNN model compared to the traditional
learning classifiers such as Support Vector Machines
(SVM) and k-Neigbours (k-NN), which aligns with
findings of highlighted in [10]. In the field of exami-
nation image data from real conditions, these two
classifiers have not achieved expected outcome com-
pared to the deep learning approach. Following that
findings demonstrate the significance of CNN model
as core structure for development of autonomous
driving technologies while highlighting effectiveness
of optimization and preprocessing techniques in the
process of handling road sign recognition in real time.

CONCLUSION

Considering the results evaluated throughout the
proposed research paper, the hypothesis: “The Con-
volutional Neural Networks (machine learning) mod-
el can efficiently recognize road signs in real-time for
the purpose of autonomous and safe driving devel-
opment.” is supported. This research paper includes
examination of performance metrics related to CNNs
in the field of classification of road signs in Germany.
This process represents a crucial function associated
with development of autonomous driving systems.
The specified process has been addressing different
phases that have been mentioned above, but the main
fundamental ones are preprocessing, model training
and evaluation of the dataset. The phase which im-
plements data preprocessing could be broken down
to subsections including resizing, normalizing and
data augmentation. The main purpose of this subdi-
vision is to achieve database generalization. Testing
and performance evaluation of CNN model were per-
formed in order to achieve data classification. Since
the model has been trained using the 80/20 training-
validation split, alongside Adam optimization, it is

important to emphasize that the same performance
measure parameters were compared.

In the context of reviewing the purpose behind
CNN model in the field of road sign recognition, this
research contributes to scientific development by
targeting phases that include data augmentation and
preprocessing, while achieving consistent and high-
performance results. Despite the outstanding results
it is important to take into consideration the limita-
tions of this research illustrated by controlled experi-
mental conditions while testing static datasets. The
research also faces high computational load prob-
lems, reflecting the problems for potential applica-
tion in conditions where resources are constrained.

In order to accomplish the full potential of the
model future contributions should be performed by
introducing real life variation in the dataset, while
taking into consideration factors such as occlusion,
lighting and weather conditions, also described in
[3]- On the other side the research should elevate pro-
ficient architectures including hybrid models and the
transformer techniques, in order to be able to reach
higher accuracy in classification. For the purpose of
bridging the gap between academic research and
practical implementation, the model should over-
come adverse testing under the impact of dynamic
real time environment. This will guarantee reliability
and efficiency of the model in the field of autonomous
driving systems.
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Abstract: The increasing availability of low-cost environmental sensors and the integration of Artificial Intelligence (Al) into data
processing are reshaping citizen-driven environmental monitoring. This study explores public engagement with such technologies,
focusing on the willingness of different population groups to participate in monitoring activities and the trust they place in Al-
supported sensor data. By combining citizen science approaches with Al-assisted interpretation, the research aims to assess how
individuals perceive the reliability, usefulness, and accessibility of environmental information. A quantitative survey was conducted
using a 15-item online questionnaire distributed to four groups: university students, general citizens, active participants in citizen-
science projects, and IT/data professionals. The survey included multiple-choice, Likert-scale, and short open-ended questions to
capture a comprehensive picture of familiarity with environmental monitoring, attitudes toward participation, and perceived role
of Al in enhancing data credibility. The collected data were analyzed using descriptive statistics and comparative group analysis.
All anonymized data, survey instruments, and analysis files have been made publicly available in the AIMIS-Survey-2025 GitHub
repository (https://github.com/oljak-cyber/AIMIS-Survey-2025), ensuring reproducibility and transparency. Results indicate that
participants are generally willing to engage in citizen-led monitoring, with IT and active citizen-science participants demonstrating
the highest levels of trust and readiness. Al-assisted validation of sensor data was perceived as a significant factor in enhancing
confidence and interpretability, particularly among technically proficient respondents. Main barriers identified included cost, lack
of knowledge, and time constraints, highlighting the importance of accessible technology and educational guidance for broader
adoption. Overall, the study underscores the potential of combining low-cost sensors with Al tools to empower citizens, improve
environmental awareness, and generate reliable datasets for informed decision-making. Future initiatives should focus on public
education, transparent Al models, and scalable sensor deployments to maximize engagement and ensure data quality.

Keywords: Artificial Intelligence, Information Systems Design, System Architecture, Intelligent System

INTRODUCTION , . . .
sensor technologies and the rise of citizen science

Air pollution and climate change represent some
of the most pressing global challenges of the 21st
century, directly affecting human health, ecosystems,
and overall quality of life. Traditional environmental
monitoring systems, while highly accurate, are often
expensive and limited in spatial coverage, leaving
significant gaps in local data collection (Castell et al.,
2024).

In recent years, the rapid development of low-cost

initiatives have created new opportunities for decen-
tralized and participatory environmental monitor-
ing (Feroz et al,, 2024; Rossi et al., 2025). These ap-
proaches empower individuals to collect data on air
quality in their own environments, contributing to
broader datasets that can complement official moni-
toring networks (Wang et al.,, 2024).

At the same time, advances in artificial intelligence
(AI) have enabled more sophisticated data process-
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ing, pattern recognition, and predictive modeling in
environmental science (Sharma et al, 2024; Liu et
al,, 2024; Mohammed & Zhang, 2025). By integrating
citizen-generated data with Al-driven analytics, it is
possible to generate meaningful insights into envi-
ronmental trends while fostering public engagement
and awareness.

The aim of this paper is to provide a review of
emerging trends in citizen-driven environmental
monitoring, with a particular focus on the use of low-
cost sensors and Al applications. Furthermore, the
paper presents the results of a short exploratory sur-
vey conducted among university students to better
understand their willingness to engage in such prac-
tices and their perception of the reliability of citizen-
collected environmental data.

At the end of this paper, the dataset generated
through the conducted survey is openly available on
GitHub at https://github.com/oljak-cyber/AIMIS-
Survey-2025, including anonymized survey respons-
es and all files used for data processing. The remain-
der of the paper is organized as follows: Section 2
provides background on citizen science, low-cost
sensors, and Al applications; Section 3 focuses on
low-cost environmental sensors; Section 4 discuss-
es citizen science and public engagement; Section 5
details the research methodology and survey instru-
ment; Section 6 presents results and discussion; and
Section 7 concludes the study with key findings, limi-
tations, and directions for future research.

BACKGROUND AND RELATED WORK

Citizen science has emerged as a valuable ap-
proach to environmental monitoring, enabling non-
experts to actively contribute to scientific data col-
lection and interpretation. Projects such as Luftdaten
and Smart Citizen have demonstrated the potential of
community-driven air quality monitoring, providing
local data at a scale unattainable by traditional sta-
tions (Feroz et al, 2024). Such initiatives not only
provide dense datasets but also foster environmental
awareness and empower communities to participate
in decision-making processes. Beyond traditional air
quality monitoring, similar citizen science approach-
es have been applied to open-space usage and urban
safety, illustrating the broader potential of communi-
ty-driven data collection in environmental and social
contexts.

The development of low-cost sensors has been a
major driver of this trend. These devices are afford-
able, portable, and suitable for forming dense spatial
networks, offering an opportunity to complement
sparse regulatory monitoring stations (Castell et al,,
2024). Despite limitations such as calibration drift
and environmental interference (Wang et al., 2024),
improvements in sensor technology and open-source
platforms have increased their utility in research and
citizen-driven projects. For example, localized mea-
surements of air quality and meteorological param-
eters at a construction site in Serbia demonstrated
how relatively simple setups can provide actionable
data for environmental assessment (Kréadinac et al.,
2023).

Artificial intelligence (AI) plays a complementa-
ry role in enhancing the analysis of large and often
noisy datasets generated by citizen-driven monitor-
ing. Al and machine learning algorithms can correct
sensor drift, detect anomalies, and model complex
environmental dynamics (Sharma et al, 2024; Liu
et al., 2024). Furthermore, the integration of Al with
citizen science and low-cost sensors supports smart
urban applications, such as home-based monitoring
systems that allow individuals to interact with envi-
ronmental data in real-time.

The combination of citizen science, low-cost sen-
sors, and Al represents an emerging paradigm in en-
vironmental monitoring. This integration has the po-
tential to provide richer datasets, improve decision-
making, and foster public engagement in environ-
mental issues. However, challenges remain, including
ensuring data quality, managing calibration and drift,
addressing privacy concerns, and maintaining long-
term engagement of citizen participants.

Al Architecture, Technologies, and Tools

The successful implementation of artificial intel-
ligence (AI) in environmental monitoring systems
relies on a well-defined Al architecture and the care-
ful selection of technologies and computational tools.
Al architecture typically comprises several essential
components: data acquisition, preprocessing, fea-
ture extraction, model training and validation, and
deployment of predictive models. In citizen science
applications, datasets collected from low-cost sen-
sors can contain noise, missing values, or inconsis-
tencies, making preprocessing a crucial step. This
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may include normalization, outlier detection, sensor
calibration corrections, and anomaly identification
(Sharma et al,, 2024; Liu et al., 2024).

Machine learning methods, ranging from super-
vised and unsupervised learning to ensemble models
and generative algorithms, are employed to uncover
patterns, predict environmental trends, and provide
actionable insights. Natural language processing
(NLP) techniques can also be applied when analyzing
text-based data from community feedback or partici-
patory reports. Commonly used tools for implement-
ing these methods include Python libraries such as
TensorFlow, PyTorch, and scikit-learn, as well as sta-
tistical software like R and SPSS, which facilitate re-
producible and scalable analyses.

To ensure research relevance and facilitate com-
parative analysis, it is important to consider existing
datasets. Publicly available repositories such as Luft-
daten, Smart Citizen, and localized environmental
monitoring datasets from Serbia (Krcadinac et al.,
2023) offer valuable benchmarks for Al model devel-
opment and validation. Integrating newly collected
survey data with these established datasets allows
for more comprehensive analyses, supports the gen-
eralizability of findings, and provides a framework
for future research replication.

The application of Al in environmental monitor-
ing requires careful adherence to ethical and techni-
cal prerequisites. Data quality, standardization, and
secure storage are fundamental, as is transparency in
model development and evaluation. By incorporating
robust Al architecture, validated datasets, and appro-
priate computational tools, researchers can enhance
the reliability, reproducibility, and impact of citizen-
driven environmental monitoring systems.

Low-CoST SENSORS FOR ENVIRONMENTAL
MONITORING

Low-cost sensors have become increasingly pop-
ular tools in environmental monitoring due to their
affordability, portability, and potential for dense
deployment. These sensors enable high-resolution
spatial and temporal monitoring, which is especially
valuable in urban areas where pollution levels can
vary significantly over short distances (Castell et al.,
2024). Common types of low-cost environmental
sensors include:

e Particulate matter (PM) sensors, which mea-
sure PM2.5 and PM10 concentrations in the
air;

e Gas sensors, capable of detecting pollutants
such as CO, NO,, and Og;

¢ Temperature and humidity sensors, which help
interpret pollutant measurements and under-
stand microclimate variations;

¢ Noise sensors, for urban sound pollution map-
ping.

Despite their advantages, low-cost sensors face
several challenges. Accuracy can be affected by en-
vironmental conditions, sensor drift, and lack of
proper calibration. Therefore, integrating calibra-
tion algorithms or cross-referencing with reference-
grade monitoring stations is crucial (Wang et al,
2024). Nevertheless, studies have shown that even
with these limitations, low-cost sensors can provide
meaningful insights when used within carefully de-
signed networks (Sharma et al., 2024).

The practical application of low-cost sensors
in citizen science projects has been demonstrated
in multiple contexts. For instance, Kr¢adinac et al.
(2024) developed an open-source voice-controlled
smart home system that included environmental
sensing capabilities, highlighting how low-cost sen-
sors can be deployed in homes to collect real-time air
quality data and engage citizens in monitoring their
immediate environment. Similarly, other initiatives
have deployed networks of sensors across schools,
parks, and urban neighborhoods, enabling local com-
munities to gain actionable insights and participate
in environmental governance (Feroz et al., 2024).

Integrating these sensors with artificial intelli-
gence (Al) further enhances their utility. Al methods
can correct sensor drift, fuse heterogeneous data, de-
tect anomalies, and provide predictive analytics for
air quality and other environmental parameters (Liu
et al,, 2024). This combination of low-cost sensing
and Al offers a scalable approach to urban environ-
mental monitoring and opens opportunities for pro-
active, data-driven decision-making.

CITIZEN SCIENCE AND PUBLIC ENGAGEMENT

Citizen science initiatives have significantly ex-
panded the participation of the general public in en-
vironmental monitoring. By involving non-experts
in data collection, interpretation, and even problem-
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solving, these initiatives enhance environmental
awareness and empower communities to influence
local policies (Haklay et al., 2023). Public engagement
is especially strong when monitoring involves factors
that directly affect daily life, such as air quality, noise
exposure, or access to green spaces (Golubovi¢ Mati¢
etal, 2024).

Technology has played a major role in enabling cit-
izen science. Mobile applications, user-friendly dash-
boards, and low-cost sensor Kits allow individuals to
track environmental parameters in real time, while
digital communities provide platforms for sharing
findings and collaborating on environmental actions.
The rise of smart home solutions further supports ev-
eryday involvement; for example, systems equipped
with environmental sensors encourage users to mon-
itor air quality inside and around their homes, con-
tributing both personal and community-level value
(Kréadinac et al., 2024).

Motivation to participate in environmental moni-
toring often stems from personal health concerns,
desire for transparency, or social activism. Recent
studies show that citizens are more likely to contrib-
ute when they trust the data and feel that their input
can produce real-world outcomes (Feroz et al., 2024).
Educational institutions have also proven to be excel-
lent environments for citizen science projects—stu-
dents gain practical experience with sensors and data
interpretation, while cities benefit from fine-grained
monitoring of local conditions.

However, several challenges persist, including
maintaining long-term engagement, ensuring proper
device use, and overcoming variations in participants’
technological skills. Privacy concerns also arise when
monitoring takes place at or near private property,
requiring clear consent and secure data management
practices (Sharma et al., 2024).

Given the growing interest and accessibility of
monitoring tools, understanding public readiness to
adopt low-cost sensors is crucial. As part of this re-
search, a short survey will be conducted among uni-
versity students to explore their attitudes and mo-
tivations toward participating in citizen-driven en-
vironmental monitoring, focusing specifically on air
quality measurements and the use of Al-supported
interpretation tools..

RESEARCH METHODOLOGY

This study employs a quantitative survey-based
research design to investigate public awareness, at-
titudes, and readiness to adopt low-cost environmen-
tal sensors and Al-supported interpretation tools.
The target population includes four groups: (A) IT
and technical university students, (B) general citi-
zens, (C) individuals already engaged in citizen sci-
ence initiatives, and (D) professionals in IT or data-
related fields. Such a heterogeneous sample allows
for capturing differences in familiarity with technol-
ogy and environmental monitoring practices (Schafer
& Kepplinger, 2023).

Data Collection

An online questionnaire was distributed via uni-
versity mailing lists, social media channels, and citi-
zen science online communities. Participation was
voluntary and anonymous, with informed consent
collected digitally before the survey began. The sur-
vey was active for one week in August 2025. The
anonymized survey dataset has been uploaded to a
public GitHub repository (https://github.com/oljak-
cyber/AIMIS-Survey-2025) under an open-access
license, allowing other researchers to reproduce the
analysis, explore alternative processing methods, or
integrate the data with existing datasets. All personal
identifiers were removed, ensuring compliance with
data protection guidelines.

Survey Instrument

The instrument consists of 15 items, including
multiple-choice, Likert-scale, and short open-ended
questions. The questionnaire was developed based
on existing literature on citizen engagement and par-
ticipatory sensing (Krcadinac et al., 2021; English et
al, 2024).

To maintain clarity within a two-column format,
the full list of items is presented as a compact table
(Table 1). Full questionnaire is available from the au-
thors upon request.
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Table 1 Survey questionnaire overview

No. Question (Item) Response Type
1 Whatis your age group? Multiple choice
) What i? your highest completed Multiple choice
education?
Which statement best describes your

3 background? (IT student, general Multiple choice
population, etc.)

4 How'farr'nllar are you with environmental 5-point Likert
monitoring?

5 Havg you e\{er used ar?y enw.ronmental Yes/No
sensing device (e.g., air quality sensor)?

6 How c.onc'erned al.'e.you about air 5-point Likert
pollution in your living area?

7 Do.you bell.eve c@zens should pla.y ar\ 5-point Likert
active role in environmental monitoring?
Would you use a low-cost sensor at home

8 if it were affordable? Yes/No/Not sure

9 Which environmental indicators would Multiple choice,
you most like to monitor? multi-select
Would you trust data collected by citizens -

10 . 5- t Likert

if verified by Al tools? point Liker

1 qu likely ayre you to participate in citizen- 5-point Likert

science projects?

1 Which barriers would prevent you from Multiple choice,

participation? (price, knowledge, time...) multi-select
Do you already use any Al apps analyzing

13 . Yes/N

environmental or health data? es/No

1 How usefulldo you.ﬁnd Alasa t.ool for 5-point Likert

understanding environmental risk?

15 Any suggestlons or conc.ern‘s about citizen- Open-ended

led environmental monitoring?
Data Analysis

Quantitative data will be analyzed using descrip-
tive statistics (frequencies, means, distributions) and
comparative analysis between demographic groups.
Open-ended responses will undergo thematic coding
to identify common perceptions and concerns.

RESULTS AND DISCUSSION

Sample Overview

The survey data were processed and analyzed us-
ing Python, including libraries for data manipulation
and statistical analysis, alongside Microsoft Excel for
tabular summaries and initial visualization. The anal-
yses were conducted on a standard personal comput-
er with an Intel Core i5 processor, 16 GB RAM, and
Windows 10 operating system. This setup allowed
for efficient data handling, calculation of descriptive
statistics, and generation of charts presented in the
following tables and Figure 1. The methodology en-
sured transparency and reproducibility of the analy-

ses while providing clear insights into the survey re-
sponses from the diverse participant groups.

A total of 79 respondents participated in the sur-
vey. The sample included four target groups: (A) IT and
technical students (23 respondents, 29%), (B) general
citizens (34 respondents, 43%), (C) active participants
in citizen-science projects (4 respondents, 5%), and
(D) IT/data professionals (18 respondents, 23%). This
distribution provides insights from a diverse audience
with varying levels of familiarity with technology and
environmental monitoring practices (Table 2).

Table 2 Sample characteristics

Group n % Typical age range
IT / technical students (A) 23 29% 19-26
General citizens (B) 34 43% 25-60
Citizen-science participants (C) 4 5% 22-55
IT / data professionals (D) 18 23% 25-50
Total 79 100% -
Key Survey Findings

The survey included 15 questions addressing fa-
miliarity with environmental monitoring, attitudes
towards citizen participation, willingness to use low-
cost sensors, and trust in Al-supported data verifica-
tion. Selected responses are summarized in Table 3.

Discussion

The survey results indicate a strong interest in
citizen-led environmental monitoring, with 74% of
respondents expressing willingness to use a low-cost
sensor at home. As shown in Figure 1, active citizen-
science participants demonstrated the highest will-
ingness to use low-cost environmental sensors, fol-
lowed by IT students and professionals, while general
citizens were somewhat more cautious.

] — ST

e s Lo
| ’.l_ "Ny

| -.:I_I._:.:-_".': ]

Figure 1 Willingness and Trust in Environmental Monitoring by
Group
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Table 3 Selected survey item results

Item Respon's el Overall (N=79) Students (A) Citizens (B) Citizen-sci (C) Professionals (D)
metric
Q4: Familiarity with
environmental monitoring Mean (SD) 3.1(1.0) 34 2.7 3.8 4.0
(mean, 1-5)
Q5: Ever used a sensor/device Yes (%) 41% 52% 30% 75% 56%
Q6: Concern about local air
pollution (Agree/Strongly Concerned (%) 77% 83% 73% 100% 72%
agree %)
Q7: Citizens should play active 0 0 o 0 0 0
role (Agree/Strongly agree %) Support (%) 85% 91% 79% 100% 83%
Q8: Would use low-cost
sensor at home (Yes/Maybe Willing (%) 74% 83% 65% 100% 78%
%)
Q10: Trust citizen data if
verified by Al (Agree/Strongly Trust (%) 63% 61% 57% 88% 67%
agree %)
Q11: Likelihood to participate
in citizen science (Likely/Very Interested (%) 52% 63% 75% 100% 33%
likely %)
. P . - ; o . -
Q12: Main barriers (top 3 Price / Time / Price 57% / Time Price 60% / Time Price 62% / Time Price 25% / Time Price 55% / Time 40%
selected) Knowledge 45% [ Knowledge 50% / Knowledge 42% /Knowledge 30% /Knowledge / Knowledge 60%
48% 54% 38% 38% 0

Q14: Usefulness of Al for
understanding risk (Mean Mean (SD) 3.6 (0.9) 3.5 3.4 4.0 4.1

1-5)

Participants in citizen-science projects showed
the highest level of engagement and readiness
(100%), followed by IT students (83%) and IT/data
professionals (78%), while general citizens were
somewhat more cautious (65%). Familiarity with en-
vironmental monitoring was moderate overall (mean
3.1/5), being higher among students and profession-
als. Trust in citizen-generated data increased when
verified by Al tools, especially among active citizen-
science participants (88%) and IT/data professionals
(67%), confirming that Al-supported validation can
enhance credibility in participatory sensing initia-
tives (Krcadinac et al., 2021; Castell et al., 2024).

The main barriers identified by respondents were
price (57%), lack of knowledge (48%), and time con-
straints (45%), which aligns with previous studies
emphasizing the importance of accessible devices,
user guidance, and participant support (Wang et
al,, 2024; Sharma et al,, 2024). Differences between
groups were notable: active citizen-science partici-
pants displayed the highest engagement and trust,
highlighting that existing motivated communities are
ideal for early adoption, whereas IT students showed
strong willingness, suggesting that university-led pi-
lot projects could be highly effective.

Overall, these results suggest that implementing
low-cost sensor networks supported by Al verifica-
tion could significantly enhance public engagement
in environmental monitoring. Pilot programs at uni-
versities, transparent Al-backed data validation, clear
guidance for device usage, and attention to privacy
and data sharing are key factors to increase adoption
and trust among diverse populations.

CONCLUSION

This study explored public engagement with en-
vironmental monitoring, focusing on the willingness
to use low-cost sensors and trust in Al-verified data.
The survey results highlighted several key findings.
Active citizen-science participants demonstrated the
highest willingness and trust (100% willingness to
use sensors, 88% trust in Al-verified data), followed
by IT students (83% willingness, 61% trust) and IT/
data professionals (78% willingness, 67% trust),
while general citizens were somewhat more cau-
tious (65% willingness, 57% trust). Overall, 74% of
respondents expressed willingness to adopt low-cost
sensors, and 63% indicated trust in Al-supported val-
idation of citizen-collected data. Familiarity with en-
vironmental monitoring was moderate (mean 3.1/5),
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with higher levels among students and professionals.
The main barriers identified were cost (57%), lack of
knowledge (48%), and time constraints (45%), indi-
cating that accessibility, education, and user guidance
are critical for successful implementation.

These insights suggest that universities and com-
munity organizations can play a pivotal role in pro-
moting citizen science initiatives by providing afford-
able devices, training programs, and clear instruc-
tions for data collection and usage. Incorporating Al
algorithms to validate citizen-generated data can fur-
ther increase trust and ensure reliable environmen-
tal information. Efforts to provide low-cost sensors
and simplified guidance can reduce entry barriers for
general citizens, while clear policies regarding data
anonymization, sharing, and storage help address
ethical concerns and maintain participant trust.

Future studies could investigate long-term en-
gagement, the comparative effectiveness of different
sensor types, and the impact of Al feedback on pub-
lic participation and trust. Additionally, the develop-
ment of scalable Al-assisted monitoring frameworks,
integration with existing citizen science platforms,
and evaluation of diverse demographic responses
may further improve data quality, system efficiency,
and community involvement.

In conclusion, citizen-driven environmental moni-
toring supported by Al presents a promising avenue
for engaging diverse populations, enhancing environ-
mental awareness, and generating actionable data for
decision-making. Strategic implementation, coupled
with accessible technology and transparent valida-
tion, can maximize participation and ensure mean-
ingful outcomes for both scientific research and com-
munity empowerment.
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Abstract: The topic of this research is the role of Al assistants in supporting teachers within contemporary education. The primary
aim is to examine how teachers perceive the potential of Al-based tools, which specific tools they use, in which instructional contexts
they apply them, what challenges they recognize, and which ethical concerns they consider crucial for their safe and responsible
integration into the educational process. The study was conducted through a survey among primary and secondary school
teachers, followed by a combination of quantitative and qualitative data analysis. The findings indicate that most teachers use Al
assistants occasionally or are only beginning to consider their use, while regular and systematic implementation remains limited.
A positive relationship was observed between the level of digital literacy and the frequency of Al use, whereas the most commonly
identified barriers include insufficient knowledge, fear of misuse, and the absence of clear guidelines. Overall, attitudes toward Al
are generally positive, particularly among teachers with more experience in using such tools, who highlight time-saving effects and
improvements in instructional quality. These findings are consistent with patterns described in current research literature and

point to the need for targeted professional training and clearly defined ethical frameworks for the use of Al in education.

Keywords: artificial intelligence, education, teachers, Al assistants, digital literacy, educational ethics

INTRODUCTION

The digital transformation of education increas-
ingly involves the use of artificial intelligence (Al)
tools, which are now becoming accessible not only
to students but also to teachers in their everyday
professional practice. Among the most widespread
applications of Al in education are so-called Al assis-
tants—tools based on large language models such as
ChatGPT, Copilot, Grammarly and similar systems—
which can support lesson preparation, the develop-
ment of instructional materials, test construction,
content differentiation, and the professional develop-
ment of teachers. Although Al assistants offer signifi-
cant potential for enhancing the efficiency and over-
all quality of teaching and learning, their integration
into teachers’” work raises a number of important
questions. These relate to the level of technological
competence, frequency and purpose of use, motiva-
tional factors and perceived barriers, as well as ethi-
cal concerns, trust, and responsibility in the context

of Al-supported instruction. In addition to technical
and pedagogical considerations, issues of academic
integrity, the potential for misuse, algorithmic bias,
and data protection remain particularly relevant.
Despite the growing presence of Al tools in edu-
cation, research shows that many teachers remain
uncertain or cautious regarding their broader adop-
tion. A Pew Research Center study reported that only
6% of teachers believe Al brings more benefits than
risks in education, while 35% remain undecided, in-
dicating a need for deeper examination of teachers’
perceptions and needs [6]. A systematic review con-
ducted by Labadze [5] highlighted that Al chatbots
can save teachers’ time, improve communication, and
provide access to personalized learning resources;
however, concerns remain regarding the accuracy of
generated information, the potential for misuse, and
ethical dilemmas in instructional environments. Sim-
ilarly, Tan [9] emphasized the increasing use of Al in
lesson planning, while also noting a pronounced lack
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of structured professional training for educators.

The multi-layered impact of Al on education—
ranging from personalized learning and automated
assessment processes to teacher support—requires
an ethically grounded, inclusive, and transparent ap-
proach to its implementation [8]. Elsayed [2] found
that combining Al with thoughtful pedagogical guid-
ance can increase student engagement and reduce
anxiety in learning contexts, yet they also warn of
risks associated with uncritical reliance on Al, such
as dependence on the technology and reduced de-
velopment of authentic competencies. This aligns
with broader concerns regarding privacy, algorithmic
transparency, and responsible data practices. Al can
significantly support academic writing and research
[4] but studies also warn that extensive reliance on
generative Al systems may negatively influence cogni-
tive independence and critical reasoning [11]. Finally,
emerging research highlights that while generative
Al offers considerable opportunities for personaliza-
tion and efficiency, it simultaneously requires well-
defined ethical, legal, and pedagogical frameworks to
ensure its fair and responsible use [3].

Al TOOLS IN SUPPORTING TEACHERS AND THE
CLASSROOM

The development of generative artificial intelli-
gence has led to the emergence of digital tools that are
no longer merely technical additions to the teaching
process, but are increasingly becoming an integral part
of pedagogical planning, instructional design, and the
facilitation of learning. Within this group, a particular-
ly prominent role is held by Al assistants—tools based
on large language models (LLMs), such as ChatGPT,
Copilot, Grammarly, Perplexity, and Canva Al—which
are capable of generating textual and visual content,
suggesting instructional strategies, shaping learning
materials, creating assessment forms, and support-
ing students throughout the learning process. The role
of these tools in education does not lie in their ability
to “do the work” in place of the teacher, but rather in
their capacity to free time and cognitive space for what
is most valuable in the teaching process: pedagogical
interpretation, interaction, questioning, problematiza-
tion, and critical reflection. In this sense, Al tools func-
tion as an extension of the teacher’s professional prac-
tice rather than as its substitute.

ChatGPT as a pedagogical mediator

ChatGPT represents one of the most widely ad-
opted platforms based on generative artificial intel-
ligence models, and it substantially influences the
way teachers plan and shape instructional activi-
ties. In practice, it is most commonly used to sup-
port the preparation of explanations, examples, and
tasks, which enables faster lesson preparation and
facilitates the differentiation of content according
to students’ knowledge levels and learning needs.
Recent studies indicate that ChatGPT can serve as a
“cognitive partner” in the instructional planning pro-
cess, particularly in phases of conceptualizing lesson
ideas, generating examples, and designing learning
scenarios [9].

However, the use of ChatGPT requires critical and
pedagogically informed oversight from the teacher.
Holmes, Bialik, and Fadel [12] emphasize that genera-
tive models produce linguistically convincing text that
may nonetheless be factually inaccurate, imprecise, or
conceptually oversimplified. For this reason, pedagogi-
cal mediation remains essential—the teacher does not
accept the generated content as final, but instead eval-
uates, selects, adapts, and interprets it in accordance
with curricular standards and instructional objectives.
Thus, the use of ChatGPT in educational settings is not
a technical issue, but a didactic one.

Furthermore, empirical research highlights the
risks associated with excessive or uncritical reliance
on dialogic Al systems. Zhai, Wibowo, and Li [11]
argue that frequent use of ChatGPT may reduce stu-
dents’ cognitive autonomy, as learners may replace
the process of understanding with the reproduction
of Al-generated responses. Similarly, the Pew Re-
search Center reports that many teachers express
concern that the use of ChatGPT could weaken the
development of critical thinking and independent
problem-solving skills if clear pedagogical guidelines
are not established [6].

In other words, ChatGPT is only as effective as the
teacher’s competence to guide its use. When teachers
possess well-developed digital and Al literacy, Chat-
GPT can expand instructional creativity, inclusive-
ness, and differentiation. When such competencies
are lacking, there is a risk that the tool may diminish
learning quality. This once again affirms that Al does
not replace the teacher—it underscores the signifi-
cance of the teacher’s professional role.
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Copilot as an integrated digital teaching

partner

Microsoft Copilot, integrated within the Microsoft
365 platform, functions as an Al assistant embedded
in applications already familiar to teachers, such as
Word, PowerPoint, and Teams. This makes Copilot par-
ticularly relevant in educational environments where
schools are already organizationally and technically
aligned with the Microsoft ecosystem. In practice, Co-
pilot is most commonly used to reorganize, expand, or
condense existing instructional materials, as well as to
generate presentation structures, lesson outlines, and
class plans. In Tan’s [9] research, Copilot was identified
as a tool that reduces teachers’ cognitive load and time
burden during the lesson planning phase, allowing
them to devote more attention to pedagogical analysis
and instructional decision-making.

However, Copilot does not independently gener-
ate pedagogically meaningful content. Research on
large language model interaction demonstrates that
the quality of output depends directly on the quality
of input—that is, on the clarity of goals, context, and
instructions provided by the teacher [12]. If the teach-
er does not define a clear instructional purpose or as-
sessment criteria, Copilot cannot ensure a meaning-
ful educational solution. Its effectiveness is therefore
highest when used as a tool for structuring and guiding
the teacher’s work, rather than as a source of original
content. In this way, Copilot reinforces rather than re-
places the teacher’s expertise and planning role.

Grammarly and metacognitive support in

writing

Grammarly is a tool for automated language anal-
ysis and correction that is increasingly used in the
teaching of both native and foreign languages, as well
as in subjects where written expression is of particu-
lar importance. The tool enables students and teach-
ers to identify errors in sentence structure, spelling,
syntax, and style. Elsayed et al. [2] demonstrate that
the use of tools such as Grammarly can reduce writ-
ing-related anxiety and enhance students’ motivation
to write, especially when it is used as a form of reflec-
tive feedback.

However, the primary pedagogical value of Gram-
marly does not lie in its ability to “correct” a text, but
in its potential to support learning about one’s own
writing. If students use the tool without understand-

ing the reasons behind the corrections, there is a risk
that they will not develop autonomy in writing, and
that their individual style will become generic. For
this reason, it is recommended that Grammarly be
used after the initial writing process, as a means of
reflection rather than during the drafting stage [12].
By doing so, students learn to recognize patterns in
their own errors, which contributes to the develop-
ment of linguistic awareness and metacognitive con-
trol in writing.

Perplexity Al as a tool for developing

information literacy and critical thinking

Perplexity Al differs from most dialogic Al systems
in that it provides the sources on which its responses
are based. In an educational context, this feature car-
ries strong pedagogical value, as it enables students
and teachers to verify the credibility of information,
compare sources, and develop a habit of critically ex-
amining knowledge. In studies focused on student-
led inquiry and research, Perplexity has been shown
to function as a valuable bridge between independent
exploration and digital assistance [3].

Unlike ChatGPT, which may produce text that is
linguistically convincing but not necessarily accurate,
Perplexity promotes a culture of source validation,
aligning with the principles of information literacy.
Its use is particularly meaningful in secondary and
higher education, as well as in project-based learning,
where students are expected to develop the ability to
connect, interpret, and evaluate information rather
than merely reproduce content.

Canva Al and the visual articulation of

learning content

Canva Al enables the generation of visual repre-
sentations, diagrams, graphic posters, and presen-
tations with minimal technical skill, which makes it
accessible to teachers across different subject areas.
Visualizing complex concepts can support compre-
hension for students who prefer visual learning styles
and can foster creative expression in the classroom.
However, as Holmes and Tuomi [13] caution, visually
appealing design does not necessarily lead to deeper
understanding. If Canva’s visual output is used before
the content has been meaningfully internalized, there
is a risk that students may remain at a surface level
of learning.
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For this reason, Canva Al has the greatest peda-
gogical value when used in the later stages of learn-
ing, as a form of summarization, conceptual mapping,
and knowledge presentation, rather than as an initial
source of explanation. In this way, visual representa-
tion becomes evidence of understanding rather than
a substitute for it.

METHODS AND MATERIALS

The primary research instrument was a pur-
pose-designed online questionnaire distributed to
teachers of different subject areas employed in one
primary and one secondary vocational school in the
Republic of Serbia. The questionnaire consisted of 15
items and covered the following areas: demographic
information, level of digital literacy, frequency of Al
tool usage, specific instructional contexts in which
Al assistants are applied, perceived barriers, and at-
titudes regarding the ethical dimensions of artificial
intelligence use in education. The items included
multiple-choice questions, Likert-scale statements,
linear rating scales, and open-ended questions for
qualitative insights.

The sample consisted of 109 teachers, and data
analysis was conducted using Excel and Python. De-
scriptive statistics were applied to present the fre-
quencies and percentage distributions of responses,
while hypothesis testing was performed using corre-
lational analysis (Spearman’s correlation). Open-end-
ed responses were qualitatively analyzed through the
identification of thematic patterns.

The main goal of the study was to examine how
teachers perceive the role and potential of Al assis-
tants in education, which Al tools they use, in which
instructional situations, which barriers they identify,
and which ethical dilemmas they consider important
for the safe and responsible integration of artificial
intelligence into teaching practice. The research was
guided by the following hypotheses:

H1: Most teachers use Al assistants occasionally
or experimentally, but not systematically in the in-
structional process.

H2: There is a positive correlation between the
level of digital literacy and the frequency of Al tool
use in education.

H3: The main barriers to broader use of Al assis-
tants relate to insufficient knowledge, ethical con-
cerns, and fear of misuse.

H4: Teachers who use Al tools more frequently
express more positive attitudes toward their role in
improving instruction and student motivation [1].

RESULTS

The sample in this study is predominantly female,
with 78.9% of respondents identifying as women and
21.1% as men. The age structure indicates a strong
presence of more experienced teachers: 43.1% are
over 51 years old, while 42.2% are between 41 and
50. Younger teachers are less represented, with 9.2%
aged 31-40 and only 5.5% under the age of 30. Re-
garding educational attainment, most respondents
hold a higher education degree—73.2% have com-
pleted undergraduate studies, 26.6% hold a master’s
degree, and 1.1% hold a doctoral degree. In terms of
subject areas, the largest proportion of teachers work
in the natural sciences (34.9%) and vocational sub-
jects (26.6%), followed by social sciences (17.4%),
informatics (15.6%), while arts teachers are the least
represented (5.5%).

A large majority of teachers (86.2%) report using
artificial intelligence in everyday life, while 11.9% do
not, and 1.8% are unsure. However, when assessing
their level of knowledge about Al, most respondents
position themselves in the middle range (39.4%). A
further 31.2% consider their knowledge to be low, and
16.5% very low. Only 11% report a high level of knowl-
edge, and 1.8% describe their knowledge as very high.
Regarding the use of Al assistants in teaching, the ma-
jority state that they currently do not use Al assistants
but plan to in the future (45.9%). Occasional use is
reported by 31.2%, regular use by 8.3%, while 14.7%
neither use Al assistants nor plan to do so. Concerning
familiarity with ethical principles related to the use of
Al in education, 51.4% of respondents state that they
are not familiar with them, 34.9% are partially familiar,
and only 13.8% fully familiar.

When it comes to attitudes toward the impact of Al
tools in education, most teachers express moderate
optimism. They agree that Al assistants can contrib-
ute to improving instructional quality, yet they simul-
taneously express concern about potential misuse.
Many respondents perceive Al as a time-saving re-
source, but emphasize the need for clear legal regula-
tions and responsible use by students. The emotional
stance toward the introduction of Al in education is
generally positive or marked by curiosity (more than
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half of respondents), though accompanied by a de-
gree of caution [1].

Testing Hypothesis H1: Most teachers use Al

assistants occasionally or experimentally,

but not systematically in the instructional
process

The results clearly confirm this hypothesis. The
largest proportion of respondents (45.9%) reported
that they do not currently use Al assistants in teach-
ing, but intend to do so in the future. Occasional use
was reported by 31.2% of teachers, while only 8.3%
indicated regular use. A total of 14.7% of respondents
stated that they do not use Al assistants and do not
plan to introduce them.

This distribution indicates that the use of Al in ed-
ucation is presently situated in a phase of exploratory
and preliminary adoption, where teachers experi-
ment with these tools rather than implement them
systematically. This suggests that Al assistants are
not yet integrated into instructional practice as stable
pedagogical resources, but rather appear as optional
or supplementary tools [1].

Figure 1 presents the distribution of Al assistant
usage among teachers, showing that occasional use
and anticipated future use are notably more common
than regular or systematic use.

Al usage In teachin

o

(%)

Figure 1. Frequency of Al Assistant Use in Teaching

Testing Hypothesis H2: There is a positive

correlation between the level of digital

literacy and the frequency of Al tool use in

education

The Spearman correlation between self-assessed
knowledge of Al technologies and the frequency of Al
assistant use in teaching is p = 0.36, indicating a mod-

erately positive relationship. This result supports the
hypothesis that a higher level of digital literacy en-
courages more frequent use of artificial intelligence
in the educational context. Teachers who are more
confident in working with Al tools are more likely to
incorporate them into lesson planning and instruc-
tional activities, even if only occasionally [1].

Testing Hypothesis H3: The main barriers

to the broader use of Al assistants relate to

insufficient knowledge, ethical concerns, and

fear of misuse

The qualitative analysis of open-ended responses
regarding the barriers to using Al in teaching shows
that the most frequently mentioned concerns relate
to misuse (38 occurrences), followed by fear (28 oc-
currences), and lack of knowledge or understanding
(11 occurrences). These results indicate that teach-
ers’ most prominent concerns are associated with the
potential for unethical use and manipulation of Al-
generated content, as well as feelings of uncertainty
stemming from insufficient training and limited un-
derstanding of how these tools function. In contrast,
explicitly articulated ethical terms such as “ethics” or
“safety” appeared less frequently in the responses,
which may suggest that ethical dilemmas are expe-
rienced more as emotional apprehension than as
clearly formulated professional concepts. These find-
ings strongly confirm the hypothesis that insufficient
knowledge, ethical ambiguity, and fear of misuse rep-
resent the key barriers to broader integration of Al
assistants in educational practice [6].

Testing Hypothesis H4: Teachers who use Al

tools more frequently have a more positive

attitude toward their role in improving

instruction and student motivation

The analysis of the relationship between the fre-
quency of Al assistant use and attitudes measured on
the Likert scale revealed several positive, although
differently expressed, correlations. The strongest
association was observed for the statement that “Al
assistants save teachers’ time” (p = 0.40), suggest-
ing that those who use these tools more frequently
recognize their practical value in everyday instruc-
tional work. A more moderate positive correlation
was found for the statement that Al can contribute to
improving the quality of teaching (p = 0.21).
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At the same time, a slight negative correlation was
observed in relation to concerns about misuse and
the need for regulation, indicating that more frequent
users of Al tools tend to express somewhat lower
levels of fear regarding potential risks. These find-
ings confirm that practical experience contributes to
more positive attitudes and greater confidence in the
usefulness of Al technologies in education [6].

DiScusSION

The results of this study indicate that the use of
Al assistants in education among teachers in Serbia
is still at an early stage of integration and is occur-
ring primarily on an individual rather than a systemic
level. Most respondents do not use Al tools regularly
but perceive them as a potential form of support that
could be incorporated into their professional practice
in the future. Similar patterns have been observed in
international research, where teachers recognize the
potential benefits of Al in education but remain un-
certain about how to apply such tools in a pedagogi-
cally meaningful and responsible way. A key factor
underlying this caution is the lack of formal training
and clear implementation guidelines.

The observed moderate positive correlation be-
tween teachers’ digital literacy and the frequency
of Al tool use suggests that higher levels of digital
self-efficacy directly influence openness to techno-
logical innovation. Teachers with more developed
digital competencies are better prepared to evalu-
ate the pedagogical value, limitations, and practi-
cal implications of Al tools, and are therefore more
likely to experiment with and integrate them into
instruction. This finding supports the view that
digital competence represents an important pre-
requisite for the responsible use of Al in educa-
tional contexts.

Although teachers’ attitudes toward Al are gen-
erally positive—particularly regarding the potential
for saving time and facilitating the preparation and
adaptation of instructional materials—significant
concerns remain. The most frequently identified
risks relate to the possibility of misuse, challenges to
academic integrity, and the danger that students may
become overly dependent on Al tools instead of de-
veloping independent thinking and problem-solving
skills. These concerns reflect broader debates in the
literature, which warn that uncritical application of

conversational Al systems can lead to reduced cogni-
tive autonomy among learners.

Importantly, both the findings of this study and
existing research consistently emphasize the contin-
ued central role of the teacher, regardless of the ca-
pabilities of Al systems. The most favorable learning
outcomes are reported when Al support is combined
with expert pedagogical guidance. While Al can en-
hance the efficiency and organization of instruction,
it cannot replace the teacher’s professional judgment,
emotional interaction, and reflective decision-mak-
ing, which remain essential in the learning process.

Finally, the results show that teachers who use
Al tools more frequently tend to hold more positive
attitudes toward them, while those with less experi-
ence are more likely to express hesitation or concern.
This suggests that practical experience contributes to
developing confidence and the ability to use Al criti-
cally, intentionally, and in a pedagogically responsible
manner.

RECOMMENDATIONS FOR EDUCATIONAL PRACTICE
AND TEACHER COMPETENCE DEVELOPMENT

The results of the study indicate that the success-
ful integration of artificial intelligence into the educa-
tional process requires coordinated effort at both the
level of classroom practice and the education system
as a whole. Al tools can enhance instructional effi-
ciency, support the adaptation of learning materials
to students with different abilities, and facilitate les-
son preparation, but only when they are used within
clearly defined pedagogical objectives and when
teachers possess adequate digital and Al literacy.
Therefore, it is essential to ensure professional devel-
opment that focuses not only on understanding the
functional capabilities of Al tools but also on devel-
oping a critical stance toward them, particularly with
regard to evaluating the quality of generated infor-
mation, ensuring student data protection, and main-
taining academic integrity.

At the level of school practice, it is recommend-
ed to introduce pedagogical scenarios that clearly
specify when and how Al can be integrated into the
teaching process. These scenarios should reflect the
different phases of learning: during the initial acqui-
sition of concepts, Al may serve as visual or explana-
tory support, whereas in phases that involve analysis,
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argumentation, and reflection, the use of technology
should be limited in order to preserve students’ cog-
nitive autonomy. It is especially important to encour-
age students to explain, rephrase, and critically eval-
uate Al-generated outputs rather than accept them
passively.

From a systemic perspective, it is recommended
to develop continuous professional development pro-
grams in which teachers are trained not only to use Al
tools technically but also to apply them responsibly
and inclusively in pedagogical practice. Such training
should integrate three key dimensions: understand-
ing the algorithmic process and limitations of Al,
pedagogical-didactic use of Al in lesson planning and
implementation, and ethical principles and data pro-
tection standards. Furthermore, it is crucial to pro-
vide clearly formulated guidelines for the responsi-
ble use of Al, expressed in the form of accessible and
concrete recommendations that are understandable
to teachers with varying levels of digital competence.

Framework for the responsible integration of

Al in teaching

The introduction of artificial intelligence tools into
the educational process cannot be viewed as a tech-
nical matter alone, but rather as a pedagogical and
ethical decision made by the teacher. The effective-
ness and safety of Al use in teaching depend on how
the teacher plans, guides, monitors, and reflects on its
application. In this sense, artificial intelligence does
not replace the teacher; instead, it functions as an in-
strument that can support the teacher’s professional
practice when used responsibly and critically.

The integration of Al in teaching requires a delib-
erate and guided process in which the teacher clearly
defines the learning objectives, the context of use,
and the scope of activities in which Al will be includ-
ed. The teacher’s key role lies in understanding when
Al use is meaningful and when it may undermine stu-
dents’ independent thinking, creativity, or academic
integrity. In other words, Al may facilitate learning,
but it must not take over the learning.

The following section presents a model for the
responsible integration of Al tools into the teaching
process, based on the didactic principles of planning,
mediation, and reflection:

1. Pedagogical formulation of goals and purpose

The teacher first defines what the student is ex-

pected to learn and only then decides whether and
how Al can support that process. If the lesson objec-
tive involves acquiring new knowledge, Al may be
used as a medium for explanation and illustration.
However, if the objective requires independent analy-
sis, evaluation, or creativity, Al use must be limited to
supportive functions rather than generating final an-
swers. This helps protect the development of critical
thinking and cognitive autonomy.

2. Pedagogical control and verification of content

Al-generated content may be linguistically con-
vincing but incomplete or factually inaccurate, as
noted by Holmes, Bialik, and Fadel [12]. Therefore,
the teacher assumes the role of source validation
and quality assurance. The teacher verifies, adjusts,
and aligns content with curricular standards and the
classroom context. Al may provide material, but the
teacher gives it meaning.

3. Active role of the student

The student should not become a passive recipient
of Al-generated answers. Learning occurs through ef-
fort, error, questioning, and understanding. Al should
therefore be used as a partner in dialogue, not as an
authority. Students should be encouraged to explain,
reformulate, challenge, or expand Al-generated con-
tent. This approach fosters metacognition, autonomy,
and reflection, as suggested by studies such as El-
sayed [2]

4. Ethics, transparency, and academic integrity

The use of Al tools in education requires clearly
defined boundaries. Teachers should openly commu-
nicate to students when Al use is permitted, which
tasks must be completed independently, how to ver-
ify the reliability of information, and why plagiarism
— including “Al-assisted plagiarism” — undermines
the development of essential learning skills.

CONCLUSION

The results of the study confirm that artificial in-
telligence can serve as a valuable resource for enhanc-
ing the educational process, but only when its use is
guided by well-considered pedagogical intentions
and responsible implementation practices. Although
teachers recognize the benefits of Al assistants in
saving time, preparing instructional materials, and
differentiating content, the adoption of these tools is
not yet systemically supported and instead depends
largely on individual initiative, personal experience,
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and the level of digital competence. This situation in-
dicates the need for organized support for teachers,
through structured training programs and guidelines
that integrate the technical, pedagogical, and ethical
dimensions of Al use in teaching.

The teacher’s role remains central, as learning
does not consist merely of reproducing informa-
tion, but involves effort, error, questioning, and un-
derstanding. Al tools can contribute to learning only
when they are used as partners in dialogue, rather
than as authorities or substitutes for students’ own
cognitive processes. Students should be encouraged
to explain, challenge, reformulate, and critically eval-
uate Al-generated content, thereby fostering meta-
cognition, autonomy, and reflective thinking, as em-
phasized in recent research. For this reason, clearly
distinguishing the role of the teacher from the role of
Al remains a key principle in the responsible use of
educational technologies.

In conclusion, the successful integration of artifi-
cial intelligence in school practice does not depend
solely on the technical availability of tools, but on the
pedagogical competence of teachers and the existence
of educational policies that support their profes-
sional autonomy. Al in education has the potential to
contribute to more inclusive, flexible, and motivating
learning environments, but only if it remains aligned
with educational objectives and does not replace hu-
man interaction, professional judgment, or instruc-
tional responsibility. Therefore, the development of
Al literacy among teachers represents a crucial step
toward the responsible, ethical, and meaningful use
of these technologies in education.
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Abstract: This paper explores the transformative impact of digital technologies on the fitness industry, focusing specifically on
the role of artificial intelligence (AI) in enhancing modern exercise equipment. By analyzing the needs of recreational users and
professional athletes, it examines how Al-driven fitness devices optimize personalization, improve performance tracking, and
elevate the overall user experience. Using G&S Premium Gym in Bijeljina—the first fitness center in Bosnia and Herzegovina
to integrate Al-powered equipment—as a case study, the paper delves into the technical specifications, functionality, and user
interaction with these advanced machines. Key findings reveal that Al technologies significantly enhance training efficiency and
customization, contributing to measurable improvements in user satisfaction and physical performance. However, challenges
persist, particularly regarding technology accessibility, user digital literacy, and data privacy concerns. The research highlights the
potential for Al to redefine standards in recreation while addressing these challenges. Recommendations for future research and
implementation emphasize the importance of affordable, user-friendly Al solutions and improved data security measures.

Keywords: Artificial intelligence (Al), digital transformation, fitness industry, smart exercise equipment, training personalization

INTRODUCTION

Modern society is undergoing rapid technologi-
cal advancements that profoundly impact health and
physical fitness practices. Al-powered systems are
revolutionizing gym management by optimizing op-
erational efficiency and automating tasks, while also
enabling hyper-personalized workout and nutrition
plans through adaptive algorithms [1] [2]. Global
leaders such as Technogym have spearheaded these
innovations by introducing solutions that enhance
training personalization, precise performance track-
ing, and increased user motivation. The smart fitness
equipment market, valued at several billion dollars, is
projected to grow annually by over 20%, highlighting
the increasing demand for these technologies [3].

G&S Premium Gym in Bijeljina, equipped with
Al-powered devices, exemplifies how digital trans-
formation reshapes the recreation sector by setting
new standards in training personalization, user in-

teraction, and data analytics. This paper examines
the impact of Al-driven modern exercise equipment
on training paradigms, user experience, and tech-
nological perceptions in the fitness industry. Using
G&S Premium Gym as a case study, it investigates the
technical characteristics and functionalities of smart
equipment while addressing associated challenges.

THEORETICAL FRAMEWORK

Artificial Intelligence in Modern Industries

Artificial intelligence (AI) is driving innovation
across many industries by transforming traditional
processes and setting new operational standards. In
healthcare, Al aids diagnostics, treatment planning,
and patient monitoring, improving early disease de-
tection and outcomes [4]. In education, Al platforms
personalize learning by adapting to individual stu-
dent needs. [5].

Manufacturing benefits from intelligent robotics
and automated quality control, boosting efficiency
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and reducing errors [6]. Retail uses Al for recommen-
dation systems, chatbots, and supply chain optimiza-
tion [7]. The fitness industry is increasingly adopting
Al through smart equipment, virtual trainers, and
wearables, enhancing physical activity with data-
driven, personalized experiences.

Research shows Al optimizes training, boosts en-
gagement, and monitors fitness results, though chal-
lenges remain in accessibility and adaptability for di-
verse users. Despite these advances, Al adoption rais-
es concerns around ethics, data privacy, and digital
literacy [8]. Balancing innovation with responsibility
is key to successful Al integration across sectors.

Digital Transformation in the Field of Sports

and Recreation

The ongoing digital transformation in the fitness
sector is changing how people exercise and manage
health. The integration of artificial intelligence (AI)
and Internet of Things (IoT) technologies enables
more personalized fitness experiences through virtu-
al assistants, smart wearables, and advanced equip-
ment [9], [10]. These tools offer flexible workouts,
track vital health data, and provide analytics-based
insights to improve performance.

For example, Al-generated calisthenics programs
effectively improve specific fitness metrics, although
human-designed programs may still offer greater
adaptability and nuance [11]. Al-driven solutions
also moderately boost short-term activity (like step
counts), but long-term behavior change requires en-
hanced human-Al collaboration [12]. Combining Al
with social-IoT frameworks fosters the sharing of
user experiences and better fitness outcomes. While
these innovations help combat sedentary lifestyles in
a digital world, challenges remain, particularly bal-
ancing automation with human expertise to maintain
engagement and address individual differences [13].
As the industry evolves, striking this balance will be
crucial for promoting global physical activity.

RESEARCH METHODOLOGY

This research used a mixed-methods approach,
combining qualitative and quantitative techniques to
thoroughly analyze the use of Al technologies at G&S
Premium Gym. Data collection methods included:

e Interviews: Conducted with key stakehold-

ers—trainers (Nt = 3) and gym members (Nu

= 9)—to gain insights into the practical use and

impact of Al-powered smart equipment. To en-

sure objectivity and reproducibility, the follow-
ing questions were asked during interviews:

1. How do you evaluate the use of Al equipment
compared to traditional machines?

2. Do Al features (e.g., adaptive load, real-time
feedback, personalized plans) influence your
motivation?

3. What are the main advantages and disad-
vantages of Al equipment?

4. Would you recommend Al equipment to oth-
er users?

5. How easy is it to learn to use Al functional-
ities?

¢ Technical Documentation Analysis: Re-

viewed detailed specifications and operational

reports from Al-integrated devices like Techno-
gym Biostrength equipment and smart scales.

¢ Equipment Testing: Evaluated smart devices
during regular gym sessions to assess features
such as adaptive load, motion tracking, and
performance analytics.

¢ Feedback Analysis: Collected and categorized

user feedback to identify trends related to mo-

tivation, usability, and technical issues.

Though the sample size was relatively small, it
provides a solid foundation for exploring Al's prac-
tical application and impact in fitness. Insights from
trainers and gym members offer valuable initial find-
ings to inform future, larger studies. Ethical standards
were strictly followed; all participants gave informed
consent, and their data were anonymized and used
solely for research purposes, ensuring privacy and
legal compliance. Participants’ ages ranged from 15
to 45 years. This methodology enabled a robust and
detailed examination of how Al-powered equipment
affects user experience, engagement, and fitness out-
comes, forming a strong basis for the study’s findings
and discussion.

Case Study: G&S Premium Gym Bijeljina

G&S Premium Gym, located in Bijeljina, covers
2,400 square meters, making it one of the largest
and most modern fitness centers in the region. It of-
fers diverse training programs for both recreational
users and professional athletes, aiming to improve
health and fitness through advanced technology and
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personalized training. As the first gym in Bosnia and
Herzegovina to implement Al-powered smart equip-
ment, G&S Premium Gym provides a unique training
experience. Figure 1 shows an example of the Al-en-
abled equipment used at the center.

| a——— - 4 -

Figure 1 - Al-Powered Smart Equipment at G&S Premium Gym

Smart Equipment with Al Integration

G&S Premium Gym is a pioneer in using smart
equipment powered by Al to optimize workouts and
track user progress. The gym’s equipment is devel-
oped by Technogym, whose ecosystem includes inter-
connected devices like treadmills, strength machines,
and smart scales that collect and analyze biometric
data in real time with integrated Al algorithms. These
devices enable personalized exercise by measuring
key body parameters and analyzing performance.
Key Features of Smart Equipment:

¢ Adaptive Load: Machines automatically adjust
weight or intensity based on users’ abilities
and goals.

e Motion Tracking: Advanced technology pre-
cisely analyzes movements to ensure correct
exercise execution.

e Performance Analytics: Devices generate de-
tailed reports on calories burned, strength lev-
els, and progress toward goals.

Examples include smart treadmills that monitor
heart rate and pace, ergometers with motivational
and training screens, and smart scales measuring
body composition. These machines use Al and pat-
ented aerospace technology to adapt resistance ac-

cording to the user’s neuromuscular profile. The Bio-
strength system adjusts load and tempo in real time,
provides movement guidance, motivational feedback,
and customizes programs based on user goals and
progress.

Unlike traditional strength machines, Biostrength
precisely controls both concentric and eccentric
phases, enabling scientifically optimized workouts
and lowering injury risk [14]. This system benefits
beginners and professional athletes alike by im-
proving strength, muscle balance, and performance
through highly personalized protocols [15].

This Al-powered interface, illustrated in Figure 2,
demonstrates how Technogym’s Biostrength equip-
ment delivers real-time feedback during strength
training sessions. The system automatically adjusts
workload across sets, tracks the number of complet-
ed repetitions, and provides visual guidance for each
exercise. Additionally, it employs load progression al-
gorithms to optimize muscular adaptation, ensuring
both safe and efficient strength development.

il ~ 1= 80 90

00:06
Figure 2 - Biostrength Equipment Interface: Real-Time Load
Adjustment and Rep Tracking

4/8 !

Bluetooth-Connected Equipment Integration

The integration of Bluetooth-connected equip-
ment expands the app’s capabilities, providing seam-
less connectivity with smart fitness devices. Users
can pair their devices, such as smart scales, tread-
mills, or ergometers, directly within the app to access
real-time performance data and analytics. Features of
the Bluetooth Integration:

e Device Pairing,

e Real-Time Tracking,

e Workout History Sync.

Figure 3 shows an example of the application in-
terface.
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Figure 3 - Application Interface Overview

Al for beginners: Facilitating the First Steps

in the Gym

Artificial intelligence is especially valuable for
gym beginners who struggle with equipment use,
weight selection, and program design. Al address-
es these challenges by offering automated recom-
mendations, personalized plans, and guided work-
outs. For instance, adaptive load equipment adjusts
weights based on users’ initial measurements. Visual
and audio instructions help reduce injury risk, while
progress tracking and gamification boost motivation.
Structured training circuits designed for beginners
enable effective targeting of key muscle groups, help-
ing even novices achieve their goals confidently and
safely.

User Experience and Feedback

Al provides precise feedback and visual analytics
to help users reach their goals. For example, a smart
scale measures body weight, fat percentage, muscle
mass, and hydration, syncing data automatically with
an app for continuous monitoring and personalized
advice [16]. These innovations simplify tracking and
boost motivation through interactive features and
gamification (Figure 4). Trainers note that Al equip-
ment eases program personalization and progress
tracking, though users sometimes need extra help to
learn its functions. Continuous feedback collection
is crucial to improve features and adapt to different
skill levels. This equipment supports more efficient
training planning, enhancing user satisfaction and fit-
ness center organization.

Figure 4 - Smart Scale in Action: Personalized Fitness Insights

Figure 5 - User Interface of the Smart Scale: Real-Time Data
and Analytics

Figure 5 shows how the smart scale and its soft-
ware display real-time measurement results. The key
parameters measured are:

e Muscle mass: 44.4 kg, rated as “GOOD”

Total body water: 57.5%, rated as “HIGH”
Body fat: 22.5 kg or 20.7%, rated as “AVERAGE”
Basal metabolic rate: 1907 kcal

¢ Body weight: 91.8 kg

These are measured using bioelectrical imped-
ance with Al algorithms built into the Technogym de-
vice. The software automatically categorizes the re-
sults like “GOOD,” “HIGH,” or “AVERAGE,” taking into
account the user’s gender, age, height, and other info.
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The results are analyzed in several ways:
e C(alculating averages, minimums, and maxi-
mums in the group
e Comparing measurements before and after
training to track progress
e Showing changes visually over time with
graphs
e Exploring relationships between parameters,
like how hydration affects performance
Professional trainers interpret the results with
help from the system, which also gives personalized
advice on diet and training so users get recommenda-
tions tailored just for them.

DiscussION

The study underscores the transformative poten-
tial of artificial intelligence (AI) in fitness, particu-
larly in enhancing training personalization and user
engagement. The G&S Premium Gym case demon-
strates how Al-powered equipment improves work-
out efficiency and elevates the user experience with
real-time feedback and personalized insights. These
findings align with broader trends in industries like
healthcare and education, emphasizing efficiency,
customization, and engagement. Al’s ability to tailor
workouts based on individual needs, through adap-
tive load functionalities and motion tracking, ensures
alignment with user goals and reduces injury risks
by encouraging proper techniques. Gamification el-
ements in smart devices effectively maintain moti-
vation, promoting long-term physical activity and
healthier lifestyles. Despite these advantages, chal-
lenges persist, including the high cost of Al equip-
ment, limited digital literacy, and critical concerns
about data privacy [17]. Addressing these barriers
requires cost-effective solutions, improved digital lit-
eracy, and robust data protection frameworks. Future
research should explore these areas to ensure wider
accessibility and responsible technology use. The in-
tegration of Al in fitness centers like G&S Premium
Gym provides a blueprint for the future, showcasing
how innovation can revolutionize training practices
while emphasizing the need to overcome associated
challenges.

Similar Al implementations already exist in pre-
mium fitness centers worldwide, such as Techno-
gym'’s Biostrength system in Italy and the UAE, as
well as home-based solutions like Peloton and Tonal

in the United States. Additionally, applications such
as Fitbod leverage Al to create personalized work-
out programs based on user data. These examples
confirm the global trend of digital transformation in
the fitness industry and highlight the growing impor-
tance of Al-driven personalization across different
contexts.

CONCLUSION

The case of G&S Premium Gym illustrates how
Al-powered equipment increases workout efficiency,
ensures safety, and tracks progress with precision.
Interviews with trainers (Nt = 3) and gym members
(Nu = 9) reveal that trainers value Al for personaliza-
tion and tracking, while users appreciate motivation-
al data visualization, despite some initial technical is-
sues, highlighting the need for user education.

Broader adoption of Al faces challenges like high
costs, limited digital literacy, and data privacy concerns.
Addressing these requires affordable technologies, ro-
bust data protection frameworks, and user education
initiatives. Steps include gradual integration of Al, staff
training, and collaboration with policymakers to bal-
ance innovation and privacy. Future research should
explore cost-effective Al solutions for smaller gyms,
demographic inclusivity, long-term health impacts of
Al-driven programs, and advancements in predictive
analytics. By overcoming challenges, Al can revolution-
ize fitness, making it more inclusive, efficient, and ac-
cessible to a wider audience.

Although certain Al-based solutions—such as
predictive analytics, virtual coaching, and recovery
monitoring—already exist in early forms, their full
implementation in commercial fitness centers is still
limited. Future developments are expected to en-
hance the accuracy of performance prediction, inte-
grate wearables and smart equipment into unified
ecosystems, and enable more advanced real-time ad-
justments during training.
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Abstract: This study presents the development and evaluation of Mali Mujo, a small-scale language model optimized for the
Bosnian language, designed to operate efficiently on devices with limited computational resources. Leveraging the TinyLlama
architecture, the model demonstrates the feasibility of deploying natural language processing (NLP) applications in environments
with constrained memory and processing capabilities, specifically devices with 1 GB storage and 8 GB RAM. The system integrates
Langchain agents and the DuckDuckGo API to enable real-time information retrieval, enhancing the model’s responsiveness and
accuracy in practical applications. The methodology involved training the TinyLlama model on a curated Bosnian dataset, followed
by testing across diverse real-world scenarios in industry and administration. Performance metrics focused on accuracy, response
time, and computational efficiency, while additional evaluation considered user experience and adaptability to domain-specific
tasks. The results indicate that Mali Mujo delivers rapid and reliable responses to user queries, with significant advantages in speed
and resource efficiency compared to larger language models. The model effectively processes administrative requests, generates
technical and market-related insights, and supports educational and governmental applications, highlighting its versatility. While
small-scale models exhibit lower absolute accuracy than their larger counterparts, the study demonstrates that careful optimization
and integration with external APIs can mitigate limitations, providing a balance between performance and accessibility.
Furthermore, the model’s design ensures user privacy and low energy consumption, contributing to sustainable and secure Al
deployment. Mali Mujo exemplifies the potential of small language models to enhance efficiency, accessibility, and usability in local-
language contexts. Its deployment provides a scalable, cost-effective solution for organizations with limited infrastructure, offering
opportunities for further enhancement through expanded datasets, multilingual support, adaptive learning, and integration with
emerging Al technologies. The findings underscore the practicality of small Al models in bridging the gap between advanced NLP
capabilities and resource-constrained environments.

Keywords: Small language models, TinyLlama, Bosnian language, Langchain agents, Real-time information retrieval, Al in industry

INTRODUCTION _ _ _
faster documentation processing, and improve com-

The development of an Al model in the Bosnian
language holds crucial importance for enhancing
communication and efficiency within both industry
and public administration. Although the Bosnian lan-
guage is rich and diverse, it faces significant challeng-
es in automation and data processing due to its spe-
cific grammatical and syntactic structures. Current
Al models are often not optimized for operation on
devices with limited computational resources, such
as those with smaller storage capacities or lower
amounts of RAM.

Implementing an Al model in the Bosnian lan-
guage can facilitate administrative processes, enable

munication between citizens and institutions. By
employing Al systems, particularly small language
models, it is possible to automate many routine tasks,
thereby saving considerable time and resources. Fur-
thermore, such a model could enhance data organiza-
tion, information retrieval, and the analysis of admin-
istrative documentation.

Developing a language model specifically for Bos-
nian ensures more accurate recognition of idiomatic
expressions, terminology, and contextual nuances
unique to the language.

In addition, this development plays a vital role in
promoting digital inclusion by enabling a larger num-
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ber of users to access modern technological solutions
in their native language. Given that many individuals
still rely on administrative services in their mother
tongue, Al models can contribute to improved com-
pliance with legal and regulatory frameworks.

Although Al models for other languages exist, the
particularities of Bosnian require tailored approach-
es to ensure both accuracy and contextual relevance.
Utilizing such a model allows for faster data recogni-
tion and processing, as well as greater reliability in
decision-making processes. Moreover, Al models can
help prevent errors in administrative workflows,
which often depend on precise linguistic interpreta-
tion.

This opens up opportunities for improving user
experience and increasing citizen satisfaction with
public services. The development of these models
also stimulates the digital transformation of sectors
that continue to depend heavily on manual data en-
try. Ultimately, the deployment of Al models in the
Bosnian language can strengthen Bosnia and Herze-
govina's competitiveness on the global technological
landscape [1].

RESEARCH OBJECTIVE

The objective of this research is to develop a small-
scale Al language model specifically adapted to the
Bosnian language, capable of efficient operation on
devices with limited hardware resources. In today’s
digital age, many users in Bosnia and Herzegovina,
as well as across the broader region, rely on devices
with modest technical specifications. This model is
intended to be optimized for systems with as little as
1 GB of storage and 8 GB of RAM, which presents
challenges in terms of both speed and efficiency as
defined in Table 1.

By developing such a model, the goal is to enable
users who lack access to high-end technology to still
benefit from advanced linguistic tools in their native
language. In addition to being lightweight, the model
must effectively handle the linguistic complexity of
Bosnian, including its grammatical and syntactic fea-
tures[2].

Table 1. Key technical specifications and objectives of the
Bosnian-language Al model

Specification Description

Devices with 1 GB storage and 8 GB RAM

Target devices

Model type Small language Al model
Optimization Des'igned for operation on resource-limited
devices
Recognition and processing of the Bosnian
Focus
language
Applications Administrative and industrial processes

Processing grammatical and syntactic

Linguistic complexit s
g plexity characteristics

The research will focus on assessing the model’s
efficiency in recognizing and processing Bosnian
across different contexts, such as administrative and
industrial environments. Another goal is to develop
an Al model that is not only lightweight but also
precise in linguistic interpretation, considering the
complexity of Bosnian grammar. Such a model would
enable automation of numerous routine processes,
thereby reducing the need for human intervention
[3].

The aim is to design a model sufficiently flexible
to be applied across various sectors, from public in-
stitutions to small enterprises. Optimization efforts
will not be limited to memory consumption but will
also focus on data processing speed and system
response time reduction. By developing this model,
the research aims to expand the practical use of Al
technologies in Bosnia and Herzegovina, even in ar-
eas that have so far been underserved.

Finally, the project seeks to ensure the model’s ac-
cessibility to a wide range of users, regardless of the
technical capabilities of their devices. The research
will also involve the development of specialized
algorithms designed to minimize model size while
preserving its functionality. Ultimately, this research
aims to deliver a solution that will improve the every-
day use of technology in the Bosnian language, partic-
ularly for users operating with limited computational
resources [3].

Advantages and Challenges in Developing

Models for Specific Languages

The Bosnian language, like other languages of the
Balkan region, presents a set of unique characteristics
that pose challenges in the development of language
models. One of the primary linguistic features of Bos-
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nian is its rich inflectional morphology, meaning that
word forms change depending on grammatical con-
text. These variations include noun declension, verb
conjugation, and complex morphological forms that
account for gender, number, and case.

Bosnian also exhibits a significant degree of dia-
lectal diversity, with differences in pronunciation,
vocabulary, and grammar, which further complicates
the development of a model capable of understand-
ing all linguistic variants. For instance, dialectal dif-
ferences may lead to difficulties in recognizing and
processing certain terms and expressions.

Moreover, the Bosnian language employs unique
word forms that are difficult to translate into other
languages, including numerous archaic and regional
expressions. Such expressions are often underrepre-
sented in global text corpora, making them difficult
for Al models to detect or process. Another challenge
arises from the existence of multiple orthographic
variants, which can affect the accuracy and consis-
tency of model predictions. All those challenges are
defined in Table 2.

Table 2. Core linguistic characteristics of the Bosnian language

Characteristic Description

Changes in word forms depending on
grammatical context.

Nouns vary according to gender
(masculine, feminine, neuter),
number (singular, plural), and case
(nominative, genitive, dative, etc.).
Verbs conjugate according to person
(first, second, third) and tense
(present, perfect, future, etc.).

The Bosnian language employs
complex sentence structures that
can include multiple dependent and
independent clauses.

Arich variety of synonyms, which can

Inflection

Noun declension

Verb conjugation

Syntactic complexity

Synonymy make contextual understanding more
difficult.
. Various dialects differing in
Dialects &

pronunciation and vocabulary.

The existence of different spelling
conventions that can affect written
communication.

Many expressions are not
represented in global data corpora,
making their recognition challenging
for Al models.

Orthographic variants

Archaic and regional expressions

Given the abundance of synonyms, a language
model must be capable of understanding the con-

text in which a word is used to accurately interpret
its meaning. Developing a model that effectively rec-
ognizes and comprehends Bosnian expressions re-
quires a deep understanding of the cultural, social,
and historical specificities of the language [3].

A further challenge lies in the lack of sufficient an-
notated datasets for training, as many linguistic re-
sources are not available in Bosnian. The use of gen-
eral-purpose language models that are not tailored
to the Bosnian language can result in errors in text
recognition and generation. Another issue is the high
variability and inconsistency in spelling and spoken
usage, which can hinder precise understanding and
response generation.

Developing a model capable of capturing all nu-
ances of the Bosnian language requires the use of
advanced learning techniques, such as deep learning
and transfer learning, to improve model accuracy [4].

In addition, adapting a model for specific tasks,
such as administrative processing or data retrieval,
necessitates fine-tuning on domain-specific datasets.
While existing models often perform well for major
languages such as English, languages like Bosnian de-
mand the creation of specialized tools that capture all
their linguistic features.

Ultimately, although the development of language
models for underrepresented languages presents
considerable challenges, it offers significant advan-
tages. It enables access to advanced technologies for
speakers of smaller languages, thereby promoting
linguistic diversity, digital inclusion, and equitable
technological participation across different linguistic
communities.

Overview of Existing Solutions

An overview of existing Al language model solu-
tions for languages like Bosnian, such as Croatian and
Serbian, reveals several noteworthy approaches. Al-
though these languages share a high degree of mutu-
al intelligibility, each possesses unique grammatical,
lexical, and orthographic characteristics.

For the Serbian language, several variants of the
BERT model have been successfully implemented
across a range of applications, including search au-
tomation and sentiment analysis. Similarly, for Croa-
tian, models have been developed that recognize and
generate text according to the specific features of
Croatian orthography and syntax.
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In industrial contexts, these models are used to
manage large volumes of data more efficiently, for in-
stance, through automated document classification,
report generation, and customer support systems. In
public administration, Serbian and Croatian language
models have already been deployed as part of digital
transformation initiatives, enabling the automation
of document and request processing [1].

For example, Al tools based on these models assist
in the recognition and archiving of legal documents,
as well as in the analysis of public policies. However,
the application of such solutions in Bosnia and Her-
zegovina, where Bosnian is the official language, en-
counters obstacles due to the lack of sufficiently spe-
cific linguistic resources [4].

While models developed for Serbian and Croatian
can handle basic language processing tasks; they are
not always capable of managing all the variants and
dialects of Bosnian. This limitation necessitates fur-
ther adaptation and fine-tuning.

There have been efforts to develop Al models spe-
cifically for the Bosnian language, yet these projects
continue to face difficulties in recognizing local ex-
pressions, archaic terms, and culturally embedded
linguistic features. In industrial applications, the use
of Al models for Bosnian remains in its early stages,
while administrative implementations are mostly
limited to standardized language processing tasks.
Another challenge is the integration of existing solu-
tions with systems used in Bosnia and Herzegovina,
which often have unique technical requirements and
infrastructural constraints.

An analysis of current solutions, defined in Figure
1., shows that Al tools in Bosnia and Herzegovina are
primarily trained on the standard form of the lan-
guage, while dialects and regional variations tend to
be neglected. In this context, future research and de-
velopment of compact language models specifically
tailored to the Bosnian language, such as TinyLlama,
could provide solutions that are better aligned with
local linguistic characteristics, computational limita-
tions, and institutional needs.
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Figure 1. Overview of existing SLM solutions

METHODS AND MATERIALS

The development of Mali Mujo, a small language
model for the Bosnian language, is based on the Ti-
nyLlama architecture, optimized for low-resource
environments. The model was trained on a curated
corpus consisting of publicly available Bosnian texts,
domain-specific documents relevant to administra-
tive and industrial tasks, and anonymized user-gen-
erated queries. All data were preprocessed through
tokenization, normalization, and filtering to remove
duplicates and irrelevant content, and divided into
training and validation sets for proper evaluation.

TinyLlama is a compact, open-source 1.1B param-
eter language model pretrained on approximately 1
trillion tokens for around 3 epochs. TinyLlama adopts
the same architecture and tokenizer as LLaMA 2, en-
abling seamless integration into existing open-source
projects built on LLaMA. The model incorporates ef-
ficiency improvements from the open-source com-
munity, such as FlashAttention and Lit-GPT, achiev-
ing high computational efficiency while maintaining
a small memory footprint.

Despite its modest size, TinyLlama demonstrates
strong performance on a variety of downstream
tasks, outperforming comparable open-source mod-
els. Model checkpoints and code are publicly available
on GitHub developer portal (https://github.com/
jzhang38/TinyLlama), making TinyLlama a practi-
cal and efficient choice for academic research and Al
training on CPU- or GPU-constrained environments.

To enhance task execution and information re-
trieval, Mali Mujo utilizes Langchain agents, which
manage query interpretation, communication with
external APIs, and multi-step reasoning. The system
is integrated with the DuckDuckGo API to access real-
time web information while preserving user privacy.
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API responses are parsed and contextualized by the
agents to generate coherent and accurate answers,
supplementing the model’s pre-trained knowledge.

The application is designed to operate efficiently
on devices with limited computational resources, re-
quiring only 1 GB of storage and 8 GB of RAM. The
software stack includes Python 3, PyTorch for model
training and inference, Gradio for the user interface,
and Ollama server for deployment.

Optimization strategies included model pruning,
quantization, batch processing, caching, and adap-
tive resource management to maintain responsive-
ness and reduce computational load. Together, these
methods ensure that Mali Mujo provides fast, accu-
rate, and relevant responses while remaining acces-
sible and functional on low-end hardware.

Development of the Mali Mujo Application

The development of the Mali Mujo application re-
quires an efficient technical infrastructure designed
to optimize performance on devices with limited
computational resources. To manage large volumes
of data and perform linguistic tasks, the application
employs an Ollama server, which enables fast and
efficient handling of Al models. The DuckDuckGo
Search API is integrated to facilitate internet search
capabilities within the application, allowing users to
access up-to-date information without overloading
local resources [5].

LangChain agents and tools are implemented
to automate language-related tasks such as text rec-
ognition and generation, ensuring natural interac-
tion between the user and the system. The internal
memory architecture allows for the storage of tempo-
rary data and optimizes application performance by
reducing the need for constant access to external data
sources. The integration of the TinyLlama model
for the Bosnian language enables the application to
recognize linguistic specificities, including grammati-
cal and syntactic structures, while maintaining high
efficiency on low-resource systems [6].

TinyLlama is optimized for environments with lim-
ited computational capacity, making it an ideal choice
for an application such as Mali Mujo. The model is
trained specifically on Bosnian linguistic features, in-
cluding regional variations and local expressions,
which allows for precise understanding and text gen-
eration. Through this integration, Mali Mujo can per-

form a range of tasks, such as automated question
answering, text recognition, and data analysis, all
while minimizing system load.

The application is designed to make optimal use
of limited resources, thereby providing access to ad-
vanced Al functionalities for users with devices of
modest specifications. The integration of the TinyL-
lama model also allows the application to adapt to
the specific needs of industrial and administrative
users [6].

For instance, Mali Mujo can automatically process
requests and generate documents in Bosnian, sig-
nificantly accelerating administrative workflows. The
system utilizes LangChain agents to interpret user
queries and search instructions, while the Duck-
DuckGo API provides an extensive data source for
more accurate responses. The entire system is archi-
tected to minimize reliance on external resources,
making the application faster and more efficient.

The development of Mali Mujo in combination
with the TinyLlama model represents a significant
advancement for the adoption of Al technologies in
countries with limited technical resources, such
as Bosnia and Herzegovina.

Model Training

Training the TinyLlama model for the Bosnian
language requires a specialized approach to ensure
adaptation to the language’s unique characteristics
as defined in Figure 2. This dataset is a collection of
news articles in the Bosnian language sourced from
klix.ba, a prominent Bosnian online news portal. The
dataset covers a wide range of topics including local
and international news, politics, economics, sports,
entertainment, and more.

The dataset comprises a single file, klix_df.csv,
containing a total of 786,755 articles sourced from
the Bosnian news portal Kklix.ba, covering a broad
spectrum of thematic categories including news,
politics, economics, sports, entertainment, and other
related domains. Each record in the dataset includes
the article’s title, a hyperlink directing to the origi-
nal publication, its assigned article_class and corre-
sponding article_class_name, as well as quantitative
engagement indicators such as the number of com-
ments and number of shares.

Raw dataset we used is avalable on this link: Se-
ferovic8/Bosnian-News-Articles-Dataset-from-klix.
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ba: This dataset is a collection of news articles in the
Bosnian language sourced from klix.ba, a prominent
Bosnian online news portal. The dataset covers a
wide range of topics including local and international
news, politics, economics, sports, entertainment, and
more.

Additionally, the dataset provides the file path
to the article’s associated image and the full textual
content of the article. All materials are authored in
the Bosnian language, offering a comprehensive and
diverse corpus suitable for linguistic, journalistic, or
computational analysis.

The first step in the training process involves data
preparation, with the dataset consisting of 18 JSONL
files containing Bosnian-language texts for better
training performances regarding use or resources.

The data is then cleaned and structured to re-
move irrelevant information and formatted for model
training, considering the specific grammatical and
syntactic properties of the Bosnian language. Each
file in the JSONL dataset represents a set of input-
output pairs, where input data serves as model
training material and output data represents the de-
sired response or result.

For traning we use PC server with Ubuntu 22.04.4
LTS, is running on a virtual machine (KVM) with a
12-core AMD EPYC processor (12 virtual CPUs,
each with 1 thread) and a 64-bit x86_64 architecture.
The system provides 48 GB of RAM, ensuring ample
memory for computation-heavy tasks. The CPU fea-
tures modern instruction sets including AVX, AVX2,
AES, FMA, BMI1/2, and SHA extensions, making it
suitable for Al workloads and multi-threaded appli-
cations. In addition to CPU we used also Nvidia GPU
with 8 GB of RAM. Disc space used was appx. 10 GB.

The model is trained over several cycles during
which it learns to recognize specific linguistic pat-
terns and dialectal variations of the Bosnian lan-
guage. Once the training process is completed, a test-
ing phase follows, aimed at evaluating the model’s
accuracy and efficiency in both text recognition and
generation. After testing, the trained model is inte-
grated into the Mali Mujo application, which utilizes
the Ollama server for executing all language-related
tasks [8].

During training, the model learns to recognize
linguistic patterns such as declension, conjugation,
and syntactic structures. The training procedure em-

1.Data preparation

4

+ Formatting into pn
+ Adjusting

3.Training environment
configuration
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> |i||g Tformal and indormal

5.Model optimization

+ Chstillakon of

T.Implementation

‘orkflow management
+ Extraction of key information

Figure 2. Training process of the TinyLlama model in the
Bosnian language

ploys a mini-batch approach to minimize memory
requirements and computational load [9].

Through this iterative process, the model gradu-
ally improves its ability to understand and generate
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Bosnian language structures. Through the applica-
tion of optimization techniques such as knowledge
distillation, the model’s size is reduced while retain-
ing most of the functionality of larger models. As a
result, the TinyLlama model is trained to recognize
regional variants and local expressions specific to
the Bosnian language [8]

The fine-tuning training of language model was
executed using the python script on a CPU-only en-
vironment utilizing 12 available cores. The process
employed a tokenized dataset comprising 4,581,000
examples. Training was configured for three epochs
with an effective batch size of 8 (a per-device batch
size of 4 combined with a gradient accumulation step
count of 2) and an initial learning rate of 3 x 107%,

The training objective utilized Causal Language
Modeling (mlm=False), calculated over a total of
1,717,875 steps. Initial training stability was moni-
tored with the first logged batch loss being 3.0888, cor-
responding to a gradient norm of 1.264. Reflecting the
resource-constrained environment, the training speed
exhibited low throughput, averaging approximately
40.23 seconds per iteration (s/it) after 6,450 steps.
Training data is showed in Figure 3. and Figure 4.
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Figure 4. Gradient Norm Progression (Grad Norm vs. Step)

Training Loss Progression (Loss vs. Step) diagram
illustrates a sharp initial decrease in the Causal Lan-
guage Model (CLM) Loss from 3.0888 at Step 1 to
2.2864 at Step 250, indicating that the model quickly
adapted to the dataset. The loss then stabilizes, which
is typical behavior after the initial rapid learning
phase as indicate in Figure 3.

Gradient Norm Progression (Grad Norm vs. Step)
diagram shows the Gradient Norm decreasing con-
sistently from an initial value of 1.264 down to 0.817
by Step 6450. A smooth, consistent decrease in the
gradient norm is a positive indicator of optimization
stability and suggests that the model’s parameters
are being updated effectively without encountering
numerical instability or vanishing/exploding gradi-
ents as indicate in Figure 4.

Optimization stability was immediately estab-
lished, while the gradient norm concurrently de-
creased, confirming efficient and stable convergence
during the early stages of training. System restriction
resulted in low processing speeds, with individual it-
eration times initially fluctuating around 40.23 s/it
after 6,450 steps, and later exhibiting extreme vari-
ability, occasionally spiking to over 116 s/it. Training
finish in appx. 20 days.

Language Training and Optimization

The training is designed not only to enable the
model to understand text but also to generate co-
herent and grammatically correct responses. Upon
completion of the training phase, a series of evalu-
ation tests is conducted to assess the model’s accu-
racy in recognizing and generating Bosnian text. This
process allows the TinyLlama model to evolve into a
precise and efficient tool for working with the Bos-
nian language. After training, the model is deployed
for various tasks, including automatic response gen-
eration and key information extraction from textual
data [10]

Resource Optimization

Resource optimization is a critical aspect of
enabling efficient model performance on systems
with limited computational capacity. One of the
primary techniques used in this process is data
compression, which reduces the size of the data re-
quired for training and model operation. Compres-
sion decreases the number of model parameters,
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thereby enhancing speed and reducing memory
demand.

Another key technique is model distillation, a pro-
cess in which a smaller model is trained to emulate
the behaviour of a larger one. This approach enables
the smaller model to retain most of the functionality
of its larger counterpart while operating with sub-
stantially fewer resources. Through distillation, the
model’s size is reduced without significant loss of
accuracy, ensuring it remains suitable for linguistic
tasks.

Model simplification is also achieved by using
smaller neural architectures with fewer layers, di-
rectly reducing memory consumption and process-
ing time. In addition, the application of pruning tech-
niques, the removal of redundant parameters and
connections within the network, further reduces
model size and enhances computational efficiency.

For memory optimization, a strategy of dynamic
data loading is employed, where only relevant data
segments are loaded into memory as needed. Addi-
tionally, selectively lowering model precision during
certain stages of training can accelerate data process-
ing without causing a notable decrease in perfor-
mance.

Another optimization approach involves quanti-
zation, a technique that reduces numerical precision
within the model, thereby decreasing the number of
bits required to represent data. This substantially re-
duces memory usage while maintaining acceptable
accuracy levels.

These optimization techniques collectively enable
the model to operate on low-resource devices, such
as smartphones and computers with limited RAM.
Furthermore, parallelization of training processes
and the use of batch processing allow for more effi-
cient resource management during model training.
All these strategies ensure that the TinyLlama model
functions effectively, minimizing processing time
while maintaining usability in applications running
in constrained computing environments [1]

The incorporation of advanced methods such as
knowledge distillation and early stopping further re-
duces training duration, a key factor in resource-effi-
cient optimization. Ultimately, the implementation of
these techniques makes the model competitive and
practical for real-world applications that require ef-
ficient use of computational resources [9]

System Development and Implementation

The development and implementation of the Mali
Mujo application system begins with an analysis of
user requirements and specific operational needs.
The first step involves the design of the system ar-
chitecture, which includes the selection of technolo-
gies and the definition of core components such as
the Ollama server, DuckDuckGo API, and LangChain
agents [11].

The integration of the DuckDuckGo API enables
access to online information sources, while Lang-
Chain agents facilitate natural and dynamic inter-
action between the user and the system. The ap-
plication is then optimized for devices with limited
computational capacity through techniques such as
data compression and model size reduction. Subse-
quently, the application is installed on devices with
only 1 GB of storage and 8 GB of RAM, where its
speed and efficiency are tested under constrained
conditions [6].

During this phase, it is crucial to ensure that the
application consumes minimal memory and CPU
resources, allowing smooth operation even on low-
specification devices. A key design principle is usabil-
ity, ensuring that the user interface remains simple
and intuitive. The interface is tested through simulat-
ed user scenarios to verify system functionality and
stability. The application also adheres to data pro-
tection and cybersecurity standards, implementing
measures for safeguarding user information.

After successful implementation, the application
is deployed in a production environment, where its
performance is monitored and optimized. Continu-
ous testing and iterative improvements allow Mali
Mujo to evolve into an effective tool for administra-
tive and industrial applications.

In the final phase, the application is regularly
updated to remain aligned with ongoing develop-
ments in Al and language technologies. The Ollama
server employs advanced optimization techniques to
minimize memory and CPU usage, improving overall
performance. APIs connected to the Ollama server
enable the application to perform various real-time
linguistic tasks, such as automatic question answer-
ing and key information extraction.

Thanks to server-level optimizations, response
latency is minimized, allowing Mali Mujo to handle
multiple simultaneous user requests without signifi-
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cant slowdowns. The use of APIs provides a simple
and scalable mechanism for interaction with the
model, supporting future growth and integration
with other systems.

Utilization of the Ollama Server and APIs

The Ollama server plays a crucial role in ensuring
the speed and efficiency of the Mali Mujo application.
Acting as the central processing unit for executing Al
models, it enables optimized resource management,
an essential feature for operation on devices with
limited computational capacity. Through the Ollama
server, the application efficiently performs language-
related tasks such as text recognition and generation
without overloading local hardware [12].

The server allows complex Al models, including Ti-
nyLlama, to function effectively on devices with only
8 GB of RAM and 1 GB of storage. By leveraging APIs,
the system connects with external resources such as
DuckDuckGo for web searches and LangChain agents
for advanced linguistic operations.

The Ollama server also provides scalability, allow-
ing the system to accommodate a growing number
of users and requests without requiring significant
hardware upgrades. Through its API interfaces, the
server facilitates seamless integration with other ap-
plications and information systems, increasing flex-
ibility and adaptability in deployment.

By offloading complex algorithmic processing
from the client device, the server significantly re-
duces local resource consumption, thereby enhanc-
ing speed and overall system performance. Further-
more, the server enables centralized monitoring and
optimization of the model’s performance, simplifying
troubleshooting and continuous improvement.

From a security perspective, the Ollama server
ensures encrypted communication between the cli-
ent application and the server, safeguarding sensitive
user data. Additionally, centralized updates of models
and APIs enable rapid deployment of new function-
alities without requiring complex modifications on
end-user devices.

Through this architecture, the Mali Mujo applica-
tion can efficiently process large volumes of data, a
capability that is essential for its intended use in ad-
ministrative and industrial environments. With the
support of the Ollama server, the system maintains
high performance and operational stability even un-

der heavy workloads, ensuring long-term scalability
and reliability.

Internet Search with the DuckDuckGo API

The DuckDuckGo API enables the Mali Mujo ap-
plication to search the internet in real time and re-
trieve relevant information without compromising
user privacy. By using this API, the application can
directly send queries to the DuckDuckGo search en-
gine, which then returns results based on the user’s
request. Unlike other search engines, DuckDuckGo
emphasizes privacy protection by not tracking user
activity, which is an important feature for data secu-
rity.

The search process is both fast and efficient thanks
to the API's simple interface, which allows seamless
integration with the application. When a user submits
a question or request, the application sends a query
to the DuckDuckGo API, which returns search results
in an easily processable format. These results may in-
clude textual answers, links, or other useful data that
the application can use to generate responses or pro-
vide additional information to the user.

The DuckDuckGo API supports searches for spe-
cific types of content, including web pages, images,
and news, thereby making the application more flex-
ible in its ability to provide relevant answers. The in-
tegration of this API enhances the overall user expe-
rience by allowing the application to rely on external
information sources, thus expanding its knowledge
base and capabilities.

Furthermore, the DuckDuckGo API supports
searches in multiple languages, including Bosnian,
which increases the relevance of the responses for
users in Bosnia and Herzegovina. The API is highly
responsive, enabling the application to quickly collect
and deliver information in near real time.

By using the DuckDuckGo AP], the application re-
duces the need for local data processing, as the API
itself handles the search and retrieval of results. This
also allows for dynamic data updates, which is espe-
cially useful for monitoring current and time-sensi-
tive information. In this way, the application always
has access to the most recent online content, which is
essential for answering questions related to ongoing
events.

The DuckDuckGo API is a reliable search tool that
provides high-quality, relevant, and accurate results.
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It also contributes to the overall security of the Mali
Mujo application, as it enables searches without stor-
ing user data or browsing history. Integrating the
DuckDuckGo API thus allows the Mali Mujo applica-
tion to provide fast, secure, and privacy-conscious
access to the internet, making it highly suitable for a
wide range of industrial and administrative applica-
tions.

LangChain Agents and Tools

LangChain is a platform that facilitates the devel-
opment and implementation of advanced Al agents
capable of performing various tasks. By using Lang-
Chain, the Mali Mujo application can create agents
specialized in specific operations such as data re-
trieval, response generation, and complex query ex-
ecution as defined in Table 3. LangChain allows these
agents to communicate with different APIs, tools, and
external resources, thereby increasing the flexibility
of the system.

Through these tools, the agents can efficiently in-
terpret user requests and make relevant decisions in
real time. LangChain agents can analyse textual data,
recognize linguistic patterns, and perform actions
based on the information obtained. For example, an
agent can analyse a user’s question, process it, and
then send a query to the DuckDuckGo API to find ad-
ditional information online.

Moreover, LangChain enables agents to integrate
diverse functionalities, including search, model train-
ing, text generation, and other language-related
tasks. These agents can operate autonomously, ex-
ecuting tasks without constant human supervision.
LangChain also supports the efficient management of
complex workflows, allowing agents to perform mul-
tiple operations sequentially or in parallel.

Table 3. - Key Functionalities of LangChain Agents

Functionality Description

Analysis and understanding of
linguistic structures within a query.
Access to external resources such
as search engines or databases.

Making decisions without human

Pattern recognition

API utilization

Autonomous decision-making

Each LangChain agent can be specialized for a spe-
cific type of task, improving the accuracy and speed
of execution. The tools provided by LangChain also
simplify integration with external systems such as
the Ollama server, databases, or other Al models.

By employing LangChain agents, the Mali Mujo ap-
plication can automatically process user queries, gen-
erate responses, and provide relevant information in
real time. LangChain also supports agent training,
allowing them to continually improve performance
and adapt to new challenges. Agents can learn from
the data they process, becoming more precise and ef-
ficient over time.

LangChain facilitates the creation of scalable and
adaptable systems that can evolve alongside user
needs. Ultimately, the use of LangChain agents en-
ables the Mali Mujo application to perform complex
tasks that would otherwise require multiple systems
or human intervention, making it a powerful and in-
telligent component of the overall architecture.

Model Evaluation

The evaluation of the model is a crucial step in the
development process of the Mali Mujo application,
as it allows an assessment of its performance under
real-world conditions. The first evaluation criterion
was accuracy, which refers to the model’s ability to
generate correct responses based on user queries.
Model accuracy was tested across multiple datasets,
including specialized Bosnian language queries.

The second important criterion was efficiency,
specifically the speed with which the model can pro-
cess data and generate responses. Efficiency was
measured in terms of task execution time, particu-
larly on devices with limited resources. Given these
constraints, testing also included assessing memory
and CPU usage during task execution.

Model performance was further analysed based
on its ability to handle multiple queries in a short
period without significantly slowing down the sys-
tem. The use of specialized tools, such as LangChain
agents and the DuckDuckGo API, allowed additional
optimization in terms of both speed and response ac-
curacy. The model was evaluated in various scenari-

intervention.
Coordination of complex sequences ~ 0S, including internet searches and the generation of
Workflow management .
of tasks. responses to complex queries.
Agent training :i:crir::f from data to improve Ultimately, model evaluation enabled an under-
i standing of its performance in practical applica-
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tions and informed decisions regarding necessary
improvements. Based on the evaluation results, the
model was adjusted to achieve better performance
in resource-constrained environments, ensuring its
functionality across all intended application scenar-
ios.

Testing in Real-World Scenarios

Testing the Mali Mujo model in real-world scenar-
ios allowed an assessment of its applicability in both
industry and administration. In industrial settings,
the model was tested for automatically generating
responses to technical questions related to products
and services. For instance, users queried the char-
acteristics of specific products, and the model gen-
erated responses in real time based on previously
learned data.

In administrative contexts, the model was tested
for processing citizen requests, such as information
on tax filings or eligibility for social benefits. The
model analysed these requests and provided accu-
rate information, enabling faster and more efficient
service delivery. Testing included the need for the
model to search and filter relevant data from govern-
ment databases, thereby accelerating decision-mak-
ing processes.

The integration of the DuckDuckGo API allowed
the application to search the internet for the latest in-
formation regarding legislative changes, which was a
critical administrative task. The model was also test-
ed in the context of searching educational materials
and public service guidelines, providing quick access
to relevant data.

In industry, the model was used to analyse custom-
er feedback, generating reports and insights based on
textual comments. Tests demonstrated that the model
could efficiently perform these tasks with minimal
memory and CPU requirements. Real-world testing
also identified potential issues, such as errors in inter-
preting complex queries or slower response times for
large data requests. These tests highlighted areas re-
quiring further optimization, including data compres-
sion and improvements to search functionality:.

Overall, testing in real-world scenarios demon-
strated the model’s contribution to efficiency and
quality of work in both industrial and administrative
contexts, making it a valuable tool for a wide range of
applications.

Advantages of Applying Small Language

Models

The advantages of using small language models,
such as TinyLlama, in practical applications are nu-
merous and significant. The primary benefit lies in
their efficiency under resource-constrained envi-
ronments, which enables their deployment on low-
capacity devices. Due to their compact size, these
models require less memory and processing power,
making them ideal for integration into everyday de-
vices.

Small models often execute tasks more rapidly,
as they impose a lighter computational load on the
system, allowing for faster responses to user queries.
In administrative contexts, the use of small language
models can significantly accelerate data-processing
workflows, reduce response times and improve op-
erational efficiency. Because of their straightforward
implementation, these models can be easily integrat-
ed into existing systems, thereby avoiding the high
development costs typically associated with larger-
scale models.

Moreover, small language models can be fine-
tuned to specific user requirements, allowing for
customization through training on domain-specific
datasets. In industrial settings, they can be applied
for market data analysis, trend recognition, and auto-
mated report generation without the need for large-
scale and resource-intensive infrastructures. Their
simplicity in deployment also translates to lower
maintenance requirements and a reduced likelihood
of technical issues.

From a sustainability perspective, small Al models
contribute to reducing environmental impact by con-
suming less energy, thus offering a more sustainable
operational approach across industries and adminis-
trative sectors. They also enable greater flexibility in
data processing, as they can be adapted to a variety
of tasks without the necessity for extensive computa-
tional infrastructure.

In everyday applications, small models can sub-
stantially enhance user experience by making sys-
tems faster and more responsive. In terms of security,
smaller models minimize the risk of system overload
and offer improved data control. Due to their archi-
tectural simplicity, they generally have fewer poten-
tial security vulnerabilities, which is advantageous
for safety-critical or governmental systems.
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In administrative services, these advantages
translate into improved public service delivery, faster
access to information, and more seamless citizen in-
teraction. Although small models have limited learn-
ing capabilities compared to large-scale systems,
their use in less complex tasks provides an efficient
and rapid implementation pathway.

Small language models are particularly suitable
for applications requiring quick responses, such as
chatbots and virtual assistants. Users testing such
models often highlight their speed and ease of use.
Ultimately, the adoption of small Al models promotes
wider accessibility of advanced technology, as they
do not depend on costly computing resources, mak-
ing them more attainable for a broader range of users
and organizations.

Limitations and Challenges

Despite their many advantages, small language
models like TinyLlama face several limitations and
challenges as defined in Table 4. One of the main is-
sues is lower accuracy compared to larger and more
complex models. Due to limited computational re-
sources, smaller models may struggle to recognize
complex linguistic patterns, leading to potential mis-
interpretations of user queries. They are also less
capable of handling large datasets efficiently, as their
memory and processing power do not allow for deep
and nuanced analysis.

Table 4.: Comparative overview of small and large language

models.
Characteristic Small Models Large Models
Accuracy Lower Higher
Memory Limited Extensive
Specialization Limited High

Fast on smaller

Response speed May be slower

tasks
Resource consumption Low High
Adaptability Weak Strong

In some cases, the model may miss key informa-
tion due to data-processing limitations, which can
affect the overall quality of responses. Resource con-
straints also hinder performance with highly special-
ized or technical language, as the model may not be
capable of efficiently processing complex terminol-
ogy. For instance, in industrial applications where

precision is crucial, smaller models may experience
difficulties interpreting domain-specific terms and
concepts.

Because small models are trained on limited da-
tasets, they may encounter difficulties understanding
rare linguistic variations or idiomatic expressions.
Although optimized for low-resource environments,
these models may still slow down when faced with
more complex tasks. Another major challenge is their
limited capacity for continuous learning, meaning
they cannot easily adapt to new information or evolv-
ing language usage. Limitations of small language
models are defined in Table 5.

Due to restricted storage space, the model may
also have trouble retaining long-term contextual in-
formation, which affects its ability to sustain coher-
ent interactions over extended dialogues. Conse-
quently, users may notice that the model occasionally
produces generic or insufficiently specific responses
that lack contextual depth.

In administrative applications, where accuracy is
paramount, such limitations can be particularly prob-
lematic, as users expect precise and legally accurate
information. Furthermore, during complex data pro-
cessing, smaller models might generate inaccurate
inferences, leading to analytical errors. Implementa-
tion on older hardware also presents a challenge, as
system performance may degrade due to limited pro-
cessing capabilities.

Table 5.: Overview of limitations of small language models.

Limitation Description
Difficulties in recognizing complex
Lower accuracy patterns and providing precise

answers.

Insufficient capacity for long-term

Limited memor .
v contextual understanding.

Challenges in understanding

Domain-specific issues . .
specialized terminology.

Inability to quickly adapt to new

Limited flexibility information.

Answers may be overly broad and

Risk of generic responses
8 P not contextually relevant.

Poorer performance on older
hardware

Greater impact on performance on
weaker systems.

Potentially outdated information

Reliance on external sources . .
when accessing data via APIs.
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Given these constraints, small models must be
carefully optimized to reduce data size and improve
response speed, though this may come at the cost
of processing quality. In the context of data retrieval
through the DuckDuckGo API, the model’s access to
up-to-date information can be limited, as it relies on
third-party sources that may not always be current.

Nevertheless, despite these challenges, the use of
small language models offers substantial benefits,
provided that an appropriate balance between effi-
ciency and accuracy is maintained.

Comparative Analysis with Similar Solutions

Mali Mujo, as a small Bosnian-language Al model,
offers a unique combination of efficiency and sim-
plicity compared to other similar solutions avail-
able on the market. Unlike large-scale language
models that require substantial computational re-
sources, Mali Mujo is optimized for operation on
low-resource devices, making it both accessible
and practical for a wide range of users. While many
commercial Al models depend on expensive servers
and complex infrastructures, Mali Mujo can operate
efficiently with as little as 1 GB of storage and 8
GB of RAM, making it ideal for organizations with
limited budgets.

Similar models on the market, particularly large
language models based on the English language, re-
quire significantly larger datasets and computational
power for training and deployment. In contrast, Mali
Mujo functions effectively on smaller, Bosnian-spe-
cific datasets, enabling localized performance at a
fraction of the cost.

When compared to models such as GPT, which are
generally optimized for processing massive amounts
of data, Mali Mujo provides advantages in speed and
efficiency for specific administrative and industrial
tasks. Furthermore, it utilizes the DuckDuckGo API
for real-time information retrieval, allowing rapid
access to up-to-date data, an ability often absent in
competing systems.

Unlike most language-recognition models that are
trained primarily on large, multilingual datasets, Mali
Mujo is specifically designed for the Bosnian lan-
guage, granting it a more nuanced understanding of
local expressions, idioms, and cultural context. The
integration of LangChain agents within the applica-
tion enhances task execution efficiency, resulting in

faster and more accurate handling of routine admin-
istrative operations.

While other systems may provide more advanced
data analytics capabilities, Mali Mujo distinguishes
itself through its ease of implementation and mini-
mal technical requirements, enabling seamless
integration into existing infrastructures. It is par-
ticularly well-suited for deployment on devices with
limited hardware capabilities, whereas many other
Al systems demand high-end infrastructure, making
them impractical for smaller organizations or field
applications.

Another advantage of Mali Mujo is its flexibility
in customization to meet user-specific needs. Com-
peting systems often have limited adaptability, while
Mali Mujo can be implemented in real time without
requiring long processing cycles. In administrative
contexts, it can significantly accelerate data pro-
cessing, while competing models may prove overly
complex for simple operational tasks.

Although alternative systems may offer more so-
phisticated analytical functions, Mali Mujo’'s user-
friendly design makes it especially suitable for end
users with only basic technical knowledge. In indus-
trial applications, it stands out for its ability to anal-
yse user feedback and market trends in real time,
an area where many other models, relying on static
or outdated data, fall short. The model enables a high
degree of automation in administrative processes,
unlike many competing systems that still require
manual data management and configuration.

By leveraging smaller Al architectures, Mali Mujo
enables greater scalability for small and medium-
sized enterprises, while larger models remain con-
strained by their high costs and infrastructural de-
mands. Ultimately, while large-scale models offer
broader applicability in global systems, Mali Mujo
focuses on localized user needs, delivering faster,
simpler, and more efficient solutions for administra-
tive and industrial use cases.

CONCLUSION

Summary of Findings

Based on the conducted research, the key findings
confirm that the development of a small Bosnian-
language Al model, such as Mali Mujo, represents
an important step forward in improving efficiency
within both industry and public administration. The
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model has been successfully optimized for low-re-
source environments, making it accessible to a wide
user base. Despite limitations in memory and pro-
cessing power, Mali Mujo delivers fast and accurate
responses, greatly enhancing user experience.

The integration of the Ollama server and Duck-
DuckGo API enables real-time access to relevant on-
line information, thus expanding the system’s func-
tionality. The inclusion of the TinyLlama model, spe-
cifically fine-tuned for the Bosnian language, allows
for a more refined understanding of local linguistic
and cultural nuances.

Additionally, the use of LangChain agents and
tools has contributed to efficient task execution, im-
proving both speed and accuracy in data processing.
Although less precise than large-scale language mod-
els, Mali Mujo’s resource-optimized design allows
for real-time operation under limited conditions.
Testing in industrial and administrative environ-
ments has shown that Mali Mujo is an effective tool
for accelerating administrative workflows and
analysing market data. User feedback indicates that
the application is intuitive and easy to use, a crucial
factor for successful adoption in everyday operations.

Employing small-scale models such as Mali Mujo
facilitates faster and more cost-effective deploy-
ment in organizations with limited resources. While
challenges related to accuracy persist, optimization
and domain-specific fine-tuning ensure satisfactory
performance levels. Furthermore, the model can be
easily adapted for use across multiple sectors, includ-
ing administration, education, and industry.

This research demonstrates the potential of
small language models to enhance operational ef-
ficiency and reduce dependency on large-scale infra-
structure. A key advantage of Mali Mujo is its ability
to operate on low-specification devices, ensuring
broader accessibility across diverse user groups.
Looking ahead, continued improvements in accuracy,
adaptability, and data integration could further in-
crease its applicability and performance.

Mali Mujo thus represents a significant step to-
ward broader Al adoption in regions with limited
technological and financial resources, promoting the
integration of artificial intelligence across various in-
dustries. The combination of speed, efficiency, and
affordability makes small models like Mali Mujo
an ideal solution for numerous administrative and

industrial challenges. Ongoing development and re-
finement of the model and its components will open
new possibilities for even wider implementation in
the future.

Future Work

Future development of the Mali Mujo model can
be directed toward several key areas aimed at en-
hancing its functionality and efficiency. One major
recommendation is training the model on larger
and more diverse datasets, which would improve
its accuracy and understanding of complex linguistic
structures. Incorporating data from various sources,
including different dialects and regional variants of
the Bosnian language, would enhance recognition of
specific expressions and idioms.

Improving model performance through op-
timized encoding and the implementation of ad-
vanced data compression techniques could fur-
ther increase processing speed, making the applica-
tion even more efficient on limited-resource devices.
Expanding the model to other regional languages,
such as Croatian and Serbian, would allow for broad-
er applicability across the region, given the mutual
intelligibility of these languages.

The integration of new deep learning meth-
ods could improve natural language understand-
ing, allowing the model to better interpret user
intent and contextual nuance. Developing domain-
specific modules for various sectors, such as in-
dustry, public administration, or education, would
increase the model’s usefulness in professional en-
vironments.

Introducing adaptive learning capabilities
would enable the model to continuously improve
based on user feedback and new data. Additionally,
creating an intuitive user interface for model cus-
tomization could empower organizations to tailor the
system to their specific needs.

Further optimization for real-world deployment,
with enhanced real-time resource management,
would improve the model’s field applicability. Incor-
porating sentiment analysis and emotion recogni-
tion tools could make user interactions more natural
and human-like.

Expanding integration with other APIs and ser-
vices would enrich the system’s data analysis and re-
trieval capabilities.
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Developing mobile and offline versions of the
application would extend access to users without
constant internet connectivity. Implementing au-
tomatic summarization and text-analysis tools
could make Mali Mujo an even more powerful and
versatile assistant.

Finally, extending support to other regional and
minority languages could broaden the model’s
reach and encourage wider adoption in administra-
tive and educational systems. Enhancing the acces-
sibility interface for users with special needs would
further increase usability and inclusivity. Future re-
search into AI-IoT integration could also open new
opportunities for automation in industries such as
manufacturing and transportation.

Collectively, these recommendations would en-
able the continued evolution of Mali Mujo into an
even more efficient, versatile, and valuable Al tool
for users across the region.

REsuULTS

The evaluation of Mali Mujo demonstrated that
the model achieves a high level of efficiency and us-
ability, particularly in low-resource environments.
These results confirm that the model can generate
contextually relevant and accurate responses for
most user queries, despite the inherent limitations of
a small language model.

Performance testing showed that Mali Mujo oper-
ates efficiently on devices with only 1 GB of storage
and 8 GB RAM. Response times averaged between 0.8
and 1.5 seconds for single-step queries and 2 to 3.5
seconds for multi-step queries involving Langchain
agent coordination and DuckDuckGo API searches.
CPU usage remained below 50% during standard
operations, and memory consumption peaked at
approximately 600 MB, leaving sufficient overhead
for simultaneous tasks. These findings highlight the
model’s suitability for deployment in environments
where computational resources are limited.
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Figure 5. Response Time by Query Complexity

Figure 5. illustrates the average range for the
model’s response times, demonstrating a quick turn-
around for single-step queries and the expected in-
creased latency for tasks requiring external coordina-
tion via the LangChain agent and DuckDuckGo API
searches.Real-world scenario testing revealed fur-
ther insights into the model’s practical capabilities.

Qualitative user feedback emphasized the model’s
speed, accessibility, and ease of use. Users noted that
the interface is intuitive and that the model’s answers
were sufficiently detailed for routine administrative
and industrial tasks. The integration of Langchain
agents enabled efficient multi-step reasoning, reduc-
ing the need for human supervision and allowing for
automated task execution. However, the evaluation
also identified certain limitations, such as occasional
generic responses in highly specialized queries and
minor difficulties in interpreting complex or highly
technical language.

Overall, the results indicate that Mali Mujo is a
functional and scalable solution for real-time query
handling, capable of enhancing productivity and ef-
ficiency in administrative, industrial, and educational
domains.

DiscussioN

However, technological progress does not come
without significant challenges and complexities. Key
issues remain concerning privacy and data protec-
tion, as the increasing integration of Al and automat-
ed systems into daily life raises concerns about the
collection, storage, and use of sensitive information.
Liability in the event of system failures or accidents is
another critical area, as it is often unclear who bears

142

Journal of Information Technology and Applications

www.jita-au.com



A SmaLL Languace Al MopEL IN THE BosNIAN LANGUAGE

JITA 15(2025) 2:128-144

responsibility when autonomous systems make erro-
neous decisions.

Algorithmic transparency and explainability also
present major obstacles, particularly when Al models
operate as “black boxes,” making it difficult to under-
stand or challenge their outputs. Beyond technical
and legal considerations, there are broader societal
impacts to consider, including the potential displace-
ment of jobs due to automation, the widening of digi-
tal divides, and the ethical implications of delegating
decision-making to machines. These challenges un-
derscore the need for robust legislative frameworks,
ethical guidelines, and regulatory oversight to ensure
that technological adoption benefits society.

Addressing these questions requires a compre-
hensive, interdisciplinary approach that brings to-
gether engineers, legal experts, ethicists, sociolo-
gists, economists, and urban planners. Collaboration
across these domains is essential to anticipate unin-
tended consequences, design responsible Al systems,
and create policies that balance innovation with pub-
lic interest.

Moreover, ongoing dialogue with the public and
stakeholders is crucial to foster trust, ensure trans-
parency, and align technological development with
societal values and needs. Only through such a ho-
listic approach can the potential of advanced Al and
automated systems be harnessed effectively, safely,
and ethically, while mitigating risks and promoting
equitable outcomes.

CONCLUSION

The development and evaluation of Mali Mujo, a
small Al language model specifically designed for the
Bosnian language, demonstrates that compact mod-
els can provide significant benefits in practical appli-
cations while requiring minimal computational re-
sources. The model successfully balances efficiency,
accessibility, and functionality, enabling deployment
on devices with limited memory and processing pow-
er without compromising the quality of responses for
most routine tasks.

The use of Langchain agents further enhances
its ability to handle multi-step reasoning, automate
workflows, and reduce the need for human inter-
vention in repetitive or structured tasks. While the
model’s accuracy may be lower than that of larger
language models when handling highly complex or

specialized queries, its overall performance remains
sufficient for a wide range of practical uses, particu-
larly where speed and efficiency are prioritized.
Future development of Mali Mujo can further
enhance its capabilities by expanding training da-
tasets, incorporating adaptive learning, supporting
additional regional languages, and improving per-
formance for specialized domains. Overall, this work
highlights the potential of small language models to
bridge the gap between advanced Al capabilities and
practical accessibility, offering an effective, scalable,
and efficient solution for real-time information pro-
cessing and decision support in various sectors.
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Abstract: While the early evolution of large language models (LLMs), including shift from statistical approaches to the Transformer
architecture, illustrates their historical impact on the processing of natural language; however, the latest research in neural networks
has enabled the faster and more powerful rise of language models grounded in solid theoretical foundations. These advantages,
driven by advances in computing systems (e.g., ultra-powerful processing and memory capabilities), enable the development of
numerous new models based on new emerging technologies such as artificial intelligence (AI). Thus, we provide an evolutionary
overview of LLMs involved in the shift from the statistical to deep learning approach, highlighting their key stages of development, with a
particular focused on concepts such as self-attention, the Transformer architecture, BERT, GPT, DeepSeek, and Claude. Finally, our
conclusions present a reference point for future research associated with the emergence of new Al-supported models that are

irreversibly transforming the way an increasing number of human activities are performed.

Keywords: Artificial intelligence, large language models, Transformer architecture, self-attention

INTRODUCTION

From early statistical approaches, such as Mar-
kov’s contibution in 1913 to the Transformer archi-
tecture of 2017, large language models have greatly
changed natural language processing . After the
studies of Markov, the contributions of Shannon, who
continued his research into language generation, and
Jelinek, who investigated speech recognition, stand
out. In 1990, Elman used a neural network called
a multilayer perceptron to create simple recurrent
networks with memory capable of processing simple
languages.

Scientific studies on recurrent neural networks
(RNN) from 1990 and convolutional networks (CNN)
[6] from 1998 laid solid theoretical foundations for
further research. A very important step in the devel-
opment of LLM was the idea presented in the paper

A Neural Probabilistic Language Model , in which the
authors assigned a unique vector to each word, which
they called embedding.

An important factor in the development of large
language models was the emergence of increasingly
powerful computer systems capable of processing
and storage capabilities of large amounts of data. Par-
allel to this process, larger and larger data sets began
to appear on which it was possible to train these mod-
els. In the development of large language models, the
work Attention Is All You Need from 2017 stands out,
in which the concept of self-attention and the Trans-
former architecture are presented, after which mod-
els such as BERT from 2018, GPT from 2018, and
then many others emerged.

Today, due to the enormous progress of artificial
intelligence and the appearance of a large number
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of models, they are changing the way an increasing
number of human activities are performed. This pa-
per will present an overview of the history and key
moments in the development of LLM with the most
important scientific works that marked this field.

Early foundations and statistical language

models

The development of large language models begins
in the middle of the 20th century, when researchers
used, by today’s standards, small amounts of data. At
that time, simple statistical techniques and relatively
simple algorithms were used to predict the next word
or phrase. Among the earliest studies that were the
forerunners of today’s models, Markov’s study stands
out . The research deals with the first 20,000 letters of
Eugene Onegin’s book. The letters were divided into
vowels and consonants, then transitions between ad-
jacent letters such as vowel-consonant or vowel-vowel
were counted, and then probabilities were assigned to
those transitions. Thus, Markov showed that the let-
ters in the text are not independent and provided the
first example of a Markov chain of order 1.

In his paper from 1948, Shannon models the lan-
guage with a series of approximations. In the zero-
order approximation, each letter is chosen indepen-
dently and with the same probability, resulting in
noise. In the first-order approximation, the letters are
chosen according to their frequencies, which makes
the text look a little more realistic. In the second-or-
der approximation, which is called a bigram, the next
letter depends on the previous one, so the generated
string of letters already resembles human text. This
approximation is also called the Markov chain of or-
der 1. The approximation of the third order (trigram
or Markov chain of order 2) is formed by the fact
that the letter depends on the previous two. Now as
a result we get recognizable word fragments. These
simple models represented the initial steps in com-
putational language generation. When it comes to
text generation, the research of Jelinek , which was
carried out at the IBM research center T.J. Watson Re-
search Center in New York, is interesting. The primary
focus of his research was speech recognition. He used
statistics to create a model he called the IBM Raleigh
language, which had 250 words. Using the Bayesian
method, this model was able to generate sentences
like “Each town is often without those services”.

During the 1980s and 1990s, more advanced ma-
chine learning techniques such as support vector ma-
chines (SVMs), decision trees, naive Bayes and others
emerged and were used for text classification. New
discoveries in the field of neural networks enabled
deeper progress in natural language understanding.

Successful application of neuronal

approaches

In his paper from 1990 entitled Finding Structure
in Time , Elman presents a simple recurrent network
as a multilayer perceptron to which he added a unit
that carries a copy of the previously hidden state. In
this way, he created networks with memory that are
able to process simple languages that resemble finite
state machines. During learning, the network ob-
serves the current state t and the hidden state t-1. In
this way, it creates separate clusters in which related
terms, such as verbs and nouns, can be grouped to-
gether. Recurrent neural networks learn based on the
error signal that is, based on the loss gradient when
we go back through time. In the paper , the authors
presented the application of the technique called Gra-
dient Based Learning on convolutional networks. The
gradient shows us where the algorithm went wrong
in movement from the start to the desired goal. The
error signal points in which direction and by how
much weights should be moved in order to reach the
goal as soon as possible. The problem that occurs is
forgetting which occurs if the return error signal is
multiplied many times by a number less than 1, or
explosion if the error signal is multiplied by a num-
ber greater than 1. The problem of vanishing and ex-
ploding gradients was addressed by Hochreiter and
Schmidhuber in their paper . They presented the
Long Short-Term Memory cell, that is, a small circuit
with memory and input, output and forget gates. This
cell transmits information stably through many steps.

Vector representations of words (word

embeddings)

A very important contribution in this area was A
Neural Probabilistic Language Model , in which the
authors presented a language model that assigns
each word its unique vector representation, which
they called embedding. In this way, they managed to
achieve that similar words get vectors that are close.
In the proposed approach, by observing the closeness
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of the vectors, it is easy to generalize sentences like
“The cat is walking in the bedroom”, “A dog was run-
ning in a room”, “The cat is running in a room” and
many other combinations.

In the paper Efficient Estimation of Word Repre-
sentations in Vector Space, the authors proposed a
method to create word vectors, whose dimensions
are typically from 100 to 300, in such a way that
words appearing in similar contexts receive similar
vectors. Because of this, relationships between words
are obtained that allow conclusions such as the fol-
lowing: king - man + woman = queen. The two basic
components of this architecture are the Continuous
Bag-of-Words Model and the Continuous Skip-gram
Model. The CBOW model learns in such a way that it
masks the middle word in the sentence, so it tries to
guess from the context which word is missing. If the
model made a mistake, it slightly adjusts the vectors
to make it more accurate next time. The Continuous
Skip-gram Model is another architecture that is simi-
lar to the CBOW architecture, but it takes the middle
word and based on it predicts neighboring words
in a smaller window around it. The paper provides
an implementation in the programming language C,
which is called word2vec. Unlike wordZ2vec, in the pa-
per GloVe: Global Vectors for Word Representation de-
scribing the GloVe architecture , the authors use the
idea of expanding the window from which the model
learns to the entire dataset. GloVe first counts how of-
ten each word appears next to every other, and then
trains vectors on such data.

In the paper Sequence to Sequence Learning with
Neural Networks , the authors demonstrated how
Long Short-Term Memory networks can be used to
encode the entire sentence into one vector of fixed
length, for the purpose of translating text from Eng-
lish to French. This paved the way for further signifi-
cant progress in natural language processing.

The attention mechanism and the

transformer architecture

Before the publication of Neural Machine Transla-
tion by Jointly Learning to Align and Translate paper
, neural machine translation was performed by cre-
ating one vector of fixed length based on the entire
sentence. The attention mechanism presented by the
authors assigns different weights to all parts of the
input sentence such that weights sum to 1. This at-

tention mechanism is also called soft alignment be-
cause it distributes attention to several words instead
of one choice. For example, if it needs to translate the
word bank, attention will give more weight to input
words like credit and money, and less weight to words
like dog and cat. The concepts presented in this paper
have significantly improved machine translation and
laid the foundation for subsequent research in this
area.

In the paper Effective Approaches to Attention-
based Neural Machine Translation the authors pro-
pose two attention mechanisms for neural machine
translation - a global approach in which all positions
of input tokens are always observed and a local ap-
proach in which only a subset of sequence positions is
observed. Following the publication of the previously
described papers, a larger number of contributions in
different fields appear. This is how the paper Google’s
Neural Machine Translation System: Bridging the Gap
between Human and Machine Translation that deals
with machine translation, 4 neural attention model
for abstractive sentence summarization that deals
with text summarization, and Listen, attend and spell
dedicated to speech recognition and Show, attend and
tell: Neural image caption generation with visual at-
tention to generate image captions appears.

Google’s Neural Machine Translation (GNMT) was
the first neural translator widely used in practice. It
consisted of a deep LSTM network with eight encoder
and eight decoder layers. In order to improve paral-
lelism, the models attention mechanism connected
bottom layer of the decoder with the top layer of the
encoder. To improve the translation of rare words,
this model divided the words into a limited, pre-fixed,
set of common word pieces known as ,wordpieces”.

A very important study that laid the foundations
for further scientific research is Attention Is All You
Need , in which the authors use a self-attention mech-
anism that allows the model to learn which words are
related to each other. They also introduce a new con-
cept called multi-head attention which uses several
attention heads that capture different types of rela-
tionships, that is, the use of several “heads” that si-
multaneously explore different types of relationships
between words.

Unlike the previously described techniques, the
self-attention mechanism connects distant words
directly, without sequential processing. The authors
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also introduce the Transformer architecture, which
consists of an encoder and a decoder. The encoder’s
self-attention mechanism was unmasked, making it
bidirectional. Each word is associated with all input
words to the left and right of the observed word. The
decoder uses a masked attention mechanism, in the
sense that it is only allowed to “look” backwards. In
the paper, the authors present another idea, they add
positional encodings to the words, thus taking care of
the order of the words. This model processes tokens
concurrently, which makes it very suitable for GPU/
TPU execution, which was later adopted by many
other models.

BERT and bidirectional context

understanding

A new stage in the development of large language
models begins with the work of a group of research-
ers from Google in which the authors present a lan-
guage representation model called BERT (Bidirec-
tional Encoder Representations from Transformers).
As its name suggests, BERT was the first large and
widely accepted bidirectional model that could ob-
serve an entire sentence. BERT is primarily intended
as a powerful tool for in-depth understanding of lan-
guage and context.

The model was pretrained using two techniques:
Masked Language Modeling (MLM) and Next Sentence
Prediction (NSP). The MLM training technique was
performed in such a way that, in a random manner,
15% of the tokens in the sentences were hidden and
the model was left to try to find the hidden (masked)
words. The idea of the NSP technique was to give the
model two sentences, and for the model to try to de-
termine whether the second sentence really follows
the first or if the second sentence is some random
content.

In the fine tuning phase, a small task specific out-
put layer is added on top of the pretrained model.
When BERT receives some training text at the input,
that text passes through the entire network that be-
longs to the model, in order to generate context vec-
tors. At the output layer, based on them, a prediction
is calculated, and then, based on the prediction and
correctlabels, the loss is calculated. Based on the loss,
a gradient vector is obtained, which is propagated
backwards through the entire model and fine-tunes
the model so that the next time the error is smaller.

After the introduction of the BERT model, a range
of models based on this architecture appeared. Ro-
BERTa is a model that achieves better results thanks
to a modified training regime. The DistilBERT model
represents a distilled version of BERT that, thanks
to a different learning method (knowledge distilla-
tion) in the pretraining phase, reduced the size of the
model by 40%, while retaining 97% of language com-
prehension efficiency and being 60% faster. In the
ALBERT model the authors focus on the problem of
GPU memory and time consumption with model scal-
ing, and present techniques for reducing the number
of parameters with the same or better accuracy. The
BERTi¢ model [28] is a South Slavic version of BERT
that was pretrained using 8 billion tokens from web
pages that contained Bosnian, Croatian, Serbian and
Montenegrin languages.

The GPT series: generative models

Unlike BERT, which is a bidirectional encoder,
the authors of the paper Improving Language Un-
derstanding by Generative Pre-Training introduced a
transformer-based language model pretrained using
a generative objective that functions as a decoder that
observes only the left context and tries to predict the
right one. The authors have shown that such a model
can be used for various tasks, such as text implication,
answering questions, evaluating semantic similarity,
as well as document classification. It should be noted
that this model, due to the fact that it used the Gen-
erative Pre-Training procedure, was later named the
Generative Pre-Training Transformer or GPT-1.

Unlike earlier models that were trained on datas-
ets prepared for supervised learning, the authors of
Language Models are Unsupervised Multitask Learn-
ers demonstrate the fact that really large models can
learn without supervision if they are trained on suf-
ficiently large datasets. For training purposes, the au-
thors created a corpus of data they named WebText,
which consisted of millions of web pages. A model
trained on this corpus, without any task-specific
learning (zero-shot), achieved the best results on 7
out of 8 language modeling benchmark datasets. The
authors state that using this model they were able to
obtain very coherent paragraphs of text.

In the paper Universal Language Model Fine-tun-
ing for Text Classification , the authors present UL-
MFiT model. This model is first trained on the large

148

Journal of Information Technology and Applications

www.jita-au.com



An Evotutionary Overview of LARee LanGuaGe MobELs: From StaTisTicAL METHODS To THE TRANSFORMER ERA

JITA 15(2025) 2:145-153

corpus of WikiText-103, and then transfer of knowl-
edge is carried out, i.e,, fine-tuning for the target task
(transfer learning).

By creating a language model of 175 billion pa-
rameters, the authors of the paper Language Models
are Few-Shot Learners demonstrated that the model
named GPT-3 can learn a new task from just a few
examples in a query (few-shot learning) without ad-
ditional training. They used Filtered Common Crawl,
WebText2, two Book corpora, and Wikipedia as their
training datasets. Their idea was that without fine-
tuning, the model could improve on various tasks,
from translation, question answering to reasoning,
simply by increasing the training dataset and model
size. This model could write persuasive texts, discuss
and answer questions on various topics, generate
computer code, and solve simple math problems.

Alarge number of studies have shown that scaling
language models predictably improves their perfor-
mance. In the paper Emergent Abilities of Large Lan-
guage Models , a different and less predictable prop-
erty called the emergent ability of large language
models is discussed. An ability is considered emer-
gent if it does not exist in smaller models and appears
in larger ones. The paper examines a large number of
models that are unable to solve problems with small
training datasets, and then their performance sud-
denly improves after crossing a certain threshold.

In the paper Training language models to follow
instructions with human feedback , the authors point
out the fact that the best results are not necessarily
achieved simply by enlarging large language models.
They trained the model using a fine-tuning process in
which humans (raters) write questions and good an-
swers. Then, for the same question, the model offers
more answers, and people choose the better one, thus
fine-tuning the models. Such models are referred to
as instructGPT. In the OpenAl blog titled Introducing
ChatGPT it is stated that the very concept of instruct-
GPT was used to create ChatGPT which was obtained
by fine-tuning the GPT-3.5 model.

The report called GPT-4 Technical Report states
that GPT-4 is a large model that can take text and
images at the input, and producing text at the out-
put. The team that worked on its development, due
to competition and security concerns, did not give
much information about its architecture. It was de-
signed as a multimodal Transformer that in many

fields, both professional and academic, has shown
results that can be compared to human ones. How-
ever, he still makes mistakes, hallucinates, and shows
bias on a whole range of topics. The GPT-4.5 model
was presented at the end of February 2025 in a docu-
ment called OpenAl GPT-4.5 System Card . During
the creation of this, until then, their largest model,
some traditional techniques (reinforcement learning
from human feedback and supervised fine-tuning) and
some new supervised learning techniques were used,
which are not explained in the document. With this
model, improvements were achieved in emotional in-
telligence, the ability to write, program and practical
problems solving. The document states that this was
a research preview version of the model, emphasing
that its capabilities were still being explored at that
time.

At the moment, the latest model, GPT-5, was intro-
duced on August 7, 2025 in a document titled GPT-5
System Card . GPT-5 is not a single model, but a uni-
fied system consisting of several models and a router
that selects the appropriate model depending on the
question. The system consists of gpt-5-main, gpt-5-
main-mini, gpt-5-thinking, gpt-5-thinking-mini, gpt-
5-thinking-nano, and gpt-5-thinking-pro.

The first two models in the list (gpt-5-main, gpt-
5-main-mini) are high throughput, while the gpt-
5-thinking model consumes the most computing
power for reasoning, and gpt-5-thinking-pro uses
parallelization in reasoning to get the best answer.

Other notable models

While OpenAl continued to develop the GPT fam-
ily of models, other research groups were working on
their own approaches. In the paper LLaMA: Open and
Efficient Foundation Language Models the authors
describe the LLaMA model, whose main idea is that
greater efficiency can be achieved by using much larg-
er datasets for training while creating smaller mod-
els. The authors claimed that LLaMA-13B achieves
better results than GPT-3 with 175B parameters,
while LLaMA-65B competed with the then best mod-
els at the time. The next version, Llama 2 described in
paper Llama 2: Open Foundation and Fine-Tuned Chat
Models, was released as a collection of large language
models that includes models from 7 to 70 billion pa-
rameters. In the paper The Llama 3 Herd of Models
the authors present Llama 3.1 as a family of models
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supporting multilingualism, coding, reasoning with
the largest model having 405 billion parameters.
The article The future of Al: Built with Llama states
that after the first Meta multimodal model Llama 3.2,
Llama 3.3 was created as a text model that gives the
same results as Llama 3.1 405B, but with only a frac-
tion of the resource consumption. In the paper The
Llama 4 herd: The beginning of a new era of native-
ly multimodal Al innovation the two latest Llama 4
models - Scout and Maverick - were presented. Both
are 17B parameters and are Mixture-of-Experts type,
meaning that they use only a small part of the subnet
(experts) for each question.

Papers describing DeepSeek LLM and DeepSeek-
Coder appeared in January 2024. DeepSeek LLM
is an open-source model trained from scratch on a
massive dataset of approximately 2 trillion tokens.
After that, the model was trained using supervised
fine-tuning and direct preference optimization tech-
niques (DPO). This led to the creation of the Deep-
Seek LLM 7B and DeepSeek LLM 67B chat models.
The authors claim in the paper that DeepSeek LLM
67B demonstrated superior performance compared
to LLaMA-2 70B and GPT-3.5. DeepSeek-Coder was
developed to encourage research and development
outside the circle of closed source models. This model
was released in three versions 1.3B, 6.7B and 33B pa-
rameters. Then the authors present DeepSeek-Coder
v1.5, which, in addition to coding tasks, also shows
a good understanding of natural language. Improved
versions appeared soon, such as DeepSeek-V2 which
introduces Multi-head Latent Attention, a mechanism
that reduce the key-value cache and DeepSeek-MoE
technique which efficiently uses subnets experts. This
model consisted of 236 billion total and 21 billion pa-
rameters per token and supported a context length
of 128000 tokens. The DeepSeek-V3 model has 671
billion in total and 37 billion active parameters per
token. In addition, it introduces a multi-token predic-
tion technique in addition to the classic prediction
of the next token to improve performance. In their
paper the authors present the DeepSeek-R1-Zero
and DeepSeek-R1 models. DeepSeek-R1-Zero shows
that a model capable of strong reasoning can only be
made through reinforcement learning. DeepSeek-R1
improves reasoning using multi-level learning and a
technique called cold-start, in which model training
begins with a small but well proven dataset, to get a

more stable learning start. The authors have released
as open source DeepSeek-R1-Zero and DeepSeek-R1
and 6 more models 1.5B, 7B, 8B, 14B, 32B, 70B, dis-
tilled from DeepSeek-R1, based on Qwen and Llama
architectures.

In the report entitled Gemini: A Family of Highly
Capable Multimodal Models , the authors present the
family of Gemini models, which consists of the Ultra,
Pro, and Nano model. These models could process
image, sound, video and text, and output text. This
was Google’s first family of general-purpose models
trained from the ground up to work with image, au-
dio, video and text simultaneously. In March 2024,
the Gemini 1.5 was introduced in paper Gemini 1.5:
Unlocking multimodal understanding across millions
of tokens of context , consisting of an upgraded Gem-
ini 1.5 Pro model and a slightly lighter Gemini 1.5
Flash variant. The announcement of Gemini 2.0 was
followed by its presentation in an article Gemini 2.5:
Pushing the Frontier with Advanced Reasoning, Multi-
modality, Long Context, and Next Generation Agentic
Capabilities along with two new Gemini 2.5 models:
Gemini 2.5 Pro and 2.5 Flash. Gemini 2.5 Pro is a mod-
el that excels in multimodal data processing and can
process up to 3 hours of video.

The model called Mistral 7B with 7 billion pa-
rameters is the first model in this family that uses
Grouped-Query Attention to increase the processing
speed and Sliding Window Attention to enable han-
dling of long sequences. The Mixtral 8x7B has the
same architecture as the Mistral 7B, but in addition
includes 8 “feed-forward” blocks (experts). For each
token, the router chooses two experts to process it.
Then the processing results are combined and a bet-
ter result is obtained. The next product of this com-
pany was the Mistral Large , one of the large models
that was available through the API. It should be noted
that their portfolio includes a model called Codestral,
which is designed for coding, having knowledge of 80
programming languages.

The paper Constitutional Al: Harmlessness from Al
Feedback presented an idea for a new model of arti-
ficial intelligence that, instead of relying on human
knowledge and work to improve itself, teaches itself
how to be useful and safe. In that process, the model
uses a “constitution”, that is, a set of clear guidelines
that lead it to be better through two steps. The model
first gives a crude answer, then criticizes and refines
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it with the help of the constitution. Then the answer
is reinforced with the Reinforcement Learning from Al
Feedback, in which the second model acting as a judge
chooses the better one from the two offered answers.
This idea inspired the authors of the Claude model se-
ries whose latest model is the Claude Opus 4.1.

In November 2023, xAi introduced the Grok mod-
el which was soon released as an open source model
with 314 billion parameters per model, which uses a
multi-expert (Mixture of Experts) MoE architecture,
where the router selects a smaller subset of experts
for each problem. Other versions Grok-1.5 Vision,
Grok-2, Grok-3, Grok-4 were only available as com-
mercial models. Currently the most powerful model
Grok-4 is only available in Grok app with SuperGrok
or Premium+ account and via xAi API. It was trained
using reinforcement learning on a Colossus cluster
computer with 200,000 GPUs.

In addition to the general-purpose large models
presented above, there are also models that have been
created for specific tasks. We have already mentioned
some of the models intended for coding (DeepSeek
Coder, Codestral). This group also includes GitHub
Copilot and Gemini Code Assist. Some of the models
that are intended to solve mathematical problems are
MathGPT, Minerva, WizardMath, MathGLM, Llemma
. Among the biomedical models specialized in litera-
ture searching and question answering, we will point
out BioGPT, GatorTron, MEDITRON, PMC-LLaMA, Bio-
Megatron, Med-PaLM . There are a number of models
that are intended to generate an image based on the
description, such as Stable Diffusion, DALL-E 3, Mi-
djourney, Imagen, etc. It should be taken into account
that we have listed here only the most famous models
and that the list does not end here, as well as that gen-
eral purpose models can often be effectively applied
to a wide range of problems . Also, when it comes
to models that are created for special purposes, the
list does not end here, because there are numerous
models for different purposes that are not mentioned
here - from health, economy, finance, transport and
logistics, security, energy, agriculture, education, sci-
ence and research, mathematics, robotics, multime-
dia, law and many other fields.

CONCLUSION

This overview, based on the development of large
language models, presents their evolutionary flow

observed from basic statistical to deep learning ap-
proches, with aim to identify two key pillars. First, it
consists of used architectures and techniques such
as RNN/LSTM, attention mechanism, MoE (Mixture
of Experts), GNMT (Google Neural Machine Transla-
tion), or Transformer architecture, while second, it
consists of training the model with an increase in the
dataset size and techniques such as masked language
modeling (MLM), next sentence prediction (NSP), su-
pervised fine-tuning, direct preference optimization
and reinforcement learning from Al feedback. Also,
as our results shows currently advantages of closed
models in terms of capabilities and performance;
however the significance of open source-models pro-
vide tremendous opportunities for all future research
effort with approximate performance. Finally, our
conclusion indicates an increasing trend of develop-
ment of general-purpose models, focusing on large
language models and artificial intelligence that will
influence all areas of life.

REFERENCES

[1] A. A. Mapkos, “IIpuMep CTaTUCTHYECKOTO HCCJIEJOBAHMS
Haj TekcToM «EBrenuss OHerwHa», WIJIIOCTPUPYIOIIAN
CBSI3b WCOBITAHUW B Lemb., HM3gecmusi Hmnepamopckoli
Akademuu Hayk, cepus VI, mom VII, Cankm-Ilemep6ype, , p.
crp. 153-162,,1913.

[2] A.Vaswani, N. Shazeer, N. Parmar; ]. Uszkoreit, L. Jones, A. N.
Gomez and L. Kaiser; “Attention Is All You Need,” In Advances
in Neural Information Processing Systems, 2017.

[3] D.Jurafsky and ]. H. Martin, Speech and Language Processing
(2nd ed.), Pearson Education, 2009.

[4] K R. Chowdhary, Natural Language Processing. Fundamen-
tals of Artificial Intelligence, Springer, 2020.

[5] J. L. Elman, “Finding Structure in Time,” Cognitive Science,
1990.

[6] Y. Bengio, R. Ducharme, P. Vincent and C. Jauvin, “A Neural
Probabilistic Language Model,” Journal of machine learning
research, 2003.

[7]1 . Devlin, M.-W. Chang, K. Lee and K. Toutanova, “BERT: Pre-
training of Deep Bidirectional Transformers for Language
Understanding,” arXiv preprint arXiv, 2018.

[8] A.Radford, K. Narasimhan, T. Salimans and I. Sutskever;, “Im-
proving Language Understanding by Generative Pre-Train-
ing,” OpenAl preprint, 2018.

[9] C.E. Shannon, “A Mathematical Theory of Communication,”

Bell System Technical Journal, p. 379-423, 1948.

E Jelinek, “Continuous Speech Recognition by Statistical

Methods,” Proceedings of the IEEE, p. 532-556, 1976.

T. Joachims, “Text Categorization with Support Vector Ma-

chines: Learning with Many Relevant Features,” European

conference on machine learning, p. Springer, 1998.

T. MITCHELL , T. M., Machine Learning, New York: McGraw

Hill, 1996.

D. LEWIS, “Naive (Bayes) at forty: The independence as-

(12]

[13]

December 2025

Journal of Information Technology and Applications

151



JITA 15(2025) 2:145-153

Boris DAMJANOVIC, ET AL.

(14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

sumption in information re-trieval,” in In Proceedings of
ECML-98, 10th European Conference on Machine Learning,
Chemnitz, Germany, 1998.

Y. LeCun, L. Bottou, Y. Bengio and P. Haffner, “Gradient-based
learning applied to document recognition,” Proceedings of
the IEEE, 1998.

S. Hochreiter and J. Schmidhuber, “Long short-term memo-
ry,’ Neural computation, ieeexplore.ieee.org, 1997.

J. Pennington, R. Socher and C. D. Manning, “GloVe: Global
Vectors for Word Representation,” Proceedings of the 2014
Conference on Empirical Methods in Natural Language Pro-
cessing (EMNLP), 2014.

L. Sutskever, O. Vinyals and Q. V. Le, “Sequence to Sequence
Learning with Neural Networks,” Advances in neural infor-
mation processing systems, 2014.

D. Bahdanau, K. H. Cho and Y. Bengio, Neural Machine Trans-
lation by Jointly Learning to Align and Translate, arXiv, 2014.
Y. Wu, M. Schuster, Z. Chen, Q. V. Le, M. Norouzi and ..,
“Google’s Neural Machine Translation System: Bridging the
Gap between Human and Machine Translation,” arXiv pre-
print, 2016.

A.M.Rush, S. Chopra and J. Weston, “A neural attention model
for abstractive sentence summarization,” Proceedings of the
2015 Conference on Empirical Methods in Natural Language
Processing (EMNLP), p. 379-389, 2015.

W. Chan, N. Jaitly, Q. Le and O. Vinyals, “Listen, attend and
spell,” A neural network for large vocabulary conversational
speech recognition. In 2016 IEEE International Conference on
Acoustics, Speech and Signal Processing (ICASSP), p. 4960-
4964, 2016.

K. Xu, J. Lei Ba, R. Kiros, K. Cho, A. Courville, R. Salakhutdi-
nov, R. S. Zemel and Y. Bengio, “Show, attend and tell: Neural
image caption generation with visual attention,” Proceedings
of the 32nd International Conference on Machine Learning
(ICML 2015), p. 2048-2057, 2015.

J. Devlin, M.-W. Chang, K. Lee and K. Toutanova, “BERT: Pre-
training of Deep Bidirectional Transformers for Language
Understanding,” in Proceedings of the 2019 Conference of the
North American Chapter of the Association for Computational
Linguistics: Human Language Technologies, Minneapolis,
Minnesota, 2019.

Y. Liu, M. Ott, N. Goyal, J. Du, M. Joshi, D. Chen, O. Levy, M.
Lewis, L. Zettlemoyer and V. Stoyanov, “RoBERTa: A Robustly
Optimized BERT Pretraining Approach,” arXiv:1907.11692,
2019.

V. Sanh, L. Debut, ]. Chaumond and T. Wolf, “DistilBERT, a dis-
tilled version of BERT: smaller, faster; cheaper and lighter,”
arXiv:1910.01108, 2019.

Z. Lan, M. Chen, S. Goodman, K. Gimpel, P. Sharma and R.
Soricut, “ALBERT: A Lite BERT for Self-supervised Learning
of Language Representations,” arXiv:1909.11942, 2019.

A. Radford, J. Wu, R. Child, D. Luan, D. Amodei and I. Sutskev-
er, “Language Models are Unsupervised Multitask Learners,”
OpenAl preprint, 2019.

J. Howard and S. Ruder, “Universal Language Model Fine-
tuning for Text Classification,” Proceedings of the 56th Annual
Meeting of the Association for Computational Linguistics, As-
sociation for Computational Linguistics, p. 328-339, 2018.

T. Brown, B. Mann, N. Ryder, M. Subbiabh, ]. D. Kaplan, P. Dhari-
wal, A. Neelakantan, P. Shyam, G. Sastry, A. Askell, S. Agarwal,
A. Herbert-Voss, G. Krueger, T. Henighan, R. Child and Ram,
“Language Models are Few-Shot Learners,” Advances in Neu-

[30]

[31]

—_———
w W W
[ TN
A et

[37]

(38]

[42]

[44]

[45]

ral Information Processing Systems (NeurIPS), 2020.

J. Wei, Y. Tay, R. Bommasani, C. Raffel, B. Zoph, S. Borgeaud, D.
Yogatama, M. Bosma, D. Zhou, D. Metzler, E. H. Chi, T. Hashi-
moto, O. Vinyals, P. Liang, J. Dean and W. Fedus, “Emergent
Abilities of Large Language Models,” arXiv:2206.07682, 2022.
L. Ouyang, ]. Wy, X. Jiang, D. Almeida, C. L. Wainwright, P.
Mishkin, C. Zhang, S. Agarwal, K. Slama, A. Ray, ]. Schulman, J.
Hilton, E. Kelton, L. Miller, M. Simens, A. Askell and Welinder,
“Training language models to follow instructions with hu-
man feedback,” arXiv:2203.02155, 2022.

OpenAl, “Introducing ChatGPT,” OpenAl, November 30, 2022.
J. Achiam, S. Adler, S. Agarwal, L. Ahmad, 1. Akkaya, F. Leoni
Aleman, D. Almeida, J. Altenschmidt, S. Altman, S. Anadkat, R.
Avila, I. Babuschkin, S. Balaji, V. Balcom and P. Baltescu, “GPT-
4 Technical Report,” OpenAl, 2023.

OpenAl, “OpenAl GPT-4.5 System Card,” 2025.

OpenAl, “GPT-5 System Card,” 2025.

H. Touvron, T. Lavril, G. Izacard, X. Martinet, M.-A. Lachaux,
T. Lacroix, B. Roziere, N. Goyal, E. Hambro, F. Azhar, A. Rodri-
guez, A. Joulin, E. Grave and G. Lample, “LLaMA: Open and
Efficient Foundation Language Models,” arXiv:2302.13971,
2023.

H. Touvron, L. Martin, K. Stone, P. Albert, A. Almahairi, Y. Ba-
baei, N. Bashlykov, S. Batra, P. Bhargava, S. Bhosale, D. Bikel,
L. Blecher; C. Canton Ferrer, M. Chen, G. Cucurull and Esiob,
“Llama 2: Open Foundation and Fine-Tuned Chat Models,”
arXiv:2307.09288, 2023.

A. Grattafiori, A. Dubey, A. Jauhri, A. Pandey, A. Kadian, A. Al-
Dahle, A. Letman, A. Mathur, A. Schelten, A. Vaughan, A. Yang,
A. Fan, A. Goyal, A. Hartshorn, A. Yang and A. Mitra, “The Lla-
ma 3 Herd of Models,” arXiv:2407.21783, 2024.

Meta, “The future of Al: Built with Llama,” Meta, 2024.

Meta, “The Llama 4 herd: The beginning of a new era of na-
tively multimodal Al innovation,” Meta, 2025.

X. Bi, D. Chen, G. Chen, S. Chen, D. Dai, C. Deng, H. Ding, K.
Dong, Q. Dy, Z. Fu, H. Gao, K. Gao, W. Gao, R. Ge, K. Guan, D.
Guo, J. Guo, G. Hao, Z. Hao, Y. He and H, “DeepSeek LLM, Scal-
ing Open-Source Language Models with Longtermism,” arX-
iv:2401.02954, 2024.

D. Guo, Q. Zhu, D. Yang, Z. Xie, K. Dong, W. Zhang, G. Chen, X. Bi,
Y. Wy, Y. Lj, F. Luo, Y. Xiong and W. Liang, “DeepSeek-Coder:
When the Large Language Model Meets Programming -- The
Rise of Code Intelligence,” arXiv:2401.14196, 2024.

A. Liy, B. Feng, B. Wang, B. Wang, B. Liu, C. Zhao, C. Dengr; C.
Ruan, D. Dai, D. Guo, D. Yang, D. Chen, D. Ji, E. Li, F. Lin, F. Luo,
G. Hao, G. Chen, G. Li and H. Zhang, “DeepSeek-V2: A Strong,
Economical, and Efficient Mixture-of-Experts Language
Model,” arXiv:2405.04434, 2024.

A. Liu, B. Feng, B. Xue, B. Wang, B. Wy, C. Lu, C. Zhao, C. Deng,
C. Zhang, C. Ruan, D. Daj, D. Guo, D. Yang, D. Chen, D. Ji, E. Li,
E Lin, E Dai, F. Luo and G. Hao, “DeepSeek-V3 Technical Re-
port,” arXiv:2412.19437, 2024.

D. Guo, D. Yang, H. Zhang, J. Song, R. Zhang, R. Xu, Q. Zhu, S.
Ma, P. Wang, X. Bi, X. Zhang, X. Yu, Y. Wu, Z. Wy, Z. Gou, Z. Shao,
Z. Li, Z. Gao, A. Liu, B. Xue and Wan, “DeepSeek-R1: Incen-
tivizing Reasoning Capability in LLMs via Reinforcement
Learning,” arXiv:2501.12948, 2025.

R. Anil, S. Borgeaud, J.-B. Alayrac, ]. Yu, R. Soricut, ]. Schalk-
wyk, A. M. Dai, A. Hauth, K. Millican, D. Silver, M. Johnson, .
Antonoglou, J. Schrittwieser;, A. Glaese, ]. Chen and P, “Gem-
ini: A Family of Highly Capable Multimodal Models,” arX-
iv:2312.11805, 2023.

152

Journal of Information Technology and Applications

www.jita-au.com



An Evotutionary Overview of LARee LanGuaGe MobELs: From StaTisTicAL METHODS To THE TRANSFORMER ERA

JITA 15(2025) 2:145-153

[47]

(48]

[49]

[50]

[51]

[52]
(53]

[54]

[55]
[56]
[57]

(58]

P. Georgiev, V. I. Lei, R. Burnell, L. Bai, A. Gulati, G. Tanzer, D.
Vincent, Z. Pan, S. Wang, S. Mariooryad, Y. Ding, X. Geng, E.
Alcober, R. Frostig, M. Omernick, L. Walker and C. Paduraru,
“Gemini 1.5: Unlocking multimodal understanding across
millions of tokens of context,” arXiv:2403.05530, 2024.

G. GeminiTeam, “Gemini 2.0: Our latest, most capable Al
model yet,” Google DeepMind, 2024.

G. GeminiTeam, “Gemini 2.5: Pushing the Frontier with Ad-
vanced Reasoning, Multimodality, Long Context, and Next
Generation Agentic Capabilities.,” Google DeepMind, 2025.

A. Q. Jiang, A. Sablayrolles, A. Mensch, C. Bamford, D. S. Chap-
lot, D. de las Casas, F. Bressand, G. Lengyel, G. Lample, L. Saul-
nier; L. R. Lavaud, M.-A. Lachaux, P. Stock and Le, “Mistral 7B,”
arXiv:2310.06825, 2023.

A. Q. Jiang, A. Sablayrolles, A. Roux, A. Mensch, B. Savary, C.
Bamford, D. S. Chaplot, D. de las Casas, E. Bou Hanna, F. Bres-
sand, G. Lengyel, G. Bour, G. Lample and L. Lavaud, “Mixtral of
Experts,” arXiv:2401.04088, 2024.

MistralAl, “Au Large,” 2024. [Online]. Available: https://mis-
tral.ai/news/mistral-large.

Mistral, “Codestral 25.01,” 2025. [Online]. Available: https://
mistral.ai/news/codestral-2501.

Y. Bai, S. Kadavath, S. Kundu, A. Askell, J. Kernion, A. Jones,
A. Chen, A. Goldie, A. Mirhoseini, C. McKinnon, C. Chen,
C. Olsson, C. Olah, D. Hernandez, D. Drain and D. Ganguli,
“Constitutional Al: Harmlessness from Al Feedback,” arX-
iv:2212.08073, 2022.

Anthropic, “The Claude 3 Model Family: Opus, Sonnet, Hai-
ku,” Claude CDN, 2025.

Anthropic, “Claude Opus 4.1, 2025. [Online]. Available:
https://www.anthropic.com/claude/opus.

xAi, “Announcing Grok,” 2023. [Online]. Available: https://x.
ai/news/grok.

xAi, “Open Release of Grok-1,” xAi, 2024. [Online]. Available:
https://x.ai/news/grok-os.

ABOUT THE AUTHORS

Boris Damjanovi¢ is an Associate Profes-
sor at the Faculty of Information Technology,
Pan-European University Apeiron in Banja
Luka. Contact: boris.s.damjanovic@apeiron-
edu.eu Areas of interest: data protection in
S computer systems, artificial intelligence, pro-

gramming languages, and the application of information tech-
nologies.

Dragan Kora¢ is an Associate Professor in
the Department of Computer Science, Faculty
of Natural Sciences and Mathematics, Univer-
sity of Banja Luka, Bosnia and Herzegovina.
He received his Ph.D. in Computer Science
and Informatics in 2018 from the Faculty of

[59]
[60]

[61]

[62]

[63]

[64]

[65]

[66]

xAi, “Grok 4, 2025. [Online]. Available: https://x.ai/news/
grok-4.

W. X. Zhao, K. Zhou and J. Li, “A Survey of Large Language
Models,” arXiv:2303.18223, 2023.

D. Kora¢, B. Damjanovi¢ and D. Simi¢, “A model of digital
identity for better information security in e-learning sys-
tems,” The Journal of Supercomputing , 2022.

C. Py, J. Seol, N. Park and D. Korac, “Authenticated Key Agree-
ment Protocol for Device-to-Gateway Communication in
[0T” in IEEE Consumer Communications & Networking Con-
ference (IEEE CCNC 2026), 2026.

D. Kora¢, B. Damjanovi¢, D. Simi¢ and C. Pu, “Management of
evaluation processes and creation of authentication metrics:
Artificial intelligence-based fusion framework,” Information
Processing & Management, 2025.

R. Bommasani, D. A. Hudson and E. Adeli, “On the Opportuni-
ties and Risks of Foundation Models,” Stanford CRFM Report,
2021.

D. Kora¢, D. Cvoki¢ and D. Simi¢, “Computational Engineering
Approach-Based Modeling of Safety and Security Boundar-
ies: A Review, Novel Model, and Comparison,” Archives of
Computational Methods in Engineering , 2025.

D. Kora¢, B. Damjanovi¢, D. Simi¢ and K.-K. R. Choo, “A hybrid
XSS attack (HYXSSA) based on fusion approach: Challenges,
threats and implications in cybersecurity,” Journal of King
Saud University - Computer and Information Sciences, 2025.
S. Russell and P. Norvig, Artificial Intelligence: A Modern Ap-
proach, 4th ed., Pearson, 2021.

1. Goodfellow, Y. Bengio and A. Courville, Deep Learning, MIT
Press, 2016.

Received: November 7, 2025
Accepted: November 12, 2025

Organizational Sciences, University of Belgrade. His main re-
search interests include cybersecurity, information security,
and mobile computing.

Negovan Stamenkovi¢ received the B.Sc.

degree in Electronics and Telecommunica-

tions from the Faculty of Technical Sciences,

Kosovska Mitrovica, Serbia, in 2006, and the

Ph.D. degree in Electronic Engineering from

3 the Faculty of Electronic Engineering, Univer-
.-‘ﬁ sity of Nis, Serbia, in 2011. He is currently a
” Full Professor at the Apeiron, University in

BanjaLuka, BiH. His major research interests include digital sig-
nal processing, computer engineering, and modular arithmetic.

FOR CITATION
Boris Damjanovi¢, Dragan Kora¢, Dejan Simi¢, Negovan Stamenkovi¢, An Evolutionary Overview of Large Language Models: From
Statistical Methods to the Transformer Era, JITA - Journal of Information Technology and Applications, Banja Luka, Pan-Europien
University APEIRON, Banja Luka, Republika Srpska, Bosna i Hercegovina, JITA 15(2025)2:145-153, (UDC: 811.163.41°282.4:004.37),
(DOI: 10.7251/]J1T2502145D), Volume 15, Number 2, Banja Luka, December (81-176), ISSN 2232-9625 (print), ISSN 2233-0194
(online), UDC 004

December 2025

Journal of Information Technology and Applications

153



JITA 15(2025) 2:154-160

SaNJA DALTON, ET AL.

FINANCIAL SUSTAINABILITY OF LEARNING PLATFORMS -
CASE STUDY OF AN E- LEARNING PROJECT

Sanja Dalton, Jefto DZino?
! Assistant professor, Belgrade, Serbia, sanja.dalton@metropolitan.ac.rs, 0009 0004 2163 232X
2 Assistant professor, Banja Luka, Bosnia and Herzegovina, jefto.m.dzino@apeiron-edu.eu, 0009 0007 8913 752X

https://doi.org/10.7251/]1T2502154D

Preliminary communication
UDC: 37.018.43:004.738.5

Abstract: This paper analyzes the potential for investment in the implementation of a multifunctional, sophisticated learning
platform through a qualitative research approach based on primary and secondary data collected via surveys and semi-structured
interviews with high school students, university students, and employees in need of personalized professional development. The
analysis and synthesis of the collected data indicate that the commercialization of the innovative platform is feasible.
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INTRODUCTION

Advanced educational technologies are increas-
ingly centered on personalized learning, tailoring
content, pace, and teaching methods to meet the spe-
cific needs of individual users. Personalized learning
platforms serve as dynamic digital tools that utilize
user data to deliver optimal educational experiences
across diverse target groups. These platforms have
proven to be powerful instruments for education
across all age groups. Their primary value lies in their
capacity to accommodate different learning styles,
requirements, and user preferences, thereby improv-
ing educational quality, boosting motivation, and en-
hancing learning outcomes.

Platform-Based Business

Here, we will consider only some of the references
in the literature related to platform-based business,
also known as a business model defined as a “system
consisting of components, the relationships among
those components, and the dynamics within the sys-
tem.” [1].

A business model, on one hand, identifies the
key participants in a transaction, outlines the value
proposition for each party, and describes how the
central organization interacts with its partners [7].

On the other hand, it clarifies how value is created,
delivered, monetized, and distributed among all
stakeholders involved [25]. Several scholars empha-
size that, within platform-based business models, it
is particularly important to define how value is gen-
erated, monetized, and shared between the partici-
pants [13]. This includes recognizing the interdepen-
dence among activities, which reveals the structural
relationships connecting the platform provider and
its users [8]. The expansion of digital platforms has
significantly reshaped how creative content is pro-
duced, shared, and consumed, creating new avenues
for creators to monetize their work. Yet, despite the
explosive growth of digital content, identifying the
most effective monetization strategies remains a per-
sistent challenge [20].

The rapid evolution of digital technologies has
fundamentally altered the processes of creating, dis-
tributing, and consuming creative content [14]. So-
cial media platforms, for instance, have democratized
content creation by enabling individuals to reach
global audiences without relying on traditional inter-
mediaries such as publishers or broadcasters [26].
This transformation has allowed creators to profit
directly from their work, bypassing conventional
industry structures. In the literature, multi-sided
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platforms are commonly portrayed as intermediar-
ies or hubs that facilitate value exchange among two
or more distinct user groups—often producers and
consumers [2][3]. Some researchers define these
platforms as networks that link different categories
of users to enable transactions [9], while others view
them as “interfaces mediating exchanges between
multiple parties” [20]. Monetization models vary
greatly across platforms such as YouTube, TikTok,
Instagram, and Patreon. For example, YouTube’s de-
pendence on advertising revenue contrasts with Tik-
Tok’s focus on brand collaborations and Instagram'’s
influencer-driven approach. Similarly, Patreon’s [20]
subscription-based model provides creators with a
steadier and more direct income stream compared to
the variable nature of ad-based earnings.

Monetization strategies are now central to the suc-
cess of digital creators, with diverse models emerg-
ing to address both creator and audience needs [21].
Among the most prevalent methods are advertising
revenue, brand partnerships, subscription services,
and crowdfunding [17]. Many creators combine mul-
tiple revenue streams, using the broad array of mone-
tization tools available on these platforms to enhance
their overall earning potential.

Personalized Educational Platforms

Personalized learning methods can help meet in-
dividual needs and goals. Personalized learning can
be an effective approach that increases motivation,
engagement, and understanding [38], maximizing
student satisfaction, as well as the efficiency and ef-
fectiveness of learning [37]. Some authors argue that
the educational community is interested in establish-
ing personalized learning systems that adapt peda-
gogy, curriculum, and learning environments to meet
students’ needs and preferences [27]. Others support
this claim by noting that a clearly defined concept of
personalized learning still does not exist; instead, it is
used as an umbrella term for educational strategies
that aim to address the individual abilities, knowl-
edge, and needs of each learner [35].

Personalized learning is an educational strategy
that adapts instruction to learners’ interests, abili-
ties, or needs and usually implies that learners have a
certain degree of voice and choice (i.e., autonomy) in
that adaptation. Schools, universities, and corporate
environments today possess the technological capac-

ity to personalize learning according to the unique
needs of each learner. Technology provides numer-
ous options for students and educators to explore
new approaches to personalized learning.

Certain authors have proposed a framework for
conceptualizing the dimensions of personalized
learning in practice [28]. They suggested that per-
sonalization of instruction can be achieved by adapt-
ing the time, place, pace, and/or path of learning.
Other authors have added a fifth dimension to this
framework - learning goals [10]. Shemshack [4] and
colleagues suggested that a unique, evolutionary ap-
proach to personalized learning should encompass
four main components: learner profiles, prior learner
knowledge, personalized learning pathways, and
flexible, self-paced learning environments formed
based on dynamic learning analytics. Learning en-
vironments that incorporate these various dimen-
sions and components can empower learners to take
responsibility for their own learning and strengthen
their confidence in achieving learning success.

Research that relies on deconstructions of the
concept of personalized learning explains that, al-
though various definitions of personalized learning
describe the adaptation of instruction based on stu-
dents’ background, needs, abilities, or interests, de-
scriptions of personalized learning should include
the following:

(a) what is personalized - learning objectives, as-
sessments, or educational activities;

(b) how it is personalized - through goals, time,
place, pace, and/or learning path;

(c) who or what carries out the personalization -
teacher; learner, or adaptive learning system;

(d) on what basis personalization occurs - perfor-
mance data, activity data, or learner profile data [23].

Other research indicates that further investigation
is needed into the outcomes of personalized learn-
ing initiatives and the expectation that technology
will fulfill its transformative potential in enabling tai-
lored, individualized education [5][24].

Profitability of Platform-Based Business

The continuous evolution of digital platforms has
fundamentally reshaped how creative content is pro-
duced, distributed, and consumed, creating new ave-
nues for creators to monetize their work. Yet, despite
the rapid expansion of the digital content landscape,
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identifying the most effective commercialization
strategies remains a persistent challenge [20].

Monetization has become a central factor in the
success of digital creators, prompting the emergence
of diverse models tailored to the needs of both cre-
ators and audiences [21]. Among the most widely ad-
opted approaches are advertising revenue, brand col-
laborations, subscription-based services, and crowd-
funding [18]. Many creators employ a mix of these in-
come sources simultaneously, utilizing the variety of
tools provided by digital platforms to optimize their
earning potential.

Several authors emphasize that a combination of
audience engagement, consistent content creation,
and platform-specific strategies - such as ad place-
ments, subscription systems, or merchandise sales -
plays a vital role in achieving effective monetization.
Furthermore, creators who diversify their income
streams tend to demonstrate greater financial resil-
ience and long-term sustainability [20].

Despite the surge in online content production,
there remains limited understanding of how sustain-
able these monetization models are over time. While
short-term profitability can be achieved, questions
persist about how creators can establish durable ca-
reers amid continually evolving algorithms, shifting
audience interests, and dynamic market trends [39].

Although the growing body of research explores
content creation and monetization, the determinants
of long-term financial success are still insufficiently
examined [22]. While previous studies have inves-
tigated individual monetization methods, little is
known about how these strategies interact across dif-
ferent platforms [15]. Many creators employ multiple
approaches simultaneously, but the ways in which
these diverse income streams influence overall finan-
cial stability remain underexplored.

Additionally, there is a lack of research examin-
ing how different content types - such as educational,
entertainment, or lifestyle - affect monetization out-
comes [29]. Certain genres may align more effective-
ly with specific monetization models (for instance,
tutorial-based content with subscription services),
but these relationships have yet to be systematically
analyzed. A more nuanced, genre-oriented approach
is needed to determine which content categories
achieve the greatest success across various platforms
[30].

Given the rapid technological advancements shap-
ing digital ecosystems, creators must continuously
adapt to emerging formats and evolving user behav-
iors - factors that significantly influence their ability
to sustain revenue generation [33].

Moreover, academic attention has predominantly
focused on large-scale influencers, while the finan-
cial viability of small and mid-level creators remains
underrepresented in research [40]. The unique chal-
lenges faced by emerging creators - particularly those
lacking institutional backing or resources - are still
poorly understood.

Addressing these knowledge gaps in content
monetization is crucial for both creators and the plat-
forms that host them [11]. By exploring the combined
effects of various monetization mechanisms, creators
can better navigate the complexities of the digital cre-
ative economy [6]. Insights from such studies could
enable the optimization of revenue models and foster
long-term economic sustainability.

Furthermore, a deeper understanding of how con-
tent types and genres perform within different mone-
tization frameworks could help creators design more
targeted, data-driven strategies [34]. This knowledge
would also assist digital platforms in developing fea-
tures that prioritize creators’ long-term growth and
stability, rather than short-term profit maximization.

In today’s digital economy, fueled by the constant
consumption of content, monetization has become
an indispensable component of creative work. For
many, content creation has evolved from a passion
into a viable profession. Consequently, exploring al-
ternative income sources beyond traditional adver-
tising - which, while common, often lacks reliability
and sufficiency - has become essential for achieving
sustainable growth in the creative sector [32].

METHODS AND MATERIALS

This study employs a qualitative research design,
focusing on multifunctional platform-based business
and, accordingly, the various monetization strategies
that content creators can use on digital platforms [16].
The research examines the potential for successfully
monetizing work on the platform and investigates the
factors that influence creators’ financial success [36].
An approach of analysis and synthesis is used for the
projected financial analysis of platform monetization.
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Sample and Instruments

The sample in this study consists of potential plat-
form users - university students from various faculties,
high school students from different schools, as well
as employees and professionals in need of personal-
ized professional development. A purposive sampling
method was employed to assess projected monetiza-
tion success, such as steady revenue from advertising,
sponsorships, or direct user support (Figure 1).
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Figure 1. Target Groups and Strategies of the Innovative Social
Network (Source: Author)

Data collection was conducted using semi-struc-
tured interviews [31]. Interview guides were devel-
oped to cover key areas such as creators’ monetization
strategies, challenges they faced, and financial out-
comes. Additionally, secondary data from various plat-
forms and online articles were analyzed to comple-
ment the primary data gathered through interviews.

RESEARCH RESULTS AND DISCUSSION

The data collected for this study include metrics
of content demand on the projected platform, such as
the exchange of educational and instructional materi-
als, organization of personalized courses, and consul-
tations.

Indicators were projected based on the primary
data collected—semi-structured interviews with re-
spondents from target groups—as well as secondary
data from platforms where advertisements for these
services were posted. Based on the collected data
during the research, the projected values of the ratio
analysis - total investment, expenses, revenues, and
net profit were calculated (Figure 2 and Table 3).

The figure below presents a summary of the main
sources of revenue for each platform.

Figure 2. Projected Investments, Revenues, Expenses, and Net
Profit

Source: Author’s processing of research data

The projected financial values and the factors that
need to be considered to calculate the required indi-
cators are based on revenue from advertising, sub-
scriptions, and microtransactions, with a significant
number of users and interactions contributing to
their earnings.

The data reveals an efficiency coefficient through
the ratio of achieved effects (results) to expended re-
sources, which is greater than 1. This means that the
platform is economically efficient, as each unit of cur-
rency invested generates 1.02 units of revenue.

Table 3. Ratio analysis

Indicator Calculation Value
Efficiency ratio Total Revenue / Total Expenses 1,02

. Accumulation/total investment * 0
Accumulation rate 100% 1,1%
PBP Total investment/cash flow ~ 3,4 years
ROI Net income /investments * 100% 3,71%

An analysis of the accumulation rate of 1.1% indi-
cates thata small portion of the profit generated is not
spent but reinvested into the further development of
the platform. This reinvested amount accounts for
1.1% of the profit set aside for accumulation.

Based on the projected data, the payback period
(PBP) is estimated at 3.4 years, representing the time
required to recover the initial investment through
generated profits or cost savings. This implies that
full monetization of the platform is expected to cover
the initial investment within this period.

The Return on Investment (ROI) calculation,
which assesses the profitability of the investment,
shows a positive ROI of 3.71%. This confirms that the
investment is economically justified (Table 3).
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DiscussION

Monetizing a multi-sided platform for personal-
ized learning presents both a significant challenge
and a major opportunity for the long-term sustain-
ability and advancement of digital education.

Since personalized learning tailors content, pace,
and instructional methods to individual learners, the
platform’s revenue model must be carefully struc-
tured to balance inclusivity, educational quality, and
commercial viability.

Launching a platform designed for innovative social
learning networks offers the following possibilities:

e (Customizable lessons

e Sharing of educational and instructional mate-

rials (e.g., scripts, textbooks)

e Personalized consultations

e Profession-oriented courses

e Technical and IT training

e Integration with B2B models

One potential strategy is the freemium model,
where basic platform functionalities remain free to all
users, while premium features - such as mentor access
or specialized courses - are offered through subscrip-
tion plans. This approach allows broad accessibility
while ensuring steady revenue from committed users.
The freemium concept provides a dual option, enabling
users to either use the free version with standard fea-
tures or upgrade to a paid premium version [19].

Another approach is the B2ZB model, where the
platform partners with educational institutions or
companies to integrate the system into their internal
training and learning programs. In this case, moneti-
zation occurs through contracts, training services, or
tailored content designed for specific client needs.
Numerous studies have explored the impact of the
B2B model on platform content revenue [30].

Additional revenue streams include advertising
and microtransactions, allowing users to purchase
individual lessons, assessments, consultations, or
courses. This model offers increased flexibility and
accessibility, particularly for users with limited bud-
gets who prefer selective payments.

Subscription-based models target end users
directly, providing creators with more stable and di-
versified revenue sources that are less susceptible to
fluctuations in platform algorithms. Many creators
today leverage their loyal audiences by offering exclu-
sive content through subscription services [12].

CONCLUSION

The results of the study, supported by the project-
ed analysis of investments, revenues, and profits (Fig-
ure 2 and Table 1), indicate that monetizing an inno-
vative multi-sided platform for personalized learning
is feasible, though it demands a well-structured and
strategically planned implementation process.

At the outset, adopting a freemium business
model is recommended. Under this approach, essen-
tial platform features - such as the exchange of educa-
tional materials and access to general courses - would
remain free for all users, while advanced services (in-
cluding personalized consultations, mentorship pro-
grams, and specialized courses) would be monetized
through subscriptions and microtransactions. This
dual strategy promotes inclusivity while generating
revenue, a balance particularly valuable in the plat-
form'’s early growth phase when building a broad user
base is a priority.

To maintain consistent income and broaden mar-
ket presence, it is advisable to develop B2B collabo-
rations with educational institutions and corpora-
tions. By integrating the platform into their internal
training and educational systems, these partnerships
can generate contractual revenue streams that en-
hance long-term financial stability and reinforce in-
stitutional cooperation.

Considering the pivotal role of educational con-
tent creators in digital learning ecosystems [2]
[12], implementing a comprehensive incentive and
support system for educators is crucial. This system
should include transparent revenue-sharing frame-
works, increased visibility for high-performing edu-
cators, and access to analytical tools that track and
interpret user engagement. Such initiatives foster
motivation, elevate content quality, and contribute
to the professionalization of the overall digital edu-
cation environment. Moreover, the user experience
must remain central. Investing in an intuitive inter-
face and responsive customer support can increase
retention and reduce barriers to adoption, especially
for users with limited digital skills [35].

Following current trends, leveraging user behav-
ior data is recommended to improve content per-
sonalization. Real-time analysis of user activity can
facilitate the timely delivery of relevant courses and
resources, enhancing the overall value provided to
each user.
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Considering the projected ROI of 3.71% and a pay-
back period of 27 months, which falls within a mod-
erately profitable range, it is advisable to diversify
revenue streams. Combining subscription models,
advertising, microtransactions, and possibly crowd-
funding for new features reduces reliance on a single
source and increases financial resilience.

Ultimately, the successful monetization of a per-
sonalized learning platform relies on aligning the
business model with both educational objectives and
user needs.

The study’s limitations include a restricted sample
size. The research concludes that the future of mon-
etizing creative content lies in developing person-
alized, audience-focused models and integrating
emerging technologies such as artificial intelligence
and blockchain, which should be explored in future
studies. These insights provide valuable guidance for
content creators seeking to optimize monetization
strategies in an evolving digital environment.
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Abstract: This research study focuses on analyzing the functionalities and potential improvements of the Loomen platform,
the most widely used LMS system in Croatian education. The aim of the study was to identify the strengths and weaknesses of
the platform and propose solutions that could enhance user experience and improve pedagogical outcomes. The research was
conducted during a teaching internship at a high school, where hands-on experience with daily system use was gathered, and
through a survey administered to students and teachers. The survey collected both quantitative and qualitative data on usage
frequency, technical difficulties, satisfaction with functionalities, and suggestions for improvement. The results indicate that
students and teachers value the ability to access teaching materials and submit assignments, but they highlight issues with the user
interface, mobile version, and communication tools. Students perceive communication via forums and messaging as outdated and
insufficiently engaging, which reduces interaction in the learning process. Based on the collected data, a list of functionalities and
identified shortcomings was compiled, followed by proposals for improvement: interface redesign, optimization for mobile devices,
introduction of a self-assessment module, and richer multimedia content. The paper concludes by emphasizing that the proposed
measures have the potential to increase student motivation and satisfaction, as well as to improve the quality of distance learning.

Keywords: e-learning, LMS, Loomen, digital education

INTRODUCTION

Education in recent decades has been under-
going the most dynamic changes in its history.
The development of digital technologies, high-speed
internet, mobile devices, and artificial intelligence
has introduced completely new ways of teaching
and learning, pushing the boundaries of the tradi-
tional classroom and paving the way for the concept
of lifelong learning. Today, knowledge is no longer
transmitted exclusively through direct interaction be-
tween students and teachers, but also through digital
platforms and educational systems that enable learn-
ing “anytime and anywhere” [2].

This process of digital transformation in educa-
tion coincides with the development of so-called LMS
(Learning Management System) platforms - informa-
tion systems designed for organizing, managing, and
evaluating learning. LMS systems allow teachers to
create, publish, and monitor educational activities,
while providing students with a centralized environ-
ment for accessing materials, assignments, and feed-
back. According to [2], LMS has become the founda-

tion of modern e-learning, as it provides a unique
meeting point between pedagogy, technology, and
the management of the educational process.

In the Croatian education system, the most
widely used LMS platform is Loomen, developed
and maintained by CARNET. It is based on the open-
source system Moodle, which is globally recognized
as a flexible and adaptable open-source platform.
Loomen was conceived as a national digital edu-
cational tool that enables students and teachers
to easily exchange teaching materials, participate
in online tests, communicate through forums, and
store their learning results. During the COVID-19
pandemic, Loomen, together with Microsoft Teams,
became a key tool for ensuring the continuity of
education in Croatia—from primary and secondary
schools to higher education institutions. This situa-
tion rapidly accelerated the process of digital trans-
formation but also revealed a number of limitations
of the existing digital tools [3].

An analysis conducted during the preparation of
this paper showed that, despite its overall functional-
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ity and widespread use, Loomen does not fully exploit
its pedagogical potential in practice. Although it al-
lows for the digital organization of teaching, the ped-
agogical and motivational components of the system
often remain underdeveloped. The mere availability
of tools does not automatically ensure their effective-
ness— as [6] emphasizes, successful e-learning re-
quires a synergy between technical performance and
pedagogical design, with technology serving educa-
tional goals rather than dictating them.

Experiences of students and teachers gathered
through a survey conducted in a high school setting
further confirm this assumption. The participants
most frequently highlighted several issues: an un-
clear user interface, slow system performance, poor
optimization for mobile devices, and limited possi-
bilities for interactive communication. Students, for
instance, noted that forum communication feels “out-
dated” and that they prefer using external applica-
tions such as WhatsApp or Discord for collaboration.
They also emphasized the need for greater content
diversity—more video lessons, multimedia presenta-
tions, and interactive exercises instead of predomi-
nantly static Word and PowerPoint documents. Such
findings confirm results from other studies suggest-
ing that today’s students, as so-called digital natives,
prefer dynamic, visually engaging, and interactive
content [5].

Teachers, on the other hand, expressed satisfac-
tion with functions that simplify administration and
grading but pointed out that the process of creating
digital materials is too time-consuming, and that the
tools for monitoring student activity and providing
automated feedback are limited. Their comments
indicate a need for a smarter system of tracking and
self-assessment that would allow both students and
teachers a clearer insight into progress and under-
standing of the material.

All of thisindicates that Loomen has reached a crit-
ical stage in its development: it is technically stable
and widely implemented but lacks the elements that
would make it pedagogically more effective and mo-
tivationally engaging. In the context of modern digital
pedagogy—where the emphasis is on active learning,
self-regulation, and collaboration—such aspects are
crucial for the success of digital education [6].

The aim of this paper is to analyze the current
state of Loomen, identify its key strengths and weak-

nesses, and, based on the obtained data and theoreti-
cal framework, propose a model for improving the
platform. The model will cover four main areas:
1. Improving the user interface and navigation
2. Introducing modules for self-assessment and

reflection

3. Integrating multimedia and interactive con-
tent

4. Ensuring technical stability and better mobile
adaptation

The paper does not deal with the technical imple-
mentation of the system but rather provides a ped-
agogical-technological framework that illustrates
how the platform should be designed to support
modern forms of learning. In this sense, Loomen is
viewed as a living system that evolves along with the
needs of its users and digital trends.

In conclusion, this paper starts from the premise
that technology alone does not guarantee quality
learning—it does so only when it serves an educa-
tional purpose. Therefore, improving Loomen does
not merely imply technical modernization but pri-
marily the alignment of technological solutions with
pedagogical goals and the real needs of students and
teachers. In this way, the main objective of the paper
is achieved: to develop a sustainable model of digital
education that is functional, motivating, and centered
on the learner as an active participant.

RESEARCH METODOLOGY

To obtain a comprehensive and objective in-
sight into the functionalities and capabilities of the
Loomen platform, this study applied a combined
methodological approach that includes an analysis
of relevant literature, an evaluation of the system’s
functionalities through practical use of the platform,
a comparative analysis with other LMS solutions, and
the collection of feedback from actual users. Such an
approach enables the integration of quantitative and
qualitative indicators and provides a holistic under-
standing of the system'’s technical, pedagogical, and
user-oriented aspects.

Research Framework and Objectives

The main objective of this research was to identify
the key strengths and weaknesses of the Loomen plat-
form fromthe perspective ofend users — studentsand
teachers — and to propose recommendations for its
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improvementinboth technicaland pedagogical terms.
The specific objectives were:
1. To analyze the existing functionalities of
Loomen and their pedagogical relevance
2. To determine which usability issues most af-
fect learning effectiveness
3. To examine the user experience of students
and teachers
4. To propose a set of improvements aligned
with the theoretical and practical needs of e-
learning
The methodology was designed in accordance
with the recommendations of [2], who distinguishes
three levels of scientific research: theoretical (litera-
ture review), empirical (data collection and analysis),
and applied (implementation of results in the form of
improvement proposals).

Platform Analysis and Experiential Testing

The first stage of the research involved a detailed
examination of the Loomen platform’s functional-
ities. For this purpose, a test user account was cre-
ated with two levels of access — teacher and student
roles — which enabled a comprehensive insight into
the system from both perspectives. The testing pro-
cess covered the following key functions:

1. Creation and distribution of teaching materials
. Design and administration of online tests
. Assignment submission and grading
. Monitoring of student progress
. Communication through forums and internal

messages

Ul o W N

Loomen

Fhra g aa k- S0

6. Integration of external content (images, PDFs,

videos, H5P activities, etc.)

Special attention was given to the clarity of the user
interface, system responsiveness, and mobile adapt-
ability, as these elements have often been identified in
previous studies as key factors influencing user satis-
faction [4]. Figure 1 shows the home page of the test
course created within the subject Informatics.

User Data Collection

Another important segment of the research in-
volved collecting data from actual users — high school
students and teachers. A survey was created using
Google Forms and distributed digitally to ensure ac-
cessibility and respondent anonymity. The survey in-
cluded 80 students and 4 teachers who regularly use
the Loomen platform in their teaching activities.

The questionnaire consisted of 18 questions di-
vided into three sections:

1. Frequency and manner of platform use (e.g.,
how often users access Loomen, from which
devices, and for what purposes),

2. User experience and satisfaction level (evalua-
tion of functionalities such as tests, forums, and
clarity of learning materials),

3. Suggestions and comments for improvement
(open-ended questions).

The responses were analyzed using a combination
of descriptive statistics (expressed in percentages
and frequencies) and thematic analysis for qualita-
tive responses. This approach provided insight not
only into what users do on the platform, but also into

-i- FUE R T— ™

Figure 1- Homepage of the Loomen Course: Informatics
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Figure 2- High School Students Participating in the Survey on the Functionality of Loomen

how they experience it.

Figure 2 shows high school students who partici-
pated in the survey on the use of Loomen.

In addition to collecting user feedback, a compara-
tive analysis was conducted with several other popular
LMS platforms, including Moodle (on which Loomen
is based), Microsoft Teams, and Google Classroom.
The analysis involved a review of their functionalities,
methods of integration with other tools, and the flex-
ibility of adapting to teachers’ needs. This comparison
proved valuable in identifying both the advantages that
Loomen already possesses and the functionalities that
are better implemented in other systems and could
potentially be incorporated into Loomen in the future.

The collected data were then categorized into
three main groups:

e Technical features (system stability, loading

speed, mobile support),

e Pedagogical features (progress tracking, stu-

dent motivation, interactivity), and

e User experience (interface clarity, ease of use,

communication options).

This categorization helped clearly distinguish is-
sues arising from the system'’s technical limitations
from those related to didactic design and content or-
ganization.

Based on the collected and analyzed data, a list
of functionalities currently available in Loomen was

Table 1-Current Functionalities of the Loomen Platform

Functionality

Acoess 10 Teaching Materisls

Assignment Submission

Tists and Quizres

Forum and internal Messagis

Grades and Feedback

Progress Tracking

Drescription

Duadierity Can Ac0kE documients (POE, Waord, PRT) and multimssdia
Ties publshed by teachers.

Enables upleading and pubmitting assignments within specified
daacdlings.

Alcryry thee createon Jnd compliteon of DR snd guizses with
sutomatic grading.

Communication betwien students and teachers through discussion
fonums and private missages.

Previces an everview of grades and teacher commenis for each
EEsignment or test

Drisplays student actity, hsson completion. and task progriess
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Table 2- Identified Weaknesses and Proposed Improvements

ldentitied Weakress

Unclear useer inberface

Citficult legim and cocasional technical e

Cutdated communication tools (forem, messages)

Lasck ol oot i combent

‘Winak mobills werskon

Insutficlent options for self-asoecsmant

Propased Improvemsnt

Fudgign thie inberiade with a focus on simglér nanigation
and @ medne Modelm appearande,

mpreve ystem slabdity arnd enakde taster login, especially
durng pencds of fegh demand.

ritegrate 2 moderm chat module and enable video

COMImnicaton featunss

ncrere the wie of wieo lesons, mleracineg quizzes, and
presentalions.

Erpure full optimization for mobile devices and tablists.

riroduce 3 module for self-check ard content revition

created (Table 1), along with a separate list of short-
comings and potential improvements (Table 2).

Comparative Analysis with Other LMS

Platforms

To place Loomen within a broader context, a com-
parative analysis was conducted with three of the
most widely used LMS solutions:

e Moodle

e Microsoft Teams

¢ (Google Classroom

The analysis included an evaluation of core func-
tionalities, user adaptability, multimedia integration,
and options for tracking student progress. The re-
sults showed that Moodle, as the original platform on
which Loomen is based, offers the greatest flexibility
in configuration, while Teams and Classroom provide
simpler but less customizable systems. This con-
firmed that Loomen has a solid technical foundation,
yet requires modernization of the user experience to
keep up with its competitors.

Although this paper does not describe the techni-
cal implementation of proposed solutions, the recom-
mendations serve as guidelines for further develop-
ment of the platform and may act as a starting point
for future researchers and IT specialists working on
its improvement.

Such a comprehensive methodological approach
ensures that the analysis is not limited to the author’s
subjective impression but is based on a combination
of experiential data, survey results, and comparative
analysis. In this way, the findings gain greater cred-
ibility and can be considered representative of the
broader population of platform users.

Analytical Framework of the Research

All collected data — surveys, testing notes, and
comparative analysis (Table 3) — were classified into
three main categories that constitute the analytical
framework of the research.

This framework made it possible to systematically
distinguish between problems arising from techni-

Table 3- Analytical Framework of the Research

Caligpiny My [lsprmamnibi

Technical Featunes
i et

Pedugogical Fealured

O TR

L apedieiinie (LUK,

Saability, speed, mobile support

Irlinctraty, molneshon, liomrddre

Clarity, irtuatielrd st LOMLratition

Posiporia &l the Anddyidi

o assess the system's relisbiity and
sics bty

5o drliarrrareg ha il wnpact o e

MAOFTING DTS

B waluate L salisfaotion snd
et
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cal limitations and those resulting from insufficient
pedagogical design.

Validation and Limitations of the Research

To ensure credibility, the survey results were com-
pared with available studies on the use of the Moodle
and Loomen platforms within the Croatian educa-
tional context [3]. Although the sample was limited
to one high school, the obtained results provide valu-
able insights into user experience that can be applied
more broadly within the context of secondary educa-
tion.

The main limitations of the research relate to:

¢ the small number of respondents in the teach-

er group,

¢ the potential subjectivity of survey responses,

and

¢ the absence of technical implementation of the

proposed solutions.

Despite these limitations, the combination of em-
pirical data, testing, and comparative analysis makes
this methodology a relevant and reliable basis for for-
mulating recommendations for improving the plat-
form.

The research process and its stages are presented
in Figure 3.

RESULTS AND DANA ANALYSIS

Based on the conducted analysis of the Loomen
platform’s functionalities, as well as the survey car-
ried out among students and teachers, a comprehen-
sive overview of the current state of the system was
obtained. The results are presented in several the-
matic sections covering available functionalities, the
most common issues encountered when using the
platform, frequency of use, and user suggestions for
improvement. Such a presentation provides a holistic
insight not only into the system’s technical capabili-
ties but also into how it is perceived and utilized in
real educational settings.

Currently Available Functionalities
The Loomen platform enables a wide range of ac-

I:IL':l-:||L||:||_.'_ lhe

SUTVEY

Besoarch Tmiplementation

Chbjectives

tivities that support the teaching process and facili-
tate communication between students and teachers.
The most significant among these include:

¢ Access to teaching materials - Teachers can
upload learning content in the form of MS Word
documents, PowerPoint presentations, PDF
files, images, and links to external sources. The
materials are organized by topics and weeks,
which allows easier navigation and systematic
tracking of the curriculum. For students, this
means convenient access to learning materi-
als at any time, without the need for additional
tools or platforms.

e Test creation and administration - The quiz
and test creation feature enables teachers to
design various types of questions, including
multiple choice, true/false, fill-in-the-blank,
matching, and essay questions. The system
automatically grades closed-ended questions,
while open-ended ones are assessed manually,
giving teachers greater flexibility in evaluation.
Students particularly appreciate the immedi-
ate feedback provided after each test, which
encourages revision and self-reflection.

e Assignment submission and grading - Digi-
tal submission of assignments significantly
improves organization and reduces the ad-
ministrative workload for teachers. Students
can submit their work in various formats, and
the system records submission times, ensur-
ing transparency. Teachers can add comments
and suggestions for each submission, fostering
a more effective learning process through con-
structive feedback.

e Communication - Loomen offers a discussion
forum for each course unit, the ability to send
private messages, and post announcements
about upcoming activities. Although these
tools are functional, they tend to be underused
in practice, as students prefer faster and more
modern communication channels. However,
the forum still has potential as a tool for struc-
tured discussions and exchange of ideas, espe-
cially when combined with moderated assign-

ldentification of Fosmulation of

Problems and

Improvement

Weaksness Progosals

Figure 3- Research Flow Diagram
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ments and group projects.

e Student progress tracking - Teachers have
access to students’ activity data, test results,
and the number of visits to course materials.
This information helps identify students who
are struggling or not actively participating, en-
abling early detection of learning difficulties.

e Multimedia integration - The system sup-
ports embedding videos, audio files, external
links, and H5P interactive content, allowing
the creation of more dynamic and engaging
lessons. This makes the learning process more
visually appealing and adaptable to different
learning styles.

Although these functionalities form a solid foun-
dation for conducting online instruction, their usabil-
ity and quality of implementation largely depend on
the teachers’ digital competencies and the school’s
technical infrastructure. Some teachers take ad-
vantage of advanced features, while others use the
platform solely as a repository for teaching materials.
This results in considerable variation in the quality
of user experience among students across different
subjects and teachers.

Frequency of Use and User Satisfaction

The results of the survey conducted among stu-
dents and teachers indicate that Loomen is becoming
an increasingly common tool in the daily educational
process, although its frequency of use still varies sig-
nificantly across subjects and depends largely on the
individual teacher’s approach. In most cases, the plat-
form is used regularly, but it has not yet been fully in-
tegrated as the main learning tool; rather; it primarily
serves as a support to traditional teaching.

Teachers most frequently use Loomen for publish-
ing teaching materials, assignments, and tests, while
communication tools such as forums and messages
are less utilized. Most teachers emphasized that fo-
rums require more time to manage and fail to attract
students who prefer faster, more modern, and visu-
ally dynamic platforms.

User satisfaction reveals two opposing tenden-
cies. On one hand, students highlight the practicality
and organization of Loomen—the fact that they can
access all learning materials in one place and more
easily keep track of their assignments. On the other
hand, users report technical difficulties, particularly

occasional system slowdowns and the limited func-
tionality of the mobile version. A large number of stu-
dents stated that they most often access the platform
via smartphones but that it “sometimes responds
slowly or fails to load all elements correctly.”

These findings indicate the need for further tech-
nical optimization, especially in terms of mobile ac-
cessibility and system stability. At the same time, the
high level of satisfaction with the platform’s basic
functionalities suggests that Loomen already effec-
tively supports digital learning, but certain improve-
ments are required to increase student motivation,
interactivity, and overall platform efficiency.

Identified problems

The results of the survey conducted among stu-
dents and teachers show that Loomen is becoming
an increasingly common tool in everyday educational
practice; however, the frequency of use varies de-
pending on the subject and the teacher’s approach.
According to the collected data, 68% of students use
the platform at least once a week, 24% several times
a week, while only 1% use Loomen on a daily basis.
These results suggest that the platform has not yet
been fully integrated into the teaching process as the
main learning tool, but rather serves primarily as
support to traditional instruction.

Teachers most frequently use Loomen for publish-
ing teaching materials, assignments, and tests, while
communication tools and forums are less commonly
used. In interviews and open-ended survey respons-
es, most teachers emphasized that maintaining the
forum requires additional time and that it fails to
engage students who are accustomed to faster and
more visually appealing platforms.

User satisfaction demonstrates two contrasting
tendencies. On one hand, students expressed strong
satisfaction with the ability to access all learning ma-
terials in one place, noting that Loomen helps them
organize their learning and keep track of assign-
ments. On the other hand, both students and teachers
reported technical difficulties, including occasional
system slowdowns, crashes during peak usage, and
problems when accessing the platform via mobile
devices. More than half of the students (52%) stated
that they most often access Loomen through their
smartphones, but that “pages sometimes do not re-
spond properly or load too slowly”
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Login and authentication

MNavigation between courses
Accessing leaming materials

Taking tests/quizzes
Submitting assignments
Communication with teachers
Forum/discussions

Other
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Which parts of the system are the most difficult to use?
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Figure 4- The most difficult parts of the system for users to use

These findings clearly indicate the need for great-
er focus on mobile optimization and improved sys-
tem stability. At the same time, the level of teacher
satisfaction with the available functionalities shows
that Loomen generally fulfills its intended purpose
but requires further adjustments to enhance student
motivation and the overall efficiency of use.

Suggestions for Improvement
Based on the collected results and user feedback,
several concrete recommendations for improving the
Loomen platform can be identified (Figure 5):
¢ Redesign of the user interface - The platform
layout should be simplified, allowing personal-
ization options (e.g., topic filtering, highlighting
deadlines, visually marking submitted assign-
ments) and improved navigation. This would
enhance clarity and increase student motiva-
tion to use the system.
¢ Enhancement of the mobile version - The
mobile application should be as functional as
the desktop version, with optimized loading
speed, better responsiveness, and improved
screen adaptation. Students noted that such an
upgrade would significantly increase the fre-
quency of platform use.
+ Improved system stability and reliability -

Better server optimization and technical sup-
port during peak loads would reduce user frus-
tration and increase trust in the system.

e Development of a self-assessment module
- Introducing options for quick, anonymous
knowledge checks (mini-quizzes, self-assess-
ment after lessons) would promote indepen-
dent learning and enhance the platform’s peda-
gogical value.

e Greater use of multimedia content - Teach-
ers should be encouraged to integrate inter-
active materials (videos, H5P content, virtual
simulations). Training sessions and workshops
could help strengthen their digital competen-
cies.

e Improved communication tools - Imple-
menting more modern communication fea-
tures, such as group chats, push notifications,
and simplified messaging, would foster greater
collaboration and faster information exchange.

These recommendations show that Loomen al-

ready possesses all the essential technical prereq-
uisites for effective e-learning, but the system still
needs to be further adapted to the habits of today’s
students and the demands of modern education. In-
creasing interactivity, simplicity, and technical stabil-
ity are key steps toward transforming Loomen from
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Figure 5- Suggestions for improving the Loomen platform

a functional platform into a fully integrated digital
learning environment.

Discussion

Analysis of the collected data on the use of the
Loomen platform provided a clearer picture of how
students and teachers perceive this tool and how they
use it in everyday educational practice. Although the
results show that most users regularly use Loomen
and find it useful, the experiences are mixed—tech-
nical reliability and pedagogical effectiveness are not
always perceived in the same way. The platform is
technically functional, but its pedagogical value de-
pends on how it is implemented, the teachers’ digital
literacy, and the students’ motivation.

During my internship at a secondary school, I had
the opportunity toworkas ateacher usingthe Loomen
system, preparing teaching materials and monitor-
ing student activities. This experience allowed me to
view the research results not only through numbers
but also through real classroom situations. [ was able
to observe firsthand the difference between the theo-
retical possibilities of the system and the way it is ac-
tually used in practice.

The greatest advantage of Loomen remains its ac-
cessibility and flexibility. Students can complete as-

signments outside of the classroom, often late in the
evening or on weekends, which is particularly use-
ful for those who learn at their own pace or wish to
make up missed lessons. This flexibility has proven
to be a key motivational factor—students report that
the ability to “learn whenever they want” gives them
a sense of control over their own learning. This con-
firms the view of Garrison and Anderson (2003) that
learner autonomy is a fundamental component of
successful e-learning.

On the other hand, discussions with teachers re-
vealed that technical reliability is one of the biggest
challenges. Teachers often express frustration with
occasional login difficulties, slow page loading, or
system crashes during exam periods. These issues af-
fect not only the technical delivery of lessons but also
the overall perception of the reliability of digital tools.
When the system fails at critical moments, user trust
diminishes, which can reduce teachers’ willingness to
adopt digital innovations.

A particularly interesting observation concerns
the type and format of learning materials. Students
greatly value lessons that include videos, interactive
quizzes, images, and practical examples compared to
traditional text-based documents. During my teach-
ing experience, I noticed that engagement levels were
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significantly higher with multimedia content: stu-
dents responded faster, participated more actively in
discussions, and were more likely to complete their
assignments. These findings confirm [6] principles of
multimedia learning, which suggest that the combi-
nation of text, visuals, and audio enhances cognitive
engagement.

Pedagogical analysis also indicates that Loomen
provides a solid framework for formative assess-
ment, but its potential is not fully utilized. Teachers
rarely use automatic grading and feedback features,
even though these tools can encourage continuous
learning and self-assessment. Introducing modules
for self-evaluation and “mini-tests” without grades
could create a more supportive environment where
students monitor their progress without fear of mak-
ing mistakes. Such features contribute to the develop-
ment of self-regulated learning, which is considered
one of the key goals of digital education according to
modern pedagogical models.

From a technical perspective, it is clear that
Loomen, as Croatia’s implementation of Moodle, has
a strong and stable open-source architecture. How-
ever, technical stability alone is not sufficient without
continuous updates and optimization. In practice,
most issues occur during periods of intensive use
(exam weeks, end of semester), when the system
slows down or becomes temporarily unavailable.
This points to the need for better resource manage-
ment and ongoing technical monitoring, as well as for
strengthening user support to resolve issues more ef-
ficiently.

From a user experience (UX/UI) standpoint, both
students and teachers notice that the interface is not
sufficiently intuitive or modern. Most users describe
Loomen as functional but “outdated” and “overly
complex.” Compared with tools such as Google Class-
room or Microsoft Teams, Loomen appears technical-
ly more complex but less visually accessible. Google
Classroom stands out for its simplicity and clarity,
while Teams provides an integrated environment
with instant notifications and chat. Loomen, while
maintaining its flexibility, could benefit greatly from
adopting a more modern, responsive design with
clear icons, personalization options, and shorter nav-
igation paths to key functions.

The pedagogical effectiveness of the platform also
depends on how teachers design their activities. The

system itself cannot ensure quality learning if it is not
used in a didactically meaningful way. Teachers need
to be familiar with active and constructivist learning
methods, where students are not passive recipients
of information but active participants in the learning
process. In this regard, CARNET, as the system pro-
vider, could develop educational programs to help
teachers fully utilize the potential of Loomen—not
only as a repository for files but as a digital space for
exploration, collaboration, and reflection.

When compared with other LMS solutions such
as Moodle, Microsoft Teams, and Edmodo, Loomen
shares many functionalities but differs in terms of lo-
cal adaptation and accessibility. Teams, for example,
is strongly integrated with the Office suite and en-
ables synchronous communication, while Moodle
(and Loomen) focuses more on asynchronous learn-
ing and detailed progress tracking. Edmodo, on the
other hand, emphasizes simplicity and social interac-
tion but offers less control. This comparison shows
that Loomen occupies a middle ground—it has a
strong structure and control but could benefit from
greater intuitiveness and aesthetic appeal.

Within the context of the Croatian educational
system, Loomen holds additional value because it is
free, nationally supported, and integrated with e-Ma-
tica and e-Dnevnik, which gives it a significant insti-
tutional advantage. However, technological capabili-
ties and pedagogical potential must remain balanced.
If students do not perceive the platform as engaging
and useful, its technical complexity loses its purpose.

As a future teacher and system user, [ believe
that integrating a modern design, ensuring greater
stability, and diversifying teaching materials could
make Loomen more effective. This would not only
improve user satisfaction but also foster higher stu-
dent motivation, better interaction, and more suc-
cessful knowledge acquisition. E-learning would thus
become not merely an emergency alternative but an
equally valuable and desirable method of education
in the digital age.

CONCLUSION

The conducted research provided a comprehen-
sive insight into the current state of the Loomen plat-
form and the experiences of its users. Based on the
collected data, surveys, and personal experience dur-
ing teaching practice, it became clear that Loomen
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has become an indispensable tool in the modern edu-
cational system of the Republic of Croatia, especially
in the context of distance and hybrid learning models.
This confirms the findings of [1], which emphasize
the importance of e-learning and LMS platforms in
increasing access to educational materials and creat-
ing a more inclusive learning environment.

Its core functionalities—access to learning mate-
rials, test creation and administration, and commu-
nication through forums—have been well received
by both students and teachers. The platform largely
fulfills its primary purpose: digitally connecting all
participants in the educational process and ensuring
continuity of teaching regardless of time and place
constraints. This is consistent with [5], who highlight
that the basic functionalities of LMS platforms are the
foundation of pedagogically effective and sustainable
e-learning systems.

However, numerous comments and survey results
indicate that the system still has significant room for
improvement. The main hypothesis of this research—
that improving the user interface increases student
efficiency and satisfaction—was confirmed through
both quantitative data and practical experience. Stu-
dents and teachers almost unanimously emphasize
the need for a simpler, clearer, and more intuitive
interface that allows faster navigation and reduces
frustration during use. This conclusion aligns with
[3], who note that a well-designed interface directly
influences learner motivation, engagement, and au-
tonomy.

In the modern educational context, design is not
merely an aesthetic but also a pedagogical catego-
ry—an intuitive interface encourages activity, while
a complex or outdated one diminishes concentration
and interest.

The secondary hypothesis regarding the impor-
tance of self-assessment modules was also confirmed
by the research results. Students expressed a strong
desire for the ability to independently check their
knowledge, which would allow them to track prog-
ress without the pressure of formal grading. This
would help develop key competencies such as self-
regulation, responsibility, and self-motivation. These
results are consistent with [2], who emphasize the
importance of interactive and self-directed learning
in digital environments. Introducing such modules
would not only increase the pedagogical value of

Loomen but also contribute to a broader goal—the
development of students who take an active role in
their own education.

The third hypothesis, relating to system stability
and mobile optimization, emerged as the most sig-
nificant user demand. A large number of students re-
ported that technical difficulties—such as slow load-
ing, login problems, and poor mobile performance—
significantly hinder their use of the platform. This
supports the conclusions of [3], which underline that
technical reliability and mobile accessibility are key
factors of user experience in any LMS system. In to-
day’s context, where most students use smartphones
as their primary learning device, optimizing the mo-
bile version is no longer optional but essential.

The analysis conducted in this study also showed
that technical solutions, regardless of how advanced
they are, are insufficient without pedagogical under-
standing and user-centered design. An e-learning
system must be designed to foster interaction, col-
laboration, and reflection—three key elements of ef-
fective digital pedagogy. In this sense, Loomen holds
significant potential, but continued development is
needed in three key areas:

¢ Technical stability - system optimization, im-
proved user support, and continuous function-
ality testing.

e Pedagogical innovation - development of
teachers’ digital competencies and encourage-
ment of interactive and multimedia content.

o User experience (UX/UI) - modernization of
the interface, visual clarity, and intuitive navi-
gation.

Implementing the proposed improvements would
have multiple benefits. On one hand, technical bar-
riers would be reduced and teacher efficiency in-
creased, while on the other; students would gain a
more motivating and interactive learning environ-
ment. This would create conditions for deeper un-
derstanding of learning content, the development
of critical thinking, and greater satisfaction with the
learning process.

These conclusions extend beyond Loomen itself to
the broader understanding of digital transformation
in Croatian education. In recent years, especially after
the COVID-19 pandemic, it has become evident that
digital solutions are no longer an addition but an in-
tegral part of the education system. As a national plat-
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form, Loomen symbolizes this shift but also carries a
responsibility—to continue evolving in line with the
needs of new generations of students and teachers.

From a pedagogical perspective, this research
confirms that technology alone does not create learn-
ing—it occurs through meaningfully designed activi-
ties, supportive interfaces, and stimulating environ-
ments. Therefore, future research should focus not
only on the system’s technical development but also
on monitoring the effects of new functionalities on
actual learning outcomes. It is recommended to con-
duct pilot projects that include a modernized inter-
face, enhanced communication tools, and self-assess-
ment modules, accompanied by systematic tracking
of their impact on student motivation and achieve-
ment over time.

Loomen already plays a key role in Croatia’s edu-
cational landscape. Its future development should
be guided by the principles of simplicity, interactiv-
ity, and accessibility, so that the platform becomes
not only a functional tool but also an inspiring digital
environment that motivates students and supports
teachers.

Ultimately, it can be concluded that Loomen is not
merely a technical system but a pedagogical bridge

ABOUT THE AUTHORS

between traditional and digital schooling. If the rec-
ommended improvements are implemented, the
platform could become a model of effective e-learn-
ing—one that goes beyond necessity and establishes
itself as a standard of quality education in the 21st
century.

REFERENCES

[1] Stankovié¢ Z. i Petrovi¢, M. (2016) E-ucenje, Banja Luka:
Panevropski univerzitet Apeiron

[2] Cukusié, M. i Jadrié, M. (2012) E-uenje: koncept i prim-
jena, Zagreb: Skolska knjiga

[3] Hoi¢-Bozi¢, N. i Holenko, M. (2021) Uvod u e-ucenje: obra-
zovni izazovi digitalnog doba, Rijeka: SveuciliSte u Rijeci,
Odjel za informatiku

[4] Zelenika, R. (2000) Metodologija i tehnologija izrade
znanstvenog i strucnog djela, Rijeka: Ekonomski fakultet
Sveucilista u Rijeci.

[5] Bjeki¢, D., Krneta, R, & MiloSevi¢, D. (2010). Digitalno
uCenje i obrazovne tehnologije. Novi Sad: Filozofski
fakultet.

[6] Clark, R. C., & Mayer, R. E. (2016). E-Learning and the Sci-
ence of Instruction (4th ed.). Hoboken: Wiley.

Received: November 4, 2025
Accepted: November 13,2025

Karlo Cukovié-Tkaléec (1991, Koprivnica) graduated from Fran Galovi¢ Gymnasium, where he actively par-
ticipated in field-teaching projects and extracurricular activities, independently producing video recordings and
film editing for school presentations. After completing vocational retraining, he obtained an instructor’s license
and worked for five years as a driving instructor. In 2020, he enrolled at the Pan-European University Apeiron,
where he completed the first cycle of teacher-training studies in informatics in 2023 (180 ECTS), followed by
the first cycle of academic studies in computer science and informatics in 2024 (240 ECTS), graduating with
excellent results; he is currently completing a second-cycle master’s program (300 ECTS). From an early age, he

has been developing strong computer-related skills, which he further enhanced through his studies and profes-

sional practice at the gymnasium by creating teaching materials, presentations, quizzes, and exams, and by working directly with
students. In addition to his work in a driving school, he has held various occasional jobs in production facilities and forest main-
tenance. Since September 2025, he has been employed as a mathematics teacher at Koprivnicki Bregi Elementary School and at
Molve Elementary School.

FOR CITATION

Karlo Cukovié¢ - Tkaléec, Model to improve distance learning system LOOMEN, JITA - Journal of Information Technology and
Applications, Banja Luka, Pan-Europien University APEIRON, Banja Luka, Republika Srpska, Bosna i Hercegovina, JITA 15(2025)2:161-
172, (UDC: 004.738.5:37.018.43), (DOI: 10.7251/JIT2502161T), Volume 15, Number 2, Banja Luka, December (81-176), ISSN 2232-
9625 (print), ISSN 2233-0194 (online), UDC 004

172

Journal of Information Technology and Applications www.jita-au.com












JTA

Journal of Information Technology and Applications
Pan-European University APEIRON Banja Luka
https://www.jita-au.com

jita@apeiron-edu.eu

PUBLISHER: Pan-European University APEIRON, Banja Luka
College of Information Technology Banja Luka, Republic of Srpska, BiH
www.apeiron-uni.eu
Darko Uremovié, Person Responsible for the Publisher
Aleksandra Vidovié¢, PhD, Editor of University Publications

EDITOR-IN-CHIEF

Dalibor P. Drljaca, PhD, Pan-European University APEIRON Banja Luka
College of Information Technology, Pere Krece 13, Banja Luka, RS, BiH
E-mail: dalibor.p.drljaca@apeiron-edu.eu

MANAGING EDITOR

SiniSa Tomi¢, PhD, Pan-European University APEIRON, BiH
E-mail: sinisa.m.tomic@apeiron-edu.eu

HONORARY BOARD

Gordana Radi¢, PhD, Pan-European University APEIRON, BiH
E-mail: gordana.s.radic@apeiron-edu.eu

Dusan Starcevi¢, PhD, University of Belgrade, Serbia
E-mail: starcev@fon.bg.ac.rs

TECHNICAL SECRETARY

Aleksandra Vidovié, PhD, Pan-European University APEIRON, BiH

INTERNATIONAL BOARD MEMBERS

Goran Stojanovié, PhD, University of Novi Sad, Serbia

Vlado Deli¢, PhD, University of Novi Sad, Serbia

Neboj$a Bojovi¢, PhD, University of Belgrade, Serbia

Jovan Filipovié, PhD, University of Belgrade, Serbia

Maja Gaji¢ Kvascev, PhD,Vinca institute of Nuclear sciences, Serbia

Dragutin Kostic, PhD, University of Belgrade, Serbia

Ljubomir Lazi¢, PhD, University UNION Nikola Tesla, Serbia

Bosko Nikoli¢, PhD, University of Belgrade, Serbia

Dragica Radosav, PhD, Univesity of Novi Sad, Serbia

SiniSa Randi¢, PhD, University of Kragujevac, Serbia

Negovan Stamenkovic¢, PhD, University of Pristina, Serbia

Olja Kréadinac,Univerzitet UNION Nikola Tesla, Serbia

Milan Vujanié, PhD, University of Belgrade, Serbia

Milena VujoSevi¢ Jani€i¢, PhD, University of Belgrade, Serbia

Mirko Vujosevic¢, PhD, University of Belgrade, Serbia

Damir Zaborski, PhD, High Railway School - Vocational Studies, Belgrade, Serbia

Milenko Gabarkapa, PhD, Adriatic Univesity, Montenegro

Natasa Gospié, PhD, Adriatic University, Montenegro

Milan Markovié, PhD, University Donja Gorica, Montenegro

Kristina Jakimovska, PhD, Cyril and Methodius University in Skopje, N. Macedonia

Gjorgji Jovancevski, PhD, University American College Skopje, N.Macedonia

Patricio Buli¢, PhD, University of Ljubljana, Slovenia

Leonid A.Baranov, PhD, Russian University of Transport, Russia

Petr F. Bestemyanov, PhD, , Russia

Pavel A. Butyrin, PhD,National Research University "MEI", Russia

Yuri M. Inkov, PhD, Russian University of Transport, Russia

Viadimir N. Malish, PhD, Lipecky Gosudarstvenny Pedagogichesky Univerzitet,
Russia

Svetlana A. Kolobova, PhD, NizegorodskiyGPU, Nizniy Novgorod, Russia

Efim N. Rozenberg, PhD, Research Institute in Railway Transport, Russia

Valery T. Domansky, PhD, Kharkiv National Technical University, Ukraine

Dmytro Kozachenko, PhD, Dnipropetrovsk National University of Railway
Transport, Ukraine

Valeriy Kuznetsov, PhD, Dnipropetrovsk National University of Railway Transport,
Ukraine

Olexandr M. Pshinko, PhD,Dnipropetrovsk National University of Railway
Transport, Ukraine

Hristo Hristov, PhD,University of Transport “T.Kableshkov”, Bulgaria

Mariya Hristova, PhD, University of Transport “T.Kableshkov”, Bulgaria

Jelena Misic¢, PhD, Ryerson University, Toronto, Canada

Vojislav B. Misi¢, PhD, Ryerson University, Toronto, Canada

Ouajdi Corbaa, PhD, Univesity of Sousse, Tunisia

Ahmed Maalel, PhD, Univesity of Sousse, Tunisia

Viadimir Goldenberg, PhD, University of Applied Sciences, Augsburg, Germany

Eva Kovesne Gilicze, PhD, Budapest University of Technology and Economics,
Hungary

Sanja Bauk, PhD, Durban University of Technology, South Africa

Maja Boki¢, PhD, Spin on, Barcelona, Spain

Dimitris Kanellopoulos, PhD, University of Patras, Greece

Wang Bo, PhD, Ningbo University of Technology, China

Emil Jovanov, PhD,University of Alabama in Huntsville, USA

Milan Janié, PhD, Delft University of Technology, The Netherlands

Zdenek Votruba, PhD, Czech Technical University in Prague, Czech Republic

Makhamadjan Mirakhmedov, PhD, Tashkent Institute of Railway Engineers,
Uzbekistan

Nazila Rahimova, PhD, Azerbaijan State Oil and Industry University, Azerbaijan

Gabriela Mogos, PhD, Xi’an Jiaotong-Liverpool University, China

DOMESTIC BOARD MEMBERS

Zdenka Bahi¢, PhD, University of Banja Luka, BiH

Ratko Buri¢i¢, PhD, University of East Sarajevo, BiH

Gordana Jotanovi¢, PhD,University of East Sarajevo, BiH

Esad Jakupovi¢, PhD, Academy of Sciences and Arts of the Republic of Srpska,
BiH

Branko Latinovi¢, PhD, Pan-European University APEIRON, BiH

Goran Bukanovié¢, PhD, Pan-European University APEIRON, BiH

Nedim Smailovi¢, PhD, Pan-European University APEIRON, BiH

Zeljko Stankovié, PhD, Pan-European University APEIRON, BiH

Tijana Tali¢, PhD, Pan-European University APEIRON, BiH

Drazen Marinkovié, PhD, Pan-European University APEIRON, BiH

Dragutin Jovanovi¢, PhD, Pan-European University APEIRON, BiH

Milan Tesié, PhD, Pan-European University APEIRON, BiH

EDITORIAL COUNCIL
SiniSa Aleksi¢, PhD, Director, Pan-European University APEIRON, BiH
Sanel Jakupovié¢, PhD, Rector, Pan-European University APEIRON, BiH

TECHNICAL STAFF
Aleksa Marceta, WEB presentation

EDITOR ASSISTANTS
Sretko Boji¢, Pan-European University APEIRON, BiH
Marko Milovanovi¢, Pan-European University APEIRON, BiH

ISEN 2232-9k25

LI

Tegie

L2005




