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Focusing
CTO1 - Al and Data Science Synergy

This track explores the symbiotic relationship between artificial intelligence and data
science, aiming to unlock new frontiers in intelligent decision-making and knowledge
discovery. Topics uncover interdisciplinary approaches, novel algorithms, and innovative
applications that harness the power of data-driven insights to advance Al capabilities, paving
the way for transformative innovations across various domains.

CTO02 - Future of Information Systems and Security

This track explores the evolving landscape of digital technologies and the imperative
of safeguarding information assets. Topics of this track uncover emerging trends, novel
strategies, and cutting-edge technologies aimed at addressing cybersecurity challenges,
ensuring data privacy, and fostering resilience against evolving cyber threats in the digital age.

CTO03 - Smart Living and Communication

This track encompasses the convergence of technology and lifestyle to enhance quality
of life and connectivity. Topics include advancements in the internet of things (loT),
communication systems, and smart infrastructure, aiming to foster sustainable urban
development, efficient resource management, and seamless connectivity for a smarter and more
interconnected world.

ETO1 - Power and Energy

This track focuses on advancing sustainable energy solutions and efficient
communication networks. Topics of this track uncover innovations in power generation,
distribution, and management, alongside developments in communication technologies,
aiming to address global energy challenges and enhance connectivity for economic and societal
development.

ETO02 - Automation and Manufacturing

This track explores cutting-edge technologies and methodologies revolutionizing
industrial processes. Topics include advancements in automation, robotics, and digital
manufacturing, aiming to enhance productivity, efficiency, and sustainability across diverse
industrial sectors, thereby shaping the future of manufacturing and industrial operations.

ETO3 - Civil, Construction, and Architectural Design

This track explores innovative approaches and technologies driving advancements in
infrastructure and built environments. Topics of this track include sustainable construction
practices, resilient design strategies, and novel architectural concepts, aiming to address
contemporary challenges and shape the future of urban development with a focus on
functionality, aesthetics, and environmental stewardship.



MTO1 - Business Economics, Financial Management and Accounting

This track is designed for scholars interested in the rigorous analysis of decision-
making within firms and financial institutions, as well as the broader economic forces shaping
these decisions. It bridges theoretical and empirical approaches across business economics,
financial management, and accounting, with a focus on the interplay between firm behaviour,
capital markets, and financial reporting.

MT 02 - Management, Operational Excellence and Legal Compliance

This track offers a research-driven exploration of the strategic, operational, and
regulatory dimensions of organizational performance. It emphasizes the integration of
management theory with the pursuit of operational excellence and adherence to legal and
ethical standards.

MTO03 - Marketing, Tourism, Education and Media

This interdisciplinary track explores the dynamic intersections of consumer behavior,
cultural engagement, knowledge dissemination, and communication in both digital and
physical spaces. It brings together research in marketing strategy, tourism studies, educational
innovation, and media theory to examine how value is created, experiences are shaped, and
information is transmitted across diverse sectors.

STO1 - Food, Agriculture, and Environmental Science

This track delves into interdisciplinary solutions for sustainable food production and
environmental conservation. Topics include innovations in agricultural technologies, food
security initiatives, and environmental management strategies, aiming to address global
challenges such as climate change, biodiversity loss, and food insecurity while promoting
resilient and equitable agricultural systems.

STO02 - Biomedical Advances

This track focuses on groundbreaking discoveries and innovations in healthcare and
medical sciences. Topics uncover cutting-edge developments in biotechnology, medical
devices, and therapeutic interventions, aiming to accelerate progress toward improved
diagnosis, treatment, and prevention of diseases, ultimately advancing human health and well-
being on a global scale.

STO03 - Advanced Materials

This track delves into the forefront of materials science, exploring novel materials with
unparalleled properties and functionalities. Topics include advancements in nanotechnology,
biomaterials, and smart materials, aiming to drive innovation in various industries, from
electronics and energy to healthcare and aerospace, thus paving the way for transformative
applications and technological breakthroughs.
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PREFACE

On behalf of the Organizing Committee of the 2™
International  Conference on  Transformative
Applied Research (ICTAR) 2025, it is our great
pleasure to welcome all the authors and delegates to
this pioneering event hosted by the Research
Council of NSBM Green University, Sri Lanka. This
conference is a culmination of international
collaboration and academic excellence, dedicated to
addressing pressing global challenges through
applied research and innovation.

Under the theme of “The Next Era: Breakthrough
Research in a Changing World”, the conference
provides a dynamic platform for academics,
researchers, and professionals to present and
exchange their ideas, and discuss cutting-edge
research that spans a wide range of disciplines to
reshape communities and industries. Over the course
of the event, we aim to foster meaningful dialogue,
inspire innovative collaborations, and cultivate an
environment where new knowledge can flourish.

The papers included in these proceedings underwent
a rigorous double-blind review process, ensuring
that the contribution reflect the highest standards of
scholarship and innovation.

We extend our heartfelt gratitude to our chief guest,
keynote speakers, panelists, and participants whose
insights and experiences have greatly enriched our
discussions. We also wish to acknowledge the
tireless efforts of the organizing committee, the
reviewers, and the volunteers who made this
conference a success. We are confident that the
research shared here will inspire new ideas and
collaborations that will pave the way for a more
sustainable and innovative future.

We wish all participants a stimulating and rewarding
conference experience.

The Conference Organizing Committee
ICTAR 2025




MESSAGE FROM VICE-CHANCELLOR

PROF. E. A. WEERASINGHE
VICE-CHANCELLOR
NSBM GREEN UNIVERSITY, HOMAGAMA, SRI LANKA

It gives me great pleasure to extend my warmest greetings to all
participants of the International Conference on Transformative Applied
Research (ICTAR 2025), organised by the Research Council of NSBM Green University. Building
upon the tremendous success of its inaugural edition, ICTAR returns this year as a truly global forum
dedicated to advancing the frontiers of applied research, innovation, and collaboration.

In this era of accelerating change in dynamic technological evolution, shifting global priorities, and
complex societal challenges, research stands as the guiding force that shapes a better tomorrow. The
theme of ICTAR 2025, “The Next Era: Breakthrough Research in a Changing World”, aptly reflects
the spirit of discovery and adaptability that today’s world demands. It calls upon the research
community to pioneer new approaches, transcend disciplinary boundaries, and drive transformative
impact through innovation and applied inquiry.

At NSBM Green University, we remain deeply committed to fostering a vibrant research culture that
integrates knowledge creation, practice, and purpose. ICTAR serves as a flagship initiative in this
mission, bridging academia and industry, theory and application, vision and reality. Through this
platform, we aim to stimulate dialogue, encourage interdisciplinary partnerships, and catalyse research
that contributes meaningfully to economic growth, technological advancement, and sustainable
development.

| take this opportunity to express my sincere appreciation to the Research Council and the Organising
Committee of ICTAR 2025 for their remarkable dedication and commitment in bringing this significant
event to life once again. My heartfelt gratitude also goes to all participating scholars, researchers, and
delegates, whose contributions make ICTAR a dynamic and intellectually enriching experience.

As we embark on this next chapter of transformative research, |1 hope ICTAR 2025 inspires lasting

collaborations, ignites groundbreaking ideas, and shapes the next era of knowledge and innovation-
towards building a smarter, more resilient, and sustainable world.
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MESSAGE FROM DEPUTY VICE-CHANCELLOR

PROF. CHAMINDA RATHNAYAKE
DEPUTY VICE-CHANCELLOR
NSBM GREEN UNIVERSITY, HOMAGAMA, SRI LANKA

It is with immense pride and pleasure that | extend my heartfelt greetings
to all distinguished participants of the International Conference on Transformative Applied Research
(ICTAR 2025), organized by the Research Council of NSBM Green University. As ICTAR enters its
second edition, it stands as a testament to NSBM’s unwavering dedication to advancing applied research
and fostering innovation with real-world impact.

The theme of this year’s conference, “The Next Era: Breakthrough Research in a Changing World”, is
both timely and thought-provoking. It reminds us that the world we inhabit is rapidly evolving. Within
this dynamic context, the role of research becomes ever more critical in generating solutions that are
not only innovative but also sustainable and inclusive.

ICTAR 2025 stands as a testament to NSBM’s steadfast commitment to fostering a culture of research
excellence and academic inquiry. By bringing together leading scholars, practitioners, and industry
experts from around the world, this conference provides a unique platform for dialogue, discovery, and
collaboration. It encourages the exchange of ideas that transcend conventional boundaries, empowering
researchers to contribute meaningfully to the advancement of knowledge and the betterment of society.

I extend my deepest appreciation to the Organising Committee for their tireless efforts in curating this
exceptional event and to all participants for their invaluable contributions. It is through your shared
passion and intellectual engagement that ICTAR continues to grow in stature and impact.

As we celebrate this second chapter of ICTAR, | am confident that the insights, networks, and

innovations emerging from this gathering will pave the way for transformative outcomes in academia,
industry, and beyond. | wish all delegates a fruitful and inspiring conference experience.
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MESSAGE FROM THE HEAD OF ACADEMIC
DEVELOPMENT AND QUALITY ASSURANCE

PROF. BARATHA DODANKOTUWA

CHIEF ADVISOR, ICTAR 2025

HEAD OF ACADEMIC DEVELOPMENT AND QUALITY ASSURANCE
NSBM GREEN UNIVERSITY, HOMAGAMA, SRI LANKA

It gives me great pleasure to extend my warmest greetings to the
International Conference on Transformative Applied Research
(ICTAR 2025), organised by the Research Council of NSBM Green University. As NSBM continues
to champion excellence in higher education and research, ICTAR stands as a symbol of our enduring
commitment to academic advancement and global collaboration.

ICTAR 2025 embodies the essence of forward-thinking research, which provides an invaluable
platform for researchers, professionals, and innovators from diverse disciplines to share their work,
exchange insights, and contribute to the global dialogue on transformative, applied research. The theme
of “The Next Era: Breakthrough Research in a Changing World” resonates deeply with NSBM’s
mission of fostering knowledge that not only addresses contemporary challenges but also shapes the
future of humanity through sustainable innovation.

At the heart of academic development and quality assurance lies the pursuit of continuous improvement,
integrity, and excellence. ICTAR exemplifies these principles by promoting scholarly inquiry that
upholds the highest academic standards while encouraging creativity, critical thinking, and
interdisciplinary collaboration.

I wish to express my sincere appreciation to the Research Council, the Organising Committee, and all
contributors for their exceptional dedication to making this conference a success. To all presenters and
participants, | extend my best wishes for a productive and inspiring conference that will lead to new
ideas, collaborations, and innovations for the betterment of society.

May ICTAR 2025 continue to illuminate the path toward a future enriched by transformative knowledge
and enduring academic excellence.
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MESSAGE FROM THE CONFERENCE CHAIR

DR. DAMAYANTHI DAHANAYAKE
CONFERENCE CHAIR, ICTAR 2025
NSBM GREEN UNIVERSITY, HOMAGAMA, SRI LANKA

It is with great enthusiasm that | welcome you to the 2nd International
Conference on Transformative Applied Research (ICTAR) 2025, hosted by the Research Council of
NSBM Green University, Sri Lanka. This event marks a significant milestone in our university's
academic calendar, focusing on international collaboration and innovation under the theme "The Next
Era: Breakthrough Research in a Changing World”.

We are excited to showcase a diverse array of articles submitted by both local and international
researchers. Following a rigorous double-blind review process, we look forward to presenting the best
works, which will be published in Taylor and Francis. This process highlights the hard work of our
national and international reviewers, ensuring the high standard of the conference proceedings.

As the conference chair, | am honored to lead this conference, bringing together esteemed academics
and forward-thinkers from around the world. | extend my heartfelt gratitude to our leadership team,
including the Vice-Chancellor, Deputy Vice-Chancellor, Head of Academic Development and Quality
Assurance, Deans of the faculties, Conference Editor -in-Chief, and Associate Editor, for their
unwavering support. | also extend my heartfelt gratitude to our chief guest, keynote speaker, the
organizing committee, and everyone involved in making this event a success. A special thanks to our
reviewers, and co-chairs for their meticulous efforts in ensuring the quality of the review process.

I extend my gratitude to all participants for contributing to the success of ICTAR 2025. | hope you find
the sessions insightful and enriching, and that the connections you build here inspire new collaborations
and innovations. Together, let us move toward a more sustainable and impactful future in applied
research.



MESSAGE FROM THE EDITOR-IN-CHIEF

DR. BHAGYA DEEPACHANDI
EDITOR-IN-CHIEF, ICTAR 2025
NSBM GREEN UNIVERSITY, HOMAGAMA, SRI LANKA

It is a privilege to introduce the top-selected proceedings of the 2™
International Conference on Transformative Applied Research (ICTAR 2025) conducted by NSBM
Green University, Sri Lanka. This issue brings together the diverse and insightful research contributions
reflecting the collaborative spirit and academic rigor that define our scholarly community.

ICTAR created an energetic space for researchers, academics, and students to exchange ideas, showcase
innovations, and discuss breakthrough research in computing, engineering, science and management.
ICTAR 2025 received a total of 175 paper submissions across 12 tracks based on above fields. The
papers included in this proceeding have undergone a rigorous double-blind review process to ensure
quality and relevance, and they represent the rich spectrum of research on above subject areas. The top
papers have been selected for publication by Taylor and Francis, a hallmark of our continued
commitment to academic excellence. Through this meticulous blind review process, we honor the
invaluable contributions of our national and international reviewers, ensuring the scholarly integrity and
excellence of the conference proceedings.

It is my honor, as Editor-in-Chief, to lead this conference, uniting distinguished scholars and visionary
minds across the world. On behalf of the Editorial Board, | extend my sincere gratitude to our leadership
team, including the Vice-Chancellor, Deputy Vice-Chancellor, Head of Academic Development and
Quality Assurance, Head of Research Council, Deans of the faculties, and all other members of the
Conference Organizing Committee for their unwavering support in successfully conducting the
conference. A special thanks to our esteemed reviewers and Editorial Committee for their meticulous
efforts in ensuring the quality of the review process.

We hope that this proceeding will serve as a lasting record of the ideas and findings which will inspire
further research, collaboration, and innovation in the respective fields.
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MESSAGE FROM THE CHIEF GUEST

Prof. Helen Lloyd
Professor of Applied Social and Cultural
Psychology,

Associate Head of School
(Internationalisation),

School of Psychology, Faculty of Health,
University of Plymouth, United Kingdom

The Most Powerful Health Innovation is Human

Health systems across many countries are increasingly oriented toward community-based and
integrated models of care, yet the outcomes of community health innovations remain uneven
and often disappointing. This keynote argues that a central reason for this gap lies not in
technical or methodological shortcomings, but in a persistent failure to recognize and evaluate
human relationships as the primary mechanisms through which community health support
operates. The vision outlined in this speech advances relational innovation as a core scientific
frontier in community health, positioning human relationships not as contextual background
but as the primary causal mechanism through which community-based health interventions
achieve. Drawing on person-centred care, social determinants of health, and systems
perspectives, this keynote reframes innovation in community health as fundamentally
relational rather than procedural or technological. It examines how trust, reciprocity, shared
decision-making, and continuity function as causal drivers of health and wellbeing, while also
acknowledging the risks of exclusion, power imbalance, and harm within communities. This
presentation introduces relational innovation as a research and practice agenda, highlighting
the need for methodologically pluralist approaches capable of capturing relational processes
and context-sensitive outcomes. By challenging dominant assumptions about scalability,
efficiency, and evidence, the keynote invites researchers, educators, and policymakers to
reconsider how community health innovations are designed, evaluated, and funded, and to align
future efforts more closely with the relational realities that underpin sustainable and equitable
health outcomes impact.
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MESSAGE FROM THE KEYNOTE SPEAKER

Prof. Ajith De Alwis
Senior Professor/Head,
Department of Chemical and
Process Engineering,
University of Moratuwa, Sri Lanka

Ensure Research into Impact

Research is the lifeblood of a knowledge economy. Research is search of the unknown and
that pursuit can go in any direction. A pursuit followed with purpose can mean significant
outputs. These outputs have value if one has taken the domain of research suitably and with
thinking. You are having a conference, and this means a meeting of minds. The outputs of
some of these pursuits are presented to a group of peers and students who may have the same
intentions for the future. Francis Bacon who came up with the Scientific Method had the
statement that Conferences makes a full man! - Bacons comment that ‘reading maketh a full
man, conference a ready man, and writing an exact man’ is to be seriously looked at today in
education and in practice, where we appear to falter at every step of the way due to not being
full, ready or exact!

It is important that findings are presented and discussed and conferences provide the essential
stage for that interaction. The research to be presented must go to the outside as due to the
absence of decision makers and members of the planning community you are addressing the
converted. Hence the results and the thought process must extend beyond the conference
sessions and this physical location and that is the responsibility of the faculty. It is in that final
process that research has the potential to have an impact.
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Abstract—This research investigates the modeling of foot
traffic in Colombo, Sri Lanka, during peak hours as part of a
smart city planning initiative. Using OpenStreetMap (OSM)
data, we create a 2D map of Colombo and simulate pedestrian
movement behaviors under peak and off-peak conditions. The
study applies machine learning techniques, specifically Random
Forest Regressor, to predict crowd densities and visualize these
predictions through various graphical representations. The
model's results offer valuable insights into pedestrian dynamics,
assisting city planners in optimizing urban infrastructure for
enhanced mobility and safety in Colombo’s peak-hour context.
The development was done with Python libraries & tools such
as OSM, Pygame, scikit-learn, Matplotlib, Seaborn, etc.

Keywords—Smart City Planning, Foot Traffic Simulation,
Machine Learning, Agent-Based Modeling, Colombo City
Modeling

INTRODUCTION

As cities around the world continue to experience rapid
urbanization, the need for effective management of pedestrian
movement has become increasingly important. Managing foot
traffic during peak hours is crucial for ensuring smooth
mobility and reducing congestion. In densely populated cities
like Colombo, Sri Lanka, the challenge of maintaining
efficient pedestrian flow becomes even more pronounced, as
limited infrastructure and high population density exacerbate
the issue.

Sri Lanka, with its rapid urban growth, particularly in
Colombo, faces these challenges of pedestrian mobility during
peak hours. With an estimated population of over 2 million,
Colombo's crowded urban streets often experience severe
congestion during rush hours. This makes it essential to have
a dynamic model that accounts for both the pedestrian
movement and the urban infrastructure, contributing directly
to smart city initiatives aimed at improving urban mobility.

Smart city initiatives aim to address these challenges by
integrating technologies such as machine learning, big data,
and simulation models to optimize urban mobility and
improve the quality of life for city residents. These
technologies enable urban planners and policymakers to
predict and manage crowd densities in real-time, making it
possible to design better infrastructure and services that cater
to growing populations.

This paper presents a comprehensive approach to modeling
foot traffic in Colombo, specifically during peak hours, using
OpenStreetMap (OSM) data, agent-based simulation
techniques, and machine learning algorithms. By simulating
pedestrian movement patterns and utilizing data-driven
predictions, this study provides insights into how crowd
behavior changes over time, helping to identify areas of
congestion and inform smart city planning decisions. Through

this methodology, the paper aims to contribute to the broader
effort of creating more efficient and sustainable urban
environments in Sri Lanka and other cities facing similar
challenges [1, 2].

RELATED WORK

Most of the research in the field of smart city planning has
traditionally focused on the optimization of vehicular traffic
and the management of urban infrastructure. While these
studies are crucial for improving transportation networks and
reducing traffic congestion, pedestrian modeling is equally
important. The movement of people in urban spaces affects
not only the efficiency of public transportation systems but
also plays a significant role in shaping urban design,
promoting public safety, and ensuring the overall functionality
of city spaces.

Recent advancements in pedestrian modeling have focused on
simulating crowd dynamics and movement patterns using
various techniques. Cellular automata (CA) have been widely
used to model pedestrian flow, as they offer a simple yet
effective method for simulating the local interactions of
individuals within a grid-based environment. These models
have been applied to study pedestrian evacuation scenarios,
crowd dynamics in public spaces, and the impact of different
urban layouts on pedestrian movement. However, CA models
are limited by their reliance on discrete grid-based
environments, which may not always capture the complexity
of real-world urban scenarios.

Agent-based modeling (ABM) has emerged as a more
sophisticated approach to simulating pedestrian behavior.
ABM represents individuals (agents) as autonomous entities
that interact with each other and their environment based on
predefined rules. This method allows for greater flexibility in
capturing the diverse movement behaviors of pedestrians,
such as pathfinding, crowd avoidance, and random walking.
ABM has been used to model pedestrian behavior in various
contexts, including the simulation of foot traffic in public
transportation systems, shopping malls, and urban streets.

In recent years, machine learning techniques, particularly
supervised learning algorithms like decision trees and
regression models, have been increasingly integrated into
pedestrian modeling to predict crowd dynamics and optimize
urban planning. These models utilize data from simulations or
real-world sources, such as OpenStreetMap, to predict future
crowd densities and to recommend measures for managing
pedestrian traffic. The combination of ABM and machine
learning offers significant promise for creating more accurate
and data-driven models that can adapt to dynamic urban
environments.

Overall, while much of the focus has been on vehicular traffic
modeling, the integration of pedestrian dynamics into smart
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city planning has garnered increasing attention. Pedestrian
modeling using agent-based simulations and machine learning
has the potential to enhance the design of urban infrastructure,
improve pedestrian safety, and facilitate more efficient public
transportation systems [1, 3, 4].

METHODOLOGY

This section describes the methodology used to model and
simulate foot traffic in Colombo, Sri Lanka, during peak
hours. The approach combines data collection, agent
movement behavior modeling, and machine learning to
predict crowd densities and understand pedestrian dynamics.

Data Collection

To simulate pedestrian  movement in  Colombo,
OpenStreetMap (OSM) data specific to Colombo city areas
was used as the primary data source. This spatial data provides
detailed geographic features of the city, including road
networks, buildings, and public spaces. The data was accessed
via the MapTiler API, which facilitated the retrieval of
accurate and up-to-date city grid data for modeling purposes
with a focus on urban areas experiencing high foot traffic,
such as transport hubs and shopping districts.

Agent Movement Behavior

The agents in this model represent pedestrians, whose
movement was modeled using two distinct behaviors:
pathfinding and random walking. Pathfinding is employed
when agents navigate towards specific destinations, using
algorithms like A* (A-star) to find the most efficient routes
through the city grid. This behavior is useful for modeling
scenarios where pedestrians are walking to particular
locations, such as public transport stations or shopping areas.

On the other hand, random walk behavior is used to simulate
the natural, unpredictable movement of pedestrians. This
random walk ensures that agents move in a less structured
manner, mimicking everyday pedestrian traffic, such as
people strolling, walking in different directions, or adjusting
their paths in response to other pedestrians.

In this study, peak hour conditions (such as morning and
evening rush hours) were introduced to reflect the increased
density and congestion typically experienced in urban areas
during these times. The simulation incorporates higher agent
densities and variable speeds during these peak times to reflect
the real-world dynamics of overcrowding and slow movement
during rush hour.

Additionally, Pygame was employed to model and visualize
the behavior of the agents in real-time. Pygame, a Python
library commonly used for creating games and simulations,
allows for the creation of dynamic visualizations of pedestrian
movements. The library was used to visually represent the
agents, simulate their interactions, and display the real-time
movement and flow of foot traffic across Colombo's 2D grid
map [5].

Machine Learning Model

To predict future crowd densities, a Random Forest
Regressor was used. This machine learning model was
trained using features derived from the simulation data,
including:

e Grid-based density: The number of agents present
in each grid cell at a given time.

e Agent speed: The speed at which individual agents
move, which is affected by congestion and
pathfinding behavior.

e Movement patterns: The distribution of agent
trajectories, including pathfinding and random
movement behaviors.

The Random Forest Regressor was selected for its ability to
handle large datasets and capture complex relationships
between the input features and predicted crowd densities. The
model was trained on historical data generated from the
simulation, and its performance was evaluated using several
metrics, including:

e R2score: Measures how well the model fits the data
(with a score of 1.0 indicating perfect prediction).

e Mean Absolute Error (MAE): A measure of
prediction accuracy, representing the average
absolute difference between predicted and actual
crowd densities.

e Root Mean Squared Error (RMSE): Measures the
square root of the average squared differences
between predicted and actual values, giving an
indication of model error.

The reported R? score of 1.0 has raised concerns about its
potential overfitting. It is recommended to evaluate the model
using a validation set or baseline results to provide
meaningful comparisons. By integrating simulation data with
machine learning, this methodology provides robust
predictions of pedestrian crowd densities in Colombo,
especially during peak hours, and helps to visualize and
understand the dynamic movement of foot traffic in urban
environments [6].

RESULTS AND DISCUSSION

Model Evaluation

The performance of the model was evaluated based on several
key metrics, demonstrating its high accuracy in predicting
crowd densities within Colombo. The R? score of 1.000
indicates a perfect fit of the model to the data, confirming that
the model is highly effective in capturing the dynamics of foot
traffic in the city. However, the R? score should be re-
evaluated against a baseline model or through cross-validation
to ensure that the model’s performance is not overly
optimistic. Additionally, the Mean Absolute Error (MAE) was
calculated as 0.0029, which indicates that the average
difference between the predicted and actual crowd densities is
minimal. The Root Mean Squared Error (RMSE) was
calculated as 0.3978, providing further validation of the
model’s accuracy by measuring the magnitude of the model's
prediction errors [3].
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Model Evaluation Metrics:
RA2 Score: 1.0000

Mean Absolute Error

(MAE): ©.0029
Root Mean Squared Error (RMSE): ©.3978

Fig. 1. Model Evaluation Metrics
Source: Author

Visualization of Predicted Foot Traffic

To better understand the predictions, various graphs and charts
were used to visualize the simulated foot traffic during peak
hours. These visualizations allow for a deeper understanding
of crowd movement and congestion hotspots across Colombo:

e Line Graph (Predicted Crowd Density Over Time):
This graph tracks the variation in crowd density over
the course of the day, highlighting notable peaks
during rush hours. It illustrates how pedestrian
congestion increases during the morning and evening
peak times.

|
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. |
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Fig. 2. Predicted Crowd Density Over Time (Scaled)
Source: Author
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Fig. 3. Predicted Agent Distribution in the City (Scaled)
Source: Author

e Scatter Plot (Predicted Agent Distribution in the
City): This plot shows the spatial distribution of the
agents across the city grid, highlighting areas with
high foot traffic. High-density zones indicate
potential hotspots for congestion that could hinder
mobility

e Bar Chart (Predicted Average Crowd Density by
Hour): This chart compares the average crowd
density across different hours of the day, with clear

peaks visible during rush hours. It demonstrates how
pedestrian density fluctuates depending on the time
of day.
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Fig. 4. Predicted Average Crowd Density by Hour (Scaled)
Source: Author

Stacked Area Chart (Predicted Crowd Density in
Different Zones): This chart shows the crowd density
in various zones across Colombo, allowing for an
understanding of which areas experience the highest
levels of foot traffic and need more management
during peak hours.

1
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Fig. 5. Predicted Crowd Density in Different Zones (Scaled)
Source: Author

e Histogram (Predicted Distribution of Agent Speeds):
This histogram illustrates the distribution of agent
speeds across the city. Understanding pedestrian
movement speeds is crucial for identifying
bottlenecks and optimizing pedestrian flow during
peak periods.

weskQa®

Fig. 6. Predicted Distribution of Agent Speeds (Scaled)
Source: Author
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e Cluster Map (Predicted Feature Correlation
Heatmap): This heatmap shows the correlation
between various features, such as agent speed and
crowd density. The correlations help to identify
factors that contribute to high-density zones and
provide insights into pedestrian behavior patterns

[4]

Fig. 7. Predicted Feature Correlation Heatmap (Scaled)

Source: Author

Interpretation of Results

The results derived from the model reveal significant
insights into foot traffic patterns in Colombo, particularly
during peak hours. Certain areas of the city, especially those
near major transport hubs, commercial districts, and popular
public spaces, experience significantly higher foot traffic,
which could lead to congestion, delays, and discomfort for
pedestrians. The prediction of crowd density over time helps
identify these hotspots, enabling urban planners and city
officials to proactively manage and mitigate congestion by
introducing measures like optimizing pedestrian pathways,

nEy HQn s

adjusting traffic signals, and improving public transport
frequency.

The model also sheds light on the dynamic nature of
pedestrian movement, with fluctuating speeds and
unpredictable patterns contributing to variations in crowd
densities. By using these insights, Colombo’s smart city
infrastructure can be better equipped to handle large crowds
and ensure safer, more efficient pedestrian mobility.
Furthermore, the simulation helps in understanding how
different interventions, such as the expansion of pedestrian
zones or the introduction of pedestrian-only streets during
peak hours, could alleviate congestion and enhance urban
mobility [7].

CONCLUSION

This study demonstrates the potential of combining agent-
based modeling and machine learning to predict foot traffic in
urban environments, with a specific focus on Colombo city
during peak hours. By simulating pedestrian movement and
analyzing crowd densities during peak hours, the study
provides valuable insights into the dynamics of urban foot
traffic. The model's ability to accurately predict pedestrian
behavior across various times of the day offers urban planners
and policymakers a powerful tool to make data-driven
decisions.

The insights gained from this research can be leveraged to
optimize infrastructure, improve pedestrian mobility, and
enhance urban design in Colombo. By identifying congestion
hotspots and predicting crowd behavior, this model can
inform decisions on the development of pedestrian-friendly
zones, the improvement of public transportation, and the
allocation of resources during peak hours. The research can
also inform future improvements in Colombo’s infrastructure
and serve as a model for similar smart city planning initiatives
across Sri Lanka [8].
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Abstract— Breast cancer is one of the most prevalent and
dangerous diseases impacting women globally, especially in low-
resource nations like Sri Lanka where early detection is often
delayed. This research presents a hybrid breast cancer
classification system that integrates mammogram image
analysis with structured tumor data to improve diagnostic
accuracy. The model architecture consists of two parallel
pipelines: a Convolutional Neural Network (CNN) trained on
preprocessed mammogram images, and Multi-Layer
Perceptron (MLP), a type of Artificial Neural Network (ANN)
trained on patient-specific tumor characteristics such as radius,
texture, and smoothness. After training both models
independently, a hybrid prediction is generated through a late
fusion strategy when both image and clinical data are available.
This modular framework ensures adaptability to varying data
availability in clinical settings. To enhance model performance,
a range of optimization techniques were applied, including data
augmentation, class balancing, transfer learning using the
VGG16 architecture, and class weighting. The CNN model
demonstrated strong diagnostic capability, achieving an area
under the curve (AUC) score of 0.91 and a test accuracy of
84.21%, while the Multi-Layer Perceptron (MLP), a type of
ANN model achieved a classification accuracy of 97.37%. This
study provides a practical, Al-driven solution to support
radiologists and healthcare practitioners in early and reliable
breast cancer detection, with strong potential for
implementation in Sri Lanka’s public health sector.

Keywords— Breast Cancer Detection, Deep Learning, Hybrid
Model, Mammogram Classification, Structured tumor Data,
Healthcare Al, Multimodal Learning

INTRODUCTION

Breast cancer is the most often diagnosed cancer
among women globally and the second most prevalent
malignancy overall, with roughly 2.3 million new cases
recorded each year [1]. In Sri Lanka, breast cancer accounts
for nearly 24% of all newly diagnosed cancers in women,
with around 3000 new cases identified annually. Alarmingly,
about 15 women are diagnosed with breast cancer each day,
and three succumb to the disease, reflecting significant
challenges in early detection and timely intervention. A
national retrospective study revealed that 14% of Sri Lankan
women presented with metastatic breast cancer at diagnosis,
while 18% had locally advanced disease. Despite a 5-year
disease-free survival rate of 71.6% for localized cases, the
rate of breast-conserving surgery remains very low at just 4%,
even among patients with stage | disease [2, 3]. These
statistics underscore the urgent need for improved diagnostic
tools, greater public awareness, and more effective screening

strategies especially in low-resource settings where access to
radiological expertise and diagnostic services is often limited.

Traditional breast cancer diagnosis methods involve
radiologist interpretation of mammogram images, which can
be time-consuming and prone to human error. Furthermore,
stand-alone use of imaging data often neglects the valuable
information embedded in clinical and pathological reports.
With recent advances in machine learning and artificial
intelligence, the potential to automate and enhance diagnostic
accuracy through multimodal data fusion has grown
significantly [4].

This study introduces a hybrid breast cancer
classification framework that combines deep learning-based
image analysis with structured clinical tumor data. The
system aims to improve classification accuracy by integrating
two complementary data modalities: mammogram images
and textual tumor features. Unlike conventional models that
focus solely on one data type, this system leverages both to
offer a more robust and reliable diagnostic tool.

The primary goals of this research are,

1. To develop separate predictive models using image

data and text data.

2. To evaluate the individual performance of each

model.

3. To integrate both models into a final hybrid system

using a late fusion technique.

4. To assess the hybrid model’s sensitivity, specificity,

and practical feasibility.

The proposed system is especially targeted toward
deployment in Sri Lanka’s healthcare settings, where there is
a need for affordable, Al-based screening tools that can
support healthcare providers and help reduce breast cancer
mortality rates.

To complement the technical aspects of this study,
domain-specific knowledge was gathered through a
structured survey and expert interviews to ensure contextual
relevance. The survey was conducted among women aged 30
and above in the Colombo and Kalutara districts of Sri Lanka,
aiming to assess breast cancer awareness, risk factors, and
screening behaviors. In parallel, interviews were conducted
with healthcare professionals at Apeksha Cancer Hospital to
gain clinical insights and validate the model design against
practical diagnostic workflows. These efforts identified
critical knowledge gaps in public awareness and highlighted
diagnostic challenges faced in resource-constrained
healthcare environments. The findings from both the survey
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and expert consultations provided valuable localized features
and informed the clinical applicability of the proposed model.

Previous studies in breast cancer diagnosis have
predominantly focused on single-modality models, such as
CNN-based approaches for mammogram image analysis and
ANN or traditional ML algorithms like SVM and Random
Forest for structured clinical data [5, 6]. While these methods
have shown strong performance individually, they often lack
adaptability to varying clinical scenarios and fail to leverage
complementary insights from multimodal data. Existing
systems are typically expensive, single modality focused and
not tailored for deployment in resource constrained
healthcare environments such as Sri Lanka. Furthermore,
limited work has explored integrating structured tumor
features with imaging data in a unified diagnostic framework.
To address these gaps, this research proposes a hybrid deep
learning model that combines CNN for image-based analysis
and an ANN for structured data, offering flexible diagnostic
modes text only, image only, or hybrid based on available
inputs. In this study, the term ANN specifically refers to a
Multi-Layer Perceptron (MLP) architecture, consisting of
fully connected layers trained for binary classification. This
system not only improves diagnostic accuracy and
adaptability but also enables real-world usability.

This research introduces a unique hybrid deep learning
framework that fuses mammogram images with structured
tumor data through a late-fusion approach. Unlike prior
single-modality studies, this work provides adaptable
diagnostic configurations (image-only, text-only, or hybrid),
making it flexible for wvarying clinical scenarios.
Additionally, the integration of local healthcare insights from
Sri Lanka distinguishes the system, ensuring contextual
relevance and practical applicability in resource-constrained
environments.

MATERIALS AND METHODOLOGY
Materials

This study utilizes two distinct datasets, one structured
text dataset for training an Artificial Neural Network (ANN)
and one medical imaging dataset for training a Convolutional
Neural Network (CNN) to classify breast cancer as benign or
malignant.

The text dataset was obtained from the Breast Cancer
Wisconsin (Diagnostic) dataset on Kaggle [7]. The Text
dataset comprises features extracted from digitized images of
fine needle aspirates (FNA) of breast masses. It includes 569
samples with 30 numerical features describing characteristics
of cell nuclei, such as radius, texture, perimeter, area,
smoothness, compactness, concavity, concave points,
symmetry, and fractal dimension. Malignant (M) or benign
(B) labels are applied to each sample. The dataset is

comprehensive, with no missing values.

Table 1. Sample Data from Breast Cancer Wisconsin (Diagnostic) Data Set

id diagnosis  radius  texture perimeter
_mean _mean _mean
842302 M 17.99 10.38 122.8
842517 M 20.57 17.77 132.9
84300903 M 19.69  21.25 130
84348301 M 1142  20.38 77.58
84358402 M 20.29 14.34 135.1

The image dataset was obtained from the CBIS-DDSM
breast cancer dataset on Kaggle[8]. It includes over 10,000
mammography images in JPEG format with corresponding
pathology labels. The dataset was curated by combining
metadata from multiple CSV files, linking image paths with
diagnostic labels. A subset of 600 images (250 malignant,
350 benign) was selected for this study. The images reflect
diagnostic variation relevant to binary classification tasks in
breast cancer detection.

(b)

(© (d)

Fig. 1. Sample Images from the CBIS-DDSM Mammogram Dataset. (a)
and (b) Malignant Images. (c) and (d) Benign Images

In addition to these public datasets, primary domain
knowledge was collected through field research to
incorporate local healthcare context into model development.
A structured survey was conducted among women aged 30
years and above in Colombo and Kalutara districts, Sri
Lanka. The survey assessed breast cancer awareness,
screening participation, reproductive history, family history,
and lifestyle risk factors relevant to breast cancer
development. Furthermore, expert interviews were conducted
with oncologists and radiologists at Apeksha Cancer
Hospital, Sri Lanka, to gather clinical insights on diagnostic
challenges, existing screening workflows, and potential areas
where automated hybrid models could enhance diagnostic
support in resource-constrained healthcare settings.

The integration of both international datasets and
localized domain knowledge allowed the development of a
hybrid classification model that not only leverages global
medical imaging and clinical data but is also informed by
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population specific risk profiles and clinical realities of breast
cancer detection in Sri Lanka.

Methodology

The methodology is divided into three key phases,
each targeting a distinct component of the classification
system using both textual and image data. This integration
enhances diagnostic reliability and supports early detection.

1. 1st Phase: structured text dataset comprising
tumor features and diagnostic information was utilized for
training various machine learning models. Following a
comprehensive evaluation of their performance, the most
effective model was selected for the text data classification
component.

Four machine learning algorithms were evaluated:

Random Forest Classifier (RF), Logistic Regression (LR),
Multiple Linear Regression (MLR), and an Artificial Neural
Network (ANN) [6]. Model performance was assessed using

accuracy, precision, recall, and F1-score.

The Random Forest Classifier achieved 96.49%
accuracy, with perfect precision (100%) for malignant class
(class 1) but a slightly lower recall (84%). Logistic
Regression achieved 96.49% accuracy, showing balanced
performance across both classes, with a recall of 95% for
malignant cases. Multiple Linear Regression performed
slightly lower at 95.61% accuracy.

Table 2. Performance Comparison of Text-Based Classification Models on
Benign(0) and Malignant(1) Tumor Classes

Model  Accuracy Precision Recall F1-
Score
RF 96.49% 0-91% 0-100% 0-95%
1-100% 1-84% 1-91%
LR 96.49% 0-96% 0-99% 0-97%
1-96% 1-95% 1-96%
MLR 95.61% 0-95% 0-99% 0-97%
1-97% 1-91% 1-94%
ANN 97.37% 0-97% 0-99% 0-98%
1-98% 1-95% 1-96%
The ANN model demonstrated the highest

performance with 97.37% accuracy. The model architecture
consisted of three layers, utilizing ReL U activation for hidden
layers and sigmoid activation for binary output. The ANN
achieved precision of 98% for malignant class and recall of
95%, demonstrating strong overall classification capability.
Minimal overfitting was observed, with training and
validation accuracies closely aligned and a small
generalization gap between training and validation losses.
The ANN model was selected for final deployment
due to its superior accuracy, balanced classification
performance, and ability to capture complex patterns within
the data. The trained ANN model was saved in Keras format.

Modal accuracy
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Fig. 2. Training and Validation Accuracy ANN
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Fig. 3. Training and Validation Loss ANN

2. 2nd Phase: Involved the analysis of
mammography images using deep learning techniques,
specifically Convolutional Neural Networks (CNNs) [4, 9,
10]. This model was trained to identify visual patterns
indicative of benign or malignant tumors.

Due to class imbalance, oversampling was applied
to increase the minority (malignant) class instances using
Scikit-learn’s resample() method, achieving a balanced
dataset. After balancing, the dataset was shuffled to ensure
randomization prior to training. Additional class weighting
was applied during model training using Scikit-learn’s
compute_class_weight() method, assigning weights of 0.89
to benign and 1.14 to malignant classes. This weighting
helped minimize bias toward the majority class and improve
sensitivity for malignant cases.

A custom CNN model was initially developed using
TensorFlow/Keras. The model architecture included three
convolutional layers with filter sizes of 32, 64, and 128,
respectively, each followed by max-pooling layers to reduce
spatial resolution. The output was flattened and passed
through a dense layer with 128 units and ReLU activation,
followed by dropout regularization to prevent overfitting.

The final output layer consisted of a single neuron
with sigmoid activation for binary classification. The model
was compiled using the Adam optimizer and binary cross
entropy loss function. The total amount of trainable
parameters in the model was 11,169,089, enabling the
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network to capture complex visual patterns in mammography
images.

Table 3. Summary of the custom CNN model architecture showing layer
types, output shapes, and parameter counts

Layer (type) Output shape Param #

conv2d_6 (Conv2D) (None, 222, 222, 32) 896
max_pooling2d_6 (MaxPooling2D) (None, 111, 111, 32) 0
con2D_7 (Conv2D) (None, 109, 109, 64) 18,496
max_pooling2d_7 (MaxPooling2D) (None, 54, 54, 64) 0
con2D_8 (Conv2D) (None, 52, 52, 128) 73,856
max_pooling2d_8 (MaxPooling2D) (None, 26, 26, 128)

flatten_4 (Flatten) (None, 86528)

dense_8 (Dense) (None, 128) 11,075,712
dropout_2 (Dropout) (None, 128) 0
dense_9 (Dense) (None, 1) 129

Total params: 11,169,089
Trainable params: 11,169,089
Non-trainable params: 0

To further enhance model generalization, data
augmentation was applied to the training set using Keras'
ImageDataGenerator, incorporating random rotations (up to
20 degrees), width and height shifts, zooming, and horizontal
flips. The validation set was kept augmentation-free to ensure
consistent performance evaluation.

In addition to the custom CNN, transfer learning
was implemented using the pre-trained VGG16 architecture
from ImageNet [4, 7]. The VGG16 model was loaded without
its top classification layers (include_top=False), and the
convolutional base layers were frozen to retain pretrained
features. New fully connected layers were added, including a
flatten layer, a dense layer with 256 Rel.U-activated neurons,
and a final sigmoid-activated dense layer for binary output.
This transfer learning approach leveraged deep feature
representations from large-scale image data to improve
classification performance with limited medical imaging
data.

The final transfer learning model was trained for 10
epochs with a batch size of 32, incorporating class weights
during training to address remaining class imbalance.
Evaluation on the test dataset demonstrated an accuracy of
84.21% with a corresponding loss of 0.4674. The model
achieved an AUC score of 0.91, reflecting strong
discriminatory power between benign and malignant cases.
Confusion matrix analysis showed that the model correctly
classified 24 benign and 22 malignant cases, while
misclassifying 8 benign and 3 malignant cases. The
classification report further indicated high recall for
malignant cases, which is clinically important to minimize
false negatives.

The trained CNN model was saved using Keras in
.keras format, preserving model architecture, weights, and
optimizer state for deployment.
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Fig. 5. Training and Validation Loss CNN

3. 3rd Phase: The system operates under three
possible configurations based on the availability of input
data. Text-based classification only (ANN), Image-based
classification only (CNN), Hybrid classification combining
both ANN and CNN outputs. When both structured data and
imaging data are available, the ANN and CNN models
independently generate classification probabilities. The
output probabilities from both models are then fused using a
weighted averaging strategy to produce a final diagnostic
decision. The weight factors were empirically tuned to
optimize performance and balance the contribution of each
model. This ensemble fusion strategy allows the system to
leverage the high sensitivity of the MLP model on structured
data and the strong feature extraction capability of the CNN
model on imaging data.

This  multi-phase  methodology provides a
systematic and effective framework aimed at improving
breast cancer diagnosis in clinical environments, especially
in resource-constrained settings like Sri Lanka.
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RESULTS AND DISCUSSION

Sample Collection

This study utilized two primary datasets, one
structured text dataset and one mammographic image dataset
to train and evaluate a hybrid breast cancer classification
model.

Structured Text Dataset: The structured dataset was
obtained from the publicly available Wisconsin Diagnostic
Breast Cancer (WDBC) dataset [9]. It includes 569 samples,
each comprising 30 numerical features extracted from fine
needle aspirate (FNA) images of breast cell nuclei. These
attributes indicate measurements such as radius, texture,
perimeter, area, and smoothness. Each sample is labeled as
either benign (B) or malignant (M). Before model training,
data cleaning steps were performed. noninformative columns
such as ID and Unnamed. 32 were removed, and the target
label was encoded into binary format (M = 1, B = 0). The
dataset was then split into training (80%) and testing (20%)
sets. Feature values were standardized using StandardScaler
to normalize the input for optimal neural network
performance.

Statistical tests confirmed the significance of key
features in the structured dataset. A t-test on radius_mean
showed a significant difference between benign and
malignant tumors (t = -25.44, p < 0.001). Pearson correlation
between radius_mean and area_mean was strong (r = 0.9874,
p = 0.0), indicating a high linear relationship. A chi-square
test between diagnosis and symmetry worst_quartile
revealed a strong dependency (x> = 85.06, p < 0.001). These
results validated feature importance for classification.

Mammographic Image Dataset: The image dataset
was obtained from the CBIS-DDSM breast cancer dataset on
Kaggle [8]. It includes over 10,000 mammography images in
JPEG format with corresponding pathology labels. The
dataset was curated by combining metadata from multiple
CSV files, linking image paths with diagnostic labels. A
subset of 600 images (250 malignant, 350 benign) was
selected for this study. The image dataset was organized into
directories based on class labels, and labels were numerically
encoded (benign = 0, malignant = 1) to support binary
classification. For preprocessing, each image was read using
OpenCV, converted from BGR to RGB format, resized to
224x224 pixels, and normalized to the [0, 1] range. The
dataset was then split into training (452), validation (57), and
test (57) sets using stratified sampling to maintain class
balance.

Sample Analysis

The experimental evaluation focused on three
phases corresponding to the hybrid model design: text-based
ANN, image-based CNN, and the integrated hybrid system.

1.Text-Based Classification Results

Four machine learning algorithms were evaluated on
the structured clinical dataset. Among them, the Artificial
Neural Network (ANN) achieved the highest performance.

Table 4. Text-Based Classification (ANN) Results

Metric Value
Accuracy 97.37%
Precision 98% (Malignant class)
Recall 95% (Malignant class)
F1-score 96% (Malignant class)
The ANN model demonstrated  superior

generalization, achieving close alignment between training
and validation accuracies. The minimal generalization error,
low training validation loss gap, and strong recall for
malignant cases indicated that the ANN was effective in
minimizing false negatives, which is critical in medical
diagnostics.

Confusion Matrix
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Actual

- 20

- 10
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Fig. 7. Confusion Matrix ANN
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The confusion matrix demonstrates that the ANN model
correctly classified 70 benign cases and 41 malignant cases.
Misclassifications were minimal, with only 1 benign case
incorrectly predicted as malignant (false positive) and 2
malignant cases predicted as benign (false negatives). This
results in a true negative rate of 98.6% for benign cases and a
true positive rate of 95.3% for malignant cases. In medical
diagnostics, a low false negative rate is especially crucial
since it lowers the possibility of overlooking malignant
tumors, promoting early diagnosis, and enhancing patient
outcomes.

2. Image-Based Classification Results

The image classification CNN model underwent
multiple enhancement stages, including data augmentation,
oversampling, class weighting, and transfer learning using
the pre trained VGG16 model. The final CNN model
achieved these values.

Table 5. Image-Based Classification (CNN) Results

Metric Value
Accuracy 84.21%
AUC 0.91
Macro F1-score 0.81

Receiver Operating Characteristic (ROC) Curve
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Fig. 8. ROC Curve CNN

Receiver Operating Characteristic (ROC) curve for
the CNN model demonstrates the model’s ability to
distinguish between benign and malignant cases across
different classification thresholds. The Area Under the Curve
(AUC) value of 0.91 indicates strong discriminative
performance, showing that the CNN is capable of correctly
identifying malignant tumors with high reliability. A higher
AUC reflects better sensitivity-specificity balance, which is
particularly important in medical diagnostics to minimize
missed cancer cases.

Confusion Matrix
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Fig. 9. Confusion Matrix CNN

The confusion matrix revealed 24 benign and 22
malignant cases correctly classified, with a slightly higher
occurrence of false positives, reflecting a conservative bias
toward minimizing false negatives. This behavior aligns with
clinical priorities where early detection of malignant tumors
is paramount.

3. Hybrid Model Integration Results

The hybrid model combined the outputs of both
ANN and CNN using weighted averaging to generate
comprehensive diagnostic predictions. This fusion approach
leveraged the high sensitivity of the ANN on structured data
and the strong feature extraction capabilities of the CNN on
mammography images. The hybrid system offered improved
diagnostic robustness, particularly in scenarios where both
types of patient data were available, supporting faster and
more accurate clinical decision-making.

FUTURE IMPROVEMENTS

Although the proposed hybrid breast cancer
classification system demonstrates promising results, several
avenues remain for future research and system enhancement.
Future studies may incorporate larger and more diverse
datasets from multiple hospitals and geographic regions to
improve model generalizability and minimize potential
dataset bias. Beyond structured tumor features and
mammography images, additional clinical variables such as
genetic markers, family history, hormonal profiles, lifestyle
risk factors, and biopsy reports can be integrated to further
improve predictive performance through multi-modal data
fusion. To enhance transparency and clinical trust,
explainable Al (XAI) methods such as Gradient Weighted
Class Activation Mapping (Grad-CAM) for CNN
visualization and SHAP analysis for feature importance
interpretation can be applied to make model decision making
more interpretable. Real-time clinical deployment could be
achieved by developing a fully integrated clinical decision
support system (CDSS) that interfaces directly with hospital
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information systems and medical imaging equipment,
allowing seamless integration into clinical workflows.
Furthermore, mobile or cloud-based deployments may serve
as cost effective solutions for rural or under resourced
healthcare environments. Finally, longitudinal clinical trials
and prospective validations involving real-world patient data
would allow rigorous assessment of system performance in
practical diagnostic settings, thereby optimizing its clinical
utility.

CONCLUSION

In this study, a hybrid breast cancer detection system
was developed by integrating both structured clinical data and
medical imaging using machine learning techniques. The
proposed system utilized an Artificial Neural Network
(ANN) for text-based tumor feature classification and a
Convolutional Neural Network (CNN) for image-based
mammography analysis. Publicly available datasets were
combined with localized domain knowledge obtained
through clinical surveys and expert interviews, ensuring that
the system is aligned with the healthcare needs of Sri Lanka.

Experimental results demonstrated that the ANN
model achieved high classification accuracy (97.37%) on
structured data, while the CNN model, enhanced through data
augmentation, transfer learning, and class balancing,
achieved an accuracy of 84.21% with an AUC of 0.91 on
mammography images. The hybrid approach successfully
leveraged the strengths of both models by fusing their
outputs, allowing for comprehensive diagnostic assessments
when both data modalities are available. This fusion strategy
improved the system's ability to detect malignant cases while
minimizing false negatives, which is critical in medical
diagnostics.

The proposed system has the potential to support
healthcare providers in early breast cancer detection,
especially in resource-constrained environments where
access to expert radiologists may be limited. Future work may
focus on expanding the dataset size, incorporating multi-
center clinical data, and further enhancing model
interpretability to support clinical adoption.
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Abstract—This paper performs an exploratory analysis of
the features and usage patterns of electric vehicles (EV), using
data from Washington State EV population and Quickest
Electric Cars Database. The study is based on descriptive
statistics and visualization to analyze the trends in adoption by
model year, change in EV type (BEV vs. PHEV), brand mix and
geographic concentration by counties, legislative districts, and
electric-utility service areas. According to the results of the
Washington registry, a distinct growth in registrations over the
past years and a visible shift toward BEVs in subsequent model
years is recorded. The specification data emphasizes multi-
dimensional trade-offs between acceleration, top speed, range,
efficiency, fast-charging ability, and price and a composite
scoring system is employed to rate the models and brands in
terms of overall performance and practicality. Through these
trends, suggestions are made on the future of emerging markets,
such as Sri Lanka, in terms of the development of corridors with
charging stations, consumer education about achievable range
requirements, and policy packages that give priority to
affordable mid-range BEVs and take grid and infrastructure
limitations into account.

Keywords—electric vehicles, BEV, PHEV, adoption trends,
Sri Lanka

INTRODUCTION

Replacement of fossil-fuel vehicles with electric vehicles
(EVs) has become a major part of the global decarbonization
plans. The world EV market has surpassed USD 356.18
billion in 2022 according to the latest market reports and in
2032, it is expected to achieve USD 1821.49 billion, growing
at a rate of 17.7% per year [1]. This growth is influenced by
emission restrictions, declining battery prices, and the rapid
development of charging stations.

Sri Lanka has also realized that it needs cleaner and more
energy-efficient transportation, but the introduction of EVs is
still at an early stage. The local market is limited to a few
models available, high prices of purchase, insufficient public
charging networks, and lack of awareness. The literature on
local studies is primarily centered around the use and
performance of a small selection of models that are already
on sale in Sri Lanka that offers little empirical findings on the
ability of the large-scale EV adoption patterns of mature
markets to guide domestic policy and purchasing approaches.

Big and publicly accessible EV data of developed markets is
full of valuable data about technical characteristics, usage
trends, space distribution and competition between brands.
Nonetheless, these resources are less often used to extract an
insight into emerging markets. Meanwhile, the existing
literature also noted that various aspects have a powerful
impact on EV adoption in emerging markets: access to high-
quality charging systems, state subsidies, consumer
awareness, and the economic feasibility of ownership.

This paper fills in this knowledge gap by applying two
complementary datasets which are a large-scale EV registry
in the state of Washington and a performance-focused EV
specifications database to define the EV adoption,
performance-efficiency trade-offs, spatial patterns and brand
strategies. The main point is to turn these empirical results
into a set of recommendations to Sri Lanka and other
emerging markets: what kind of EVs can be the most suitable
ones, which infrastructure policies can be implemented, and
what policy packages should be performed.

The paper is organized in the following way. Section Il is an
overview of the critical strands of related work. Section 111
outlines the research method comprising data sources,
preprocessing, parameter tuning, and sample-size
justification. Section IV introduces and explains the key
findings, directly relating them to the existing literature and
making practical conclusions regarding Sri Lanka. Section V
ends with conclusion and research recommendations.

LITERATURE REVIEW

Adoption of EVs has been examined on technological,
behavioral, and policy dimensions. One theme that is
repeated is that of centrality of charging infrastructure.
Accessible and reliable chargers eliminate a range of anxiety
and are a condition to mainstream adoption, especially at
initial stages of market development. According to
behavioral research, range anxiety, perceived usefulness and
pro-environmental attitudes are found to have significant
impact on purchase intention in both developed and South-
Asian contexts [2, 3].

Technically, there is still a need to enhance battery energy
density, charging speed, and charging lifetime. According to
Alanazi [4], development in these aspects is vital to minimize
the perceived trade-off between performance and efficiency,
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and to enable EVs to compete with internal-combustion
performance cars. More recently, Chakraborty and Hegazy
[5] introduced a Reliability-as-a-Service (RaaS) model which
integrates predictive analytics and mobile charging units and
demonstrates extremely high service reliability in pilot
projects. These solutions are especially applicable in cases
where there are sparse charging facilities.

In addition to technical performance, recent research notes
that carbon efficiency, brand perception, and trust are also
relevant to form the EV adoption. Eswaranathan et al. [6]
confirm that the factor of carbon efficiency has a significant
impact on consumer cars, which is why it is necessary to
promote energy-saving EVs instead of focusing on high-
performance models. Moreover, as demonstrated by Liao and
Wu [7], brand related perceptions such as fear of
greenwashing act as a significant moderating factor to EV
purchase intention which implies that clear communication
and plausible sustainability practices are crucial to
influencing consumer confidence in new EV markets.

Spatial and socioeconomic variables are also important. Ji et
al. [8] demonstrate that in China, the registration of EVs is
closely associated with the urbanization rate and median
income, and rural areas are underperforming unless they are
targets of incentive. According to previous research, Asians
tend to be early adopters where early adopters are usually in
urban areas and high-income professionals in the knowledge
economy who live in multi vehicle households and owning
single family homes with private parking areas [8]. These
results imply that EV adoption is inherently beginning in
wealthy urban areas.

The EV market has rapidly developed its industrial structure.
At the beginning of it all, Tesla controlled the sales in most
areas. According to recent studies, traditional automakers are
spreading out their models and growing their specialized EV
portfolios, which helps to diversify the market [9]. Increased
competition and a wider range of models can subsequently
lower costs and enhance consumer choice, which is crucial
for price-sensitive economies like Sri Lanka.

Although this literature has given us insightful information,
our study seeks to address two gaps. First, there are only a
limited number of studies which jointly examine the adoption
of data, technical performance measures, and
spatial/infrastructure  variables with large, real-world
datasets. Second, fewer of them transfer results of mature
markets to concrete advice on emerging economies with
limited infrastructure and high importation tariffs. The
contribution of our work to these gaps is that it integrates big-
scale registry data with specifics of performance
specifications and clearly puts the analysis into the context of
the needs of Sri Lanka.

Recent studies have been undertaken to understand the
contribution of data-driven systems to support vehicle
selection and sustainable mobility decisions. It has suggested
hybrid recommendation systems and review-based decisions
models to help the consumers find vehicles that optimally suit
the performance, efficiency, and financial limitations [10, 11,
12] These strategies indicate the increasing topicality of the
analytics-based decision-support in EV markets and support

the importance of large-scale data analysis systems like the
one embraced in the present study

RESEARCH METHODOLOGY

Research Design

The research takes exploratory quantitative design. All the
analyses were descriptive and exploratory, and no causal
inference had been made. Descriptive statistics, graphical
analytics, and analyses of simple correlation are all used to
identify EV adoption and performance patterns rather than
coming up with predictive models of individual customers.
This is followed by the discussion of the findings of these
analyses in the context of the current literature and in relation
to Sri Lanka to generate practical implications. All results are
observed associations in the datasets as opposed to causal or
predictive associations.

Sources of Data and Justification of Sample Size
There were two major datasets used for the analysis:

Washington State EV Population Data [13]

e One of the contributors of the Kaggle scraped the
official data.wa.gov portal with the Python Beautiful
Soup library. The original dataset has 232,230 records
of registered EVs with attributes such as Make, Model,
Model Year, EV type (BEV/PHEV), electric range,
base MSRP, county, city, legislative district, electric
utility and location coordinates. Publicly available
snapshots of the Washington State Electric Vehicle
Population dataset are used in the study, had varying
update points in the same underlying state registration
registry and hence have varying record counts between
150,000 and 200,000 vehicles after cleaning.

e Such a large sample has 2011 to 2025 EV registrations
and is large enough to describe the tendencies of
adoption with high statistical accuracy and to analyze
the differences between subgroups by the years,
regions, and brands. Even though the information is
only provided about a single state of the US,
Washington is known to be an advanced EV market
with good policy coverage, which is why it is a good
reference point.

Quickest Electric Cars Database [14]

e This data set was put together manually based on
EVDatabase.org and covers 179 models of
performance-oriented EV. On each model, it captures
acceleration (0-100 km/h), maximum speed, WLTP
range, and efficiency (Wh/km), speed at the fast
charge, the driving (FWD/RWD/AWD), seats, and
prices in Germany/UK.

e Although this is a smaller sample size, it represents a
remarkably diverse range of brands and performance
levels and suffices to investigate the associations
between acceleration, range, efficiency and price. We
do not aim at estimating the population parameters
with a small confidence interval, but at describing the
characteristic trade-offs and brand strategies.
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e These datasets offer a complementary perspective,
together, i.e. who owns what vehicles where
(Washington registry) and how well those vehicles
work technically (Quickest EVS).

Data Preprocessing

The quality and diversity of datasets are the determinants of
the effectiveness of the analytical results. There was a set of
preprocessing that was done in the Washington State EV
registry and the Quickest Electric Cars dataset. The first issue
was the missing values because in the Washington dataset,
there were missing values in the key variables of model year,
EV type, range, and county. These observations were
removed using listwise deletion. Missing values were
minimal and removed using the same approach.

Several variables in the performance data were given as
character variables whose contents are units, e.g. 2.6 sec or
250 km/h. Regular expressions were used in clearing off non-
numeric characters and the values were then represented as
numbers. This procedure was carried out for fields including
acceleration, top speed, range, efficiency, fast-charge rate,
and vehicle price. Unit standardization was done to provide
uniformity. The distance measures were changed to either
miles or kilometers as needed, the prices quoted in the various
currencies were changed to number format within each
column allowing cross vehicle comparison. Distortions were
eliminated by removing outliers. EVs that have a zero electric
range and an extremely single MSRP of USD 800,000 in the
Washington dataset were not included because they both
distorted the distribution. Additionally, brand information in
the performance dataset was extracted from the vehicle name
using automated string parsing which enables meaningful
brand level comparisons. The following preprocessing steps
generated stable datasets that were appropriate in the findings
contained in Section IV.

Parameter Tuning and Analytical Framework

A few analytical parameters had to be carefully adjusted, but
the study was not based on sophisticated machine learning
algorithms. The settings of the histograms were modified
after trial and error with the bin sizes being between 30 to 60
that were tested individually on the key variables of range,
efficiency and price. The final bin size of 50 was selected as
it offered a reasonable representation and did not give too
much visual clutter but had enough detail.

The exploratory composite performance efficiency index was
developed with the aim of creating a better understanding of
multidimensional features of high-performance electric
vehicles. This index combines normalized measures of
acceleration, top speed, range, efficiency, fast-charge speed,
and price. The composite score employed a fixed weighting
plan of the emphasis of the study on the performance-
practicality trade-offs.

The last model provided more emphasis on range and
efficiency as compared to vehicle prices. This is a
modification to match the concerns of consumers in emerging
markets, where the concept of cost effectiveness should be
balanced with some realistic considerations like the
availability of charging and energy consumption.

The range of mid-range EVs was operationally defined as
150-250 km for interpretive purposes and mid-priced cars
(less than USD 60,000) were defined through world vehicle
EV pricing literature and affordability of Sri Lankans.
Alternative threshold values were tested, and results
remained qualitatively consistent, which confirms the
strength of the analytical framework. All tools of the method
were clearly written down to create a sense of transparency
and reproducibility.

Ethical Considerations and Bias Control

The datasets were used ethically and were fully in the open
and had no recognizable information regarding individual
vehicle owners. However, the possibility of bias was realized.
The high level of affluence and green politics is proportional
in Washington State, which can intensify the adoption of
trends relative to less developed areas. In comparison to
emerging countries, Washington State's high-income and
infrastructure-rich environment may overstate adoption
dynamics. The number of premium EV models was also
overrepresented in the performance dataset. That creates an
inherent skew toward high end market characteristics. Since
the public EV registries are constantly updated and reflected
on the platforms, the repeated downloads can result in various
record counts with the same definition of the population. To
this extent, this paper focuses on solid descriptive trends and
not on the absolute totals. The current work will extract a
dated extract to allow strict replication in the future. The
results have been discussed as patterns that may occur rather
than definite predictions to Sri Lanka, to minimize those
leanings and ethicalness, which is considered as the best
practice on how to interpret data in a responsible manner.

RESULTS AND DISCUSSION
Adoption Dynamics in Mature Markets

EV Adoption Over Time

Number of EV Registrations

2000 2005 2010 2015 2020
Model Year

Fig. 10. Ev adoption over time

Fig 1. This indicates a clear adoption of dynamics was found
in the temporal examination of EV registrations in
Washington. Up until 2010, there were comparatively low
registrations. In that, it grew moderately before picking up
speed in 2015, with yearly registrations expected to surpass
30,000 cars by 2025.
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Comparison of BEVs and PHEVs Over Years
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Fig. 11. Comparison of BEVs and PHEVs over years

Fig. 2 is a comparison of battery electric vehicles (BEVs) and
plug-in hybrid electric vehicles (PHEVs) based on the model
year. In early adoption, PHEVs led, however, by 2018, BEVs
were ahead of them demonstrating a distinct structural shift
in the Washington registration toward fully electric vehicles,
which is linked to overall global trends toward BEV
supremacy. The turning point of behavior demonstrated in
this chart is that EVs shifted towards niche interest to
mainstream use because of the increase in model availability,
consumer awareness, and charging infrastructure.

Brand Concentration and Diversification

Top 10 Electric Vehicle Makes by Number of EVs
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Fig. 3 presents the top 10 EV brands in Washington by fleet
size. With almost 70,000 cars of all EVs registered in
Washington, a brand-level study demonstrated Tesla's
dominance. The data showed a progressive diversification of
the market with the appearance of other manufacturers such
as Nissan, Chevrolet, Ford, Kia, BMW, Toyota, VVolkswagen,
Volvo, and Jeep. These results, aligned with recent research,
show growing market variation as more manufacturers
increase the range of EVs they offer [9].

Performance Efficiency and Trade offs

Efficiency by Top 10 Brands

Testa

Porsche

Lucid
CUPRA

Lightyear Hyundal

Kia

e
Poiestar ==l
i

B
@
2
m Hia
Lucid

Hyunadal

CUPRA .

BMwW

Polestar
Porsche

| Tesla

Audl

200 225
Efficiency (Whikm)
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Through analysis of Quickest EV data, performance-
efficiency trade-offs on 179 models were identified. Violin
plots in Fig. 4 show the distribution of energy efficiency
(Wh/km) for the 10 most represented brands. While high-
performance models showed longer tails, indicating higher
energy consumption, violin plots showed that the majority of
EVs ran between 150 and 220 Wh/km. Alanazi's [4]
explanation of efficiency penalty in extreme performance
configurations is supported by these results. Based on
correlation studies, EVs capable of accelerating to 0 to 100
km/h less than 4 seconds consumed considerably higher
energy per kilometer as compared to mainstream vehicles.

Premium pricing can be an indication of brand positioning,
vehicle performance features, as well as technologies, with
the weak connection between price and performance. These
trade-offs are especially pronounced in such locations as Sri
Lanka, where electricity is still expensive and there is not
much infrastructure to charge it.

Spatial Patterns and Infrastructure Linkages
Top 20 Counties by EY Counts
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Fig. 14. Top 20 counties by EV count
In fig. 5 Spatial analysis proved that EV adoption was

centered on King County with more than 75,000 registered
vehicles, which is a significantly higher number compared to
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counties like Snohomish and Pierce. The fact of clustering is
most pronounced in developed urban areas in which the
infrastructure is densely covered, greater environmental
awareness, and more convenient access to infrastructures to
charge vehicles. Rural locations lagged the areas surrounding
legislative districts within the Seattle-Bellevue axis and have
the highest uptake. Ji et al. [8], who documented comparable
urban-centric adoption trends in China, are consistent with
these tendencies. According to Chakraborty and Hegazy [5]
utilities, such as Puget Sound Energy, were crucial in the
adoption of EVs, highlighting the need of combining grid
management techniques with charging facilities. These
findings can imply that key transport corridors and Colombo
will probably be the focus of early adoption in Sri Lanka.
These are merely directional implications and not predictive
as there are variations in income, tariffs on imports, cost of
electricity and density of charging.

Comparative Discussion and Practical Implications

When compared to earlier research, the availability of
infrastructure and consumer confidence highlighted by Cong
et al. [2] and Uz Zaman et al. [3] contributed to the rapid
expansion of adoption after 2015. Through providing certain
benchmarks, quantitative evidence of performance-efficiency
trade-offs gives credence to the conceptual explanation put
forward by Alanazi [4]. Disparities at the brand and spatial
levels show trends reported by Zou et al. [9] and Ji et al. [8].
Mid-range BEVs are increasingly becoming popular, and this
is in line with regional consumer research in South Asia [15,
16] hence their importance to the Sri Lankan policymakers.
To balance price and efficiency, mid-range BEVs with ranges
between 150 and 250 km should be given priority in Sri
Lanka.

The deployment of such a system becomes cost-effective
when it is in the form of a corridor-based charging used along
major routes such as Colombo to Kandy and Colombo to
Galle. Integrated policy packages, consisting of infrastructure
investment, awareness, and money, can be effective
compared to independent policies. Initial communication
with utilities may support time-of-use rates and smart
charging and eliminate grid overloading. The cost reduction
and availability of more models can be done by international
EV platform using imports or local assembly.

CONCLUSION AND FUTURE DIRECTIONS

This study gives a comprehensive analysis of the adoption of
electric vehicles through the integration of complementary
data to understand the dynamics of adoption, its spatial
distribution, performance-efficiency trade-offs, and brand
competition, focusing on new markets. The results suggest
the immense shift to BEVS, a rapid increase since 2015, a
settlement in large cities, and the still, but slowly fading
control of Tesla. The huge energy penalties that are witnessed
with high-performance EVs imply that energy-efficient
versions could be more appropriate in areas that do not have
access to many charging stations. Most of the current research
has not combined both the intricate interrelations between car
performance, consumer choice, and the availability of
infrastructure. Linear analyses or basic adoption models do
not usually take into consideration spatial and brand-level

differences and do not quantify trade-offs between
acceleration, energy efficiency, and cost.

This research fills these gaps by combining temporal, spatial,
and performance data to offer a holistic view that can be
useful to making practical decisions. Washington State is a
rich, high-income and infrastructure-endowed setting, which
can overestimate adoption dynamics compared to the
emerging economies, so the Sri Lankan applications are
implications and are not direct forecasts. In the case of Sri
Lanka, mid-range BEVs that have a range of 150 to 250 km
seem to be the most suitable alternatives, and the adoption of
BEVs should be supported by the corridor-based charging
networks, coordinated policy action, and partnership with
utilities and global manufacturers.

The research paper provides future research directions. The
utilization of data on locals may reinforce predictive adoption
models and formulate grid planning when subject to diverse
penetration scenarios. Equity and accessibility assessment
should be used to make sure that electric mobility is in favor
of various socioeconomic segments. The lack of dynamic
models of vehicle performance, consumer decisions, and
infrastructure growth can be incorporated into future work to
generate improved predictions of new markets. These
learnings facilitate a sustainable, inclusive and energy
efficient switch to electric mobility and allow the
stakeholders to implement evidence-based approaches that
are balanced in terms of affordability, infrastructure
constraints and energy demands.
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Abstract— Modern conversational Al models often struggle
to maintain coherence and appropriateness in responding to a
broad range of user queries. In this work, we explore the
integration of user prompt sentiment analysis with adaptive
decoding hyperparameters and a persistent vector-based
memory system to enhance generative coherence. The proposed
system first identifies user intent and emotional undertones
using a sentiment classification module based on DistilBERT,
enabling the dynamic categorization of prompts to inform
adaptive generation strategies. It then applies distinct
generation hyperparameters (temperature, top-k, repetition
penalty) for each category, enabling the large language model to
generate responses that match the desired tone and level of
creativity. The model maintains a consistent memory of the
conversation by storing each prompt-response pair in an
integrated vector database, allowing conversational context to
be retrieved and used to improve the relevance of subsequent
responses. Hyperparameters are also adapted dynamically
during the interaction rather than reset, enabling gradual style
shifting without abrupt changes. Through a comparative
evaluation against a conventional static-parameter baseline, our
system demonstrated a significant improvement in both
qualitative metrics of conversational coherence and a 15%
increase in user-rated contextual relevance. This research
contributes to a novel, self-aware dialogue agent architecture
that learns to adapt its generation style based on real-time
conversational context, paving the way for more natural and
personalized human-Al interactions.

Keywords—Hyperparameters, LLM,
Hyperparameter tuning, Sentiment Analysis

Optimization,

INTRODUCTION

Large language model (LLM) Al-based support Assistants
have an impressive ability to hold open-ended conversations.
However, getting them to respond to a user's personal
intention, emotional subtlety, or factual accuracy poses a
significant challenge. These conventional systems tend to
respond to questions in a non-exact, broad way, and rely on
pre-set decoding parameters, temperature, top-p, and top-k,
irrespective of prompt complexity and emotional tone. Such
rigidity in approach tends to produce results that fall short of
user expectations.

Latest research in prompt engineering highlights the
significance of understanding user intent and sentiment in
enhancing the accuracy of generation tasks. Jayakody and
Perera [1] exemplified that a prompt-engineering pipeline
infused with sentiment awareness greatly enhanced the zero-
shot accuracy of low-parameter LLMs, thus showing that the
introduction of affective cues in prompt design can guide
models to generate outputs that are more contextually
appropriate.

Another limitation of traditional Al-based support Assistants
lies in their lack of long-term memory. Previous models, using
intent classification, produced pre-defined responses with no
memory retention for past conversations, leading to either
fragmented or redundant dialogue. While advanced generative
systems can store parts of conversational history via hidden
states or input prompts, they still suffer from limited context
windows and tend to incur coherence decay during lengthy
dialogue.  Retrieval-Augmented  Generation  (RAG)
approaches have been proposed to be one such cure,
employing external memory and knowledge stores to maintain
coherence and fact accuracy.

Saha et al. [2] showed that adding a vector database of in-
domain data to a GPT-3.5 agent led to notable improvements
in the relevance, accuracy, and contextual coherence of its
answers. In a similar study, Maryamah et al. [3] found that Al-
based support Assistants with integrated memory showed a
clear advantage by continually drawing on previous
experience, thus creating more stable and coherent dialogue
interactions over time.

The latest development in deep reinforcement learning has
significantly impacted the dialogue generation technology. Li
et al. [4] proposed the application of policy gradient
techniques with bandit-like reward structures, allowing neural
conversation agents to adjust their decoding policies
progressively. The systems are trained to enhance the
coherence and stylistic quality of their responses through
learning from various feedback signals, including user
satisfaction, engagement levels, and the emotional arc of the
conversation. This direction provides an impetus to the need
for generative models that learn to adapt conversational tone
dynamically rather than processing each input independently.

Based on these findings, we thus introduce a sentiment-aware
dialogue agent that is boosted by memory augmentation and
that adapts dynamically based on the type of prompt. It also
uses a ChromaDB-backed repository for enabling long-term
conversational memory. Our system includes four major
additional elements:

1. A prompt intent inference module that uses a pre-
trained emotion classifier to classify user input by
sentiment and intent, acting as a lightweight proxy
for deeper user understanding [1].

2. A dynamic hyperparameter tuning mechanism that
adjusts decoding parameters, temperature, top-p,
top-k, and repetition penalty, based on the inferred
prompt type (factual, creative, or emotional) [5].

3. An embedding-based memory architecture using
ChromaDB to store and retrieve dialogue
embeddings for contextual consistency across
sessions [2].
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4. A parameter evolution mechanism that applies
memory-driven smoothing to generation settings,
ensuring stable transitions in output style during
prolonged interactions [6].

SYSTEM ARCHITECTURE AND METHODOLOGY

Our RAG-based Support Assistant system creates a context-
aware, intent-aligned response from a user's raw prompt by
means of a pipeline. Four main stages comprise the process:
inferring prompt intent using sentiment classification;
choosing suitable generating hyperparameters; producing the
response with a causal LLM; and logging the interaction in a
vector database. The system also includes a feedback loop that
gradually changes generating settings over consecutive turns.

User's Prompt

Task Type Classifier:
DistilBERT Emotion
Classifier

Dynamic Hyperparameter
Selector

|

Hyperparamester Memory:
Rolling smaathing

|

I Transformer Generation

Generated Response

Fig. 15. System Architecture [Source: Author’s Compilation]

Here we go over every element and how it helps to create a
seamless, cogent conversational experience.

Early Intent Inference by Sentiment Analysis

We first want to deduce the emotional tone and intent of the
user. We use a refined DistilBERT model (bhadresh-
savani/distilbert-base-uncased-emotion  [7] to classify
prompts into emotional categories including joy, sadness,
anger, fear, love, or surprise rather than depending on
keyword heuristics. These divisions then map to one of three
task types: factual, emotional, or creative.

Prompts labelled "joy" or "surprise,” for example, are seen as
creative; those marked as "sadness," "fear," or "love," are seen
as emotional. Neutral or vague labels like "anger" fall back to
factual mode. This mapping lets the system match the user's
mood or intent with the creative, sympathetic, or exact
response style [4].

The original mechanism intrudes from the framework of
Jayakody and Perera [1] that has established the fact that
sentiment-aware prompting improves LLM accuracy in zero-
shot settings. Our method is lightweight; it needs a classifier

forward pass just before generation. It supports a pre-
generation phase wherein, instead of saying what the model
should say, it directs how the model should respond. At
minimal computational cost, this implements emotional
awareness, thus improving responsiveness and alignment.

Dynamic Hyperparameter Selection

Once the prompt category is determined, the system assigns
decoding parameters tailored to that task type. These
hyperparameters influence how the response is generated,
balancing creativity, accuracy, and tone.

Factual prompts are handled with low temperature (e.g., 0.3—
0.5), top-p around 0.85, and a restricted top-k (e.g., 40), paired
with a slight repetition penalty (>1). This setup encourages
clarity and factual correctness.

Creative prompts use a higher temperature (0.9-1.0), larger
top-k (e.g., 100), and top-p near 0.95 to allow for more diverse
and imaginative responses.

Emotional or personal prompts sit between, with temperature
~0.7, top-k ~50, and top-p ~0.9 to evoke empathy without
drifting into randomness.

All generations are capped at 200 tokens and padded using the
model’s end-of-sequence token to prevent run-on
completions.

Table 1. Summarized decoding parameters [Source: Author’s Compilation]

task type temperatu top_ top_  repetition_penal
re p k ty

factual 0.36 0.85 46 1.17

creative 0.794 0.92 85 1.04

emotional 0.600 0.88 48 1.123

These values were selected through iterative testing and
reflect established practices in controlling generation. Lower
temperatures yield precise outputs; higher values introduce
creativity. By adjusting these parameters per prompt, the
system effectively adopts different personas, a factual analyst,
a storyteller, or an empathetic guide, without retraining or
modifying the base prompt.

This method exemplifies algorithmic prompt control. Instead
of rewriting inputs, we influence the decoding process
directly. It enables the model to respond adaptively,
improving consistency across varying tasks while maintaining
the flexibility of generative dialogue.

Conversational Memory with Vector Database

To maintain context and coherence across turns, the system
uses a vector database (ChromaDB) as a long-term
conversational memory. After each response, a prompt
response pair is embedded into a dense vector using the
Sentence Transformer model (all-MiniLM-L6-v2). This
vector, along with the raw text and metadata (such as task type
and timestamp), is stored in ChromaDB asynchronously.

This memory enables two core functions:
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Context retrieval

For multi-turn conversations, the system can search for past
similar questions and responses in ChromaDB. The
discovered records are appended to the current input, allowing
the model to recall information or phrases from the beginning
of the conversation. This provides the model with more
memory than its default limits and is akin to the retrieval-
augmented generation (RAG) method, in which external
sources aid consistency and reduce errors in facts [2, 3].

Interaction logging and analysis

The stored entries serve mainly as a record of user
interactions. Later, developers can analyze the classification
of prompts, the hyperparameters used, and the quality of
responses. Through this, continuous improvement of intent
classification and decoding methods is possible.

Our memory design prioritizes continuity, not fact storage.
However, it could be extended to store curated knowledge for
grounding, effectively evolving into a full RAG system. For
now, its main purpose is to help the model stay consistent,
recalling what has been said, avoiding sudden changes in
sentiment, and gently anchoring the tone of future responses.

Progressive Parameter Evolution

Instead of changing the generational parameters with every
interaction, the system gradually adapts them according to the
dynamics of conversation. Doing the opposite reduces abrupt
changes in tone and helps create the overall integrity of the
Al-Based Support Assistant "persona”.

After categorizing a new prompt, the system generates a
totally new set of decoding parameters relevant to its assigned
category (as discussed next in Section 11-B). These parameters
are then combined with the previous iteration parameters
using the weighted averaging process. This method allows
continuous progress; for instance, it allows for an increase of
temperature from 0.7 to 0.85, rather than an instant switch to
1.0. The system gives priority to the current prompt but retains
a weighted influence from previous decoding settings, similar
to a gradient-based smoothing mechanism, to maintain
continuity.

Such an approach mirrors the natural flow of human
conversation, in which tonal shifts usually develop
progressively unless nudged by strong emotional cues. For
example, when a subject moves from asking a factual question
to requesting a story involving imaginative elements, the
system increasingly raises the levels of creativity during the
interaction. Conversely, if the user switches to a more serious
tone, the system suitably reduces randomness accordingly [5].

This approach is referred to as gradient-based hyperparameter
evolution. It is based on tracking the stylistic state of the
dialogue system, with tone control given priority over task
slots. While our method is heuristic-based, it aligns with
recent advances in adaptive text generation. It has the potential
to be enhanced through learning-based methods like
reinforcement learning or bandit optimization [4].

By introducing a short memory for current parameter values
and allowing gradual changes, the system eliminates sudden
corrections of tonal changes. Such refinement creates a greater
sense of coherence. It gives the RAG-based Support Assistant
a more natural conversational flow, with active listening,

responsive changes, emotional

sensitivity.

and the potential for

RESULTS AND DISCUSSION

We evaluate the functionality of the suggested system by
comparing its performance with current methodologies. Due
to the interactive nature of the system, it is difficult to perform
a quantitative analysis, like applying automatic metrics,
without having a conversational baseline. Hence, we provide
a qualitative evaluation and discuss how our approach follows
current trends in controllable and context-aware text
generation.

Qualitative Case Study

To illustrate the system’s effectiveness, we walk through a
sample interaction. A user begins with a straightforward
question: “How far is the Earth from the Sun?” The emotion
classifier labels this prompt as neutral (no strong emotion),
which our rules map to the factual category. The
hyperparameter module accordingly sets a low temperature
(T=0.3) and relatively high repetition penalty, among other
parameters geared for factual accuracy. The GPT-2 model,
guided by these settings, produces a concise, informative
answer: “Earth is approximately 93 million miles away from
the Sun.” The system stores this Q&A pair in the vector
memory. The user then says: “Wow, that’s fascinating. Can
you write a short poem about the Sun and Earth?” This prompt
contains an explicit request for creativity and is phrased with
an enthusiastic tone (classified as joy). The system now
switches the task type to creative. However, thanks to the
progressive adjustment mechanism, it does not jump straight
to the maximum creativity settings. Instead, it raises the
temperature from 0.3 to a moderate 0.7 (given that this is the
first turn in a creative direction), and increases top-k from 40
to 80, etc. The resulting output is a short poem, for example:
“Oh distant Sun, so warm and bright, / You cradle Earth in
golden light, / Across 93 million miles of space, / Your gentle
rays touch every place.”, a response that is imaginative yet still
factual (it even recalls the distance mentioned earlier,
integrating it into the poetic lines). The memory store is
updated with this new interaction as well. As the dialogue
continues, each user prompt is handled similarly, with the
system maintaining an internal continuity. In this scenario, the
benefits of our approach are evident: the LLM could
seamlessly transition from an encyclopedic style to a creative
one, leveraging sentiment cues and memory (it remembered
the distance fact for the poem) to keep the conversation
coherent. A traditional static-parameter LLM might have
given a more generic or incoherent answer to the second
query, for instance, a poem that disregards the factual detail or
an overly random, irrelevant piece, due to a mismatch in
generation settings. Likewise, a purely intent-classification-
based LLM would likely have been unable to produce a poem
at all, since that request does not fit in a narrow Q&A pattern.

Controllable Text Generation

Our system represents an emerging shift in the arena of natural
language generation: the pursuit of exact control along with
fluency. Other methods for controlling LLM output, to say,
prompt engineering, control tokens, or bespoke models
designed for style, often require retraining or customization
for specific applications [1, 2]. By contrast, our solution
allows for the online tuning of decoding parameters at
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inference time, offering a model-agnostic solution that doesn’t
require additional training. This improvement facilitates LLM
transparency and adaptability, allowing developers, or even
users through sophisticated interfaces, to adjust the chat
LLM’s tone, creativity, or factual accuracy.

The suggested architectural design complies with that of plug-
and-play control, where intended generative behavior is
enabled through real-time parameter adjustment in decoding,
such as temperature, top-p, or top-k [1]. Although our current
intent classification includes factual, creative, and emotional
categories, the system also has inherent potential for
expansion. Other complex linguistic cues, including sarcasm,
politeness, or urgency, can also be incorporated into intent
recognition and further linked with specific decoding settings
[3, 4].

The modular design allows for the smooth addition of
different extensions. For example, the sentiment classifier can
be replaced or upgraded with an advanced intent recognition
module. Importantly, even with our current coarse-grained
sentiment  approach, we find notably improved
correspondence between the prompt styles and the resulting
tones from the responses, thus supporting previous research
that emphasizes the importance of sentiment-aware prompting
methods [5]. These results show that even more developed,
intent-based decoding approaches could yet improve
generative alignment in future versions.

Dynamic Hyperparameter Optimization

While hyperparameter optimization is traditionally performed
offline in the training process in classical machine learning
methods, our approach reimagines the process as a critical
component of inference, viewing decoding settings as
dynamic and adaptive to context. In contrast to relying on a
static "best" parameterization for all interactions, our system
adapts decoding parameters incrementally, reacting to the
dynamic context of the conversation. This represents a
fundamental paradigm shift: optimal generative parameters
are not one-size-fits-all but are inherently tied to
considerations such as dialogue purpose, emotional tone,
and prior conversational history [1, 2].

This adaptive response mirrors the dynamics of human
dialogue. Just as humans will generally change their tone and
style during an interaction, rarely switching suddenly from a
very formal register to a noticeably informal one, the
chatLLM shifts its generative strategy incrementally. In the
context of Al-powered support agents, such incremental
adjustments improve the user experience by avoiding abrupt
or mismatched responses [3].

Trend of temperature over Conversations

Fig. 16. Hyperparameter Trend ( Hyperparameter — Temperature ) [Source:
Author’s Compilation]

From an academic perspective, such online optimization
raises important questions. In what way could we evaluate
how incremental changes increase the quality of conversation,
measured by user satisfaction, interaction, or stylistic
consistency? Which methods are best at implementing
parameter interpolation between adjacent exchanges of
conversation? The current architecture makes use of the
weighted average strategy for parameter preset integration;
however, future research could consider the deployment of
reinforcement learning for adaptively tuning the weights with
respect to interaction feedback [4].

By viewing generation as a sequential decision process, we
enable the continuous improvement of conversation strategies
customized for specific users.

Context Awareness and Memory

The incorporation of vector memory places our system in a
new class of LLM-based assistive agents that utilize extended
contextual understanding. Evaluation experiments show that
augmenting an LLM with retrieval capabilities significantly
improves its performance in tasks involving extensive
knowledge and multi-turn conversations [1]. Our qualitative
findings support this conclusion: the assistant retrieves
pertinent information from previous turns of conversation
with ease, thus reducing contradictions and repeats. Since
every memory slot in ChromaDB is labelled by a session, we
saw no sign of information leakage between users.
Interestingly, we also see an anchoring effect, where the
model has a tendency to stick to past answers, likely due to the
model's identification of stored interactions, much like people
referencing notes in the middle of ongoing conversations.

More broadly, this architectural pattern enables the creation of
personalized conversation agents. By engaging in many
interactions, the vector storage can create a compact user
profile that captures information about different topics,
emotional overtones, or personal interests. With proper
consent, this feature enables emotional intelligence-informed
adjustments; e.g., recognizing that a user often asks anxious
questions in night-time interactions and shifting the tone
accordingly [2].

However, the current framework has some limitations. First,
the emotional classifier limits intent recognition to a finite set
of emotions. Inputs based on uncertain tones, like sarcasm or
scientific objectivity, are prone to misclassification, thus
contributing to suboptimal decoding mechanisms. We
mitigate this problem by switching back to a conservative
factual mode, though it is not free of its own pitfalls.
Expanding the model to include a multi-class system that
considers sentiment, tone, and topic may improve accuracy

(3]

Secondly, while dynamic hyperparameter tuning enhances
style alignment, it does not ensure factual accuracy. If the base
model (GPT-2) lacks the required knowledge, it may still
confidently generate incorrect responses. Vector memory
mitigates this only if relevant prior knowledge exists. For
unseen queries, hallucinations are possible. To address this,
the architecture could incorporate external APIs or search
engines that inject retrieved facts into prompts, a hybrid
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approach combining our method with traditional RAG
pipelines [1].

Finally, the growing number of embeddings in vector memory
represents a scalability challenge. Although we utilize
efficient similarity search methods and session-based
isolation, long sessions or large numbers of users can still lead
to higher latency. Future versions may require mechanisms
like memory pruning, compression, or relevance-based
forgetting to maintain ideal performance.

CONCLUSION

We integrated a modular Al-based support Assistant
architecture with affective intent inference based on
sentiment, adaptive decoding, and vector memory to produce
affectively intelligent, context-aware dialogue. By anchoring
the generation parameters to the user's intent, factual,
affective, or generative, the model stylistically adapts without
modifying the underlying base model.

Our solution bridges intent-based conversation systems and
open-ended generative models to offer classification structure
with  free-form expressiveness. Progressive parameter
updating encourages tonal changes that are more gradual, and
memory integration enhances continuity and recall. All of
these facilitate a more interactive, more natural conversation
experience.

This paper contributes to the state of the art on controllable
text generation by demonstrating the applicability of real-
time, lightweight control in shaping model behavior
successfully. It also confirms the role of memory in reducing
contradictions and aligning in multi-turn conversations.

Looking forward, we'll continue to evolve the intent classifier,
add learning-based tuning techniques, and integrate retrieval-
based generation more closely. These enhancements have the
potential to enable longer, more tailored interactions, Al-
based support Assistants that respond, recall, learn, and
understand.
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Abstract—The use of deep generative models to create
synthetic medical images has attracted significant attention as a
promising solution in overcoming challenges such as data
scarcity, privacy issues, and limited accessibility in healthcare
research. This review paper provides a comprehensive overview
of three key classes of generative models: Generative
Adversarial Networks (GANs), Variational Autoencoders
(VAEs), and their hybrid VAE-GAN model focusing on their
strengths, limitations, and applications in medical data
synthesis. It discusses the strengths and weaknesses of each
approach, their effectiveness in generating realistic and diverse
synthetic medical datasets, and the challenges related to privacy
preservation and evaluation of metrics. Finally, it highlights
future research directions aiming to enhance synthetic data
quality, utility, and safety for healthcare applications.

TABLE I. Keywords—synthetic data generation, medical
imaging data, generative adversarial networks, variational
autoencoder, VAE-GAN, deep learning.

INTRODUCTION

In the domain of healthcare, the potential of data-driven
technologies is increasingly evident. However, the availability
and usability of real medical data, especially medical images,
continue to pose significant challenges, primarily due to
concerns related to privacy, regulatory compliance, and
institutional restrictions.

Particularly, healthcare being a sensitive domain contains
confidential data strictly regulated by modern privacy
frameworks including the Health Insurance Portability and
Accountability Act (HIPAA) in the United States and the
General Data Protection Regulation (GDPR) in the European
Union [1]. Thus, sharing medical datasets risks violating
fundamental rights as those impose legal and ethical
restrictions on how patient data can be accessed, shared, or
analyzed. Although anonymization methods are commonly
applied, they frequently prove insufficient, leaving the
medical data susceptible to privacy attacks [2]. Consequently,
due to these privacy concerns, there is a significant scarcity of
historical or labeled data available for building reliable Al
models.

Moreover, access to large-scale, high-quality healthcare
data is critical for the development of accurate and reliable
data-driven models [3]. However, as the volume of accessible
data increases, so does the risk of exposure of sensitive
information of patients, making data access a complex and
highly regulated challenge in the healthcare domain [4]. Thus,
the restrictions imposed by strict privacy policies, ethical
constraints, and data scarcity are identified as the major
reasons that limit access to medical data [5, 6].
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To address these limitations, the field has turned to
synthetic data generation. Synthetic data is artificially created
using computational algorithms to replicate the characteristics
of real-world data statistically. It can be produced based on
real datasets, expert knowledge, mathematical models, or a
combination of these approaches, while avoiding the risk of
privacy violations [7]. Synthetic data is not a direct copy or
modification of existing records, but rather a new dataset
generated often using deep learning techniques such as
Variational Autoencoders (VAESs) and Generative Adversarial
Networks (GANSs). These techniques have shown promise in
modeling stochastic behavior, which are characteristics of
real-world medical processes.

BACKGROUND

Generative Adversarial Networks (GANS)

The concept of GANs was first proposed by Goodfellow
etal. in 2014 [8] as a method for synthesizing realistic images
that closely mimic those in the training dataset. As a type of
generative model, GANSs are primarily used to create new data
samples that imitate the characteristics of the original dataset

[9].

A GAN generally comprises two competing Artificial
Neural Networks named the Generator (G) and the
Discriminator (D). The Generator is responsible for
producing new data instances, while the Discriminator
assesses their authenticity. Specifically, the evaluation of the
quality of synthetic data is conducted by attempting to
correctly identify their source, either the original dataset or
synthetic sample [10].

gt Woiae
wectoriz)

Fig. 1. GAN Architecture (Author compiled)

In a standard GAN framework as illustrated in figure 1
above, Generator G transforms a latent vector z, which is
drawn from a low-dimensional latent space to a synthetic data
sample that resembles actual data. Discriminator D receives
both real and synthetic inputs, attempting to identify each
input as real or fake. The discriminator and generator are
trained adversarially: while D aims to maximize its accuracy,
G aims to minimize it by generating increasingly convincing
data. This adversarial setup is optimized through two loss

23



2" International Conference on Transformative Applied Research (ICTAR 2025)

NSBM Green University, Sri Lanka

functions discriminator loss and generator loss, each of which
backpropagates through its respective network to improve
performance.

There are numerous GAN variants, each designed to
address unique problems in generating synthetic data. These
include models like Conditional GANs (cGANSs), Deep
Convolutional GANs (DCGANSs), Wasserstein  GANSs
(WGANS), Auxiliary Classifier Generative Adversarial
Network (ACGANS) etc. each offering distinct advantages for
generating synthetic data across different domains, including
medical imaging [11-15].

Variational Autoencoders (VAES)

A VAE is a type of a generative model first introduced by
Kingma and Welling in 2013[16]. It integrates neural
networks with statistical techniques to learn the latent space,
which is a compact representation of a dataset from which new
data instances can be synthesized [17].

VAEs are composed of two feedforward neural networks:
namely the encoder and decoder. The encoder translates each
input data sample to a corresponding latent representation,
whereas the decoder uses this latent space to recreate the
original input [18].

Original Data

Encoder

[ Latent Spaca (z) ‘

Decoder

Synthetic (Reconstructed) Data

Fig. 2. VAE Architecture (Author compiled)

In a Variational Autoencoder, the workflow begins with
an input dataset that is passed through an encoder network,
which transforms and compresses it into a lower-dimensional
latent representation, typically denoted as z. Unlike traditional
autoencoders, VAEs model this latent representation as a
probability distribution rather than a fixed vector, typically
assuming a Gaussian distribution N (0,1). The encoder learns
to generate two parameters: mean () and standard deviation
(o) from which the latent variable z is sampled. This variable
is subsequently input into the decoder, which reconstructs the
original data sample [19].

METHODOLOGY

This review adopts a structured approach to examine the
use of generative models specifically GANs and VAEs for
synthetic medical imaging data generation. The analysis
focuses on unstructured data, which primarily encompasses
medical imaging data such as MRI, PET, CT, X-rays, PAT,
Ultrasounds, lesions and tumors.

A comprehensive search was conducted in the PubMed
database for studies involving GANs and VAEs. For GANS,
the search strategy combined terms related to generative
adversarial networks, synthetic data generation, and medical
imaging, using keywords such as “GAN*” or “generative
adversarial network*” together with “synthe*”or “generat*”
in combination with “unstructured data”, or “image”, and
restricted to clinical or medical contexts using terms such as
“medic*”, or “health*”. This structured search yielded a total
of 389 records.

An initial screening was performed by reviewing titles
and abstracts, which led to the exclusion of 142 records that
were directly not relevant to medical imaging, synthetic data
generation, or GAN applications.

From the remaining 246 studies, a full-text screening was
conducted, during which 17 studies were excluded. A
subsequent eligibility review was then performed, resulting in
a final selection of 33 studies that met all inclusion criteria and
were included in the review.

Identification of studies via databases

] Records identified; Records removed before screening:
é PubMed {n = 380) > Records removed outside the selected
é time frame {2015 - 2025) (n = 1)
:
Records screened » | Records excluded (based on the title and

(n = 388) abstract) (n = 142)

T
|
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Reports sought for refrieval

*| Reports not retrieved (n = 17)

g (n = 248)
32 b4
Reports assessed for Reports excluded:
eligibility > Mot GAN-based image generation
(n=229) n=86)

Classification-only studies (n = 31)
Detection/ Prediction/Diagnosis-only
sludies (n = 45)

Image enhancement-cnly studies
(n=57)

Segmentation-only studies (n = 32)
Mot Primary Experimental Studies
{n=25)

Repors of included studies
(n=33)

[lru.-.ludad ]’

2!
(3

. 3. PRISMA Chart of the review for GANs (Author compiled)

For VAEs, the search strategy focused on identifying
studies related to variational autoencoders, synthetic data
generation, and medical imaging. The search used
combinations of keywords such as “VAE”, “variational

autoencoder”, “synthe*”, “generat*”, and “image”, along with
medical context terms including “medic*” and “health*”.

Searches were conducted across both PubMed and Scopus
databases, yielding 27 and 436 records respectively as visually
summarized in Fig 4 below. Studies published between 2015
and 2025 were considered. After removing 303 records
outside this timeframe, title and abstract screening were
performed, leading to the exclusion of 90 studies that were not
directly relevant to medical imaging or synthetic data
generation using VAEs. Three studies were excluded due to
lack of full-text availability.

Following this, a detailed eligibility assessment was
conducted on the remaining studies to ensure that they met all
predefined inclusion criteria specifically focusing on works
that utilized VAEs for image synthesis. Studies that did not
present empirical results were also excluded at this stage.
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Ultimately, 15 studies were identified as meeting all inclusion
criteria and were included in the final review for qualitative
synthesis.

| Identification of studies via databases

—
£
: s identified: =
E Reg‘crg;d:i:“::wj Records removed before screening:
E PubMed (n = 27) — Records removed outside the selected
H time frame (2015 - 2025) (n = 303)
) L J
Records screened - Records excluded (based on the title and
(n=160) abstract) (n = 90)
h J
Report: ht fi trieval
@ ::f?r'o? HoRgHL o *| Reports not retrieved (n = 3)
=
H
3 v
Reports assessed for Reports excluded:
ligibility (n = 67) =i -
eligibility (i 1 Not VAE-based image generation
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Classification-only studies (n = 2)
Detection/ Prediction/Diagnosis-only
studies (n=4)
“ Image enhancement-only studies
— y (n=5)
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i Reports of included studies (n=19)
g {n=15)

Fig. 4. PRISMA Chart of the review for VAEs (Author compiled)

For each generative model, the paper explores the
applications, performance strengths and domain-specific
challenges. Key studies are reviewed to identify trends, assess
the quality of the generated synthetic data, and highlight the
role of these models in addressing real-world issues such as
data scarcity, privacy preservation, and class imbalance. The
methodology also includes a comparative analysis of
evaluation metrics used across studies, providing insights into
how synthetic unstructured data quality is assessed in different
medical contexts.

RESULTS

For the evaluation of the application of generative models
in synthetic medical image data generation, recent studies for
the last 10 years were reviewed. Tables 1 and 2 summarize the
strengths, limitations, and evaluation metrics used in selected
GAN-based and VAE-based models, respectively.

According to the data extracted, the analysis highlights the
complementary strengths and weaknesses of GANs and VAEs
in medical image synthesis, as summarized in Figures 6-9.

Generative Adversarial Networks (GANSs) consistently
demonstrated superior capability in generating highly realistic
and visually convincing medical images, with a strong ability
to preserve anatomical and pathological realism. Many studies
also emphasized that GANs capture fine details and local
image features and can effectively augment small or low-
resolution datasets. Additionally, several works reported that
the inclusion of GAN-generated images enhanced
classification or segmentation accuracy and that the networks
could learn meaningful data characteristics without explicit
prior knowledge.

Despite these strengths, GANs are still prone to several
limitations. The most frequently reported issue was bias and
poor generalization, followed by mode collapse and training
instability or imbalance. Other recurring challenges include
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high computational demands and long training times, low-
resolution or incomplete fine details, and occasional artifacts
or unrealistic anatomical structures.

In contrast, VAEs were praised for their stable training
behavior and ability to learn meaningful latent representations,
enabling them to capture anatomical or structural features
while maintaining reasonable image realism. Their capacity
for latent space learning and diversity generation allows them
to model data variability efficiently, and several studies noted
their potential for automatic feature learning without explicit
supervision.

However, VAEs exhibited common limitations related to
blurriness and loss of fine detail, as well as sensitivity to latent
vector size and hyperparameter settings. Other frequently
reported issues included limited visual realism and occasional
structural distortions or irregularities in the generated images.
While VAEs are computationally efficient and robust for
unsupervised learning, their reduced sharpness and fine-
grained accuracy limit their use in tasks requiring high-
resolution or diagnostically precise imagery.

DISCUSSION

This review contributes to the growing body of research
on generative modeling by analyzing the most widely used
approaches employed in medical image generation and,
evaluating their performance and applicability within the
medical domain. The findings highlight that both GANs and
VAESs possess unique yet complementary strengths that make
them valuable for different aspects of medical data generation.

GANSs excel at producing visually realistic and high-
quality medical images, making them particularly useful for
augmenting datasets and supporting diagnostic model training.
However, they often suffer from training instability, mode
collapse, and poor generalization. In contrast, VAESs
demonstrate superior training stability and are effective at
learning meaningful latent representations of medical data but
typically generate blurrier images with less fine detail.

These complementary characteristics suggest the potential
of hybrid architectures, such as VAE-GANSs, which integrate
the structural regularization and stable learning of VAESs with
the capability for generating high-fidelity images of GANS.
Such models can overcome individual limitations while
preserving their advantages, resulting in synthetic medical
images both anatomically accurate and visually realistic. This
combination has significant implications for advancing data
augmentation, data sharing with privacy protection, and
improving the performance of medical Al systems VAE-GAN
Model.

VAE-GAN is a hybrid model that combines the two
powerful generative architectures: Variational Autoencoder
(VAE) and Generative Adversarial Network (GAN).
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Table 1. Summary of Extracted Information on GAN from Included Articles.

GAN

Metrics used for

Study Scope Variations used Strengths Limitations evaluation
[12], Brain MR image DCGAN, Can generate realistic images that Suffered from mode collapses, Accuracy,
[20- WGAN, are visually indistinguishable particularly regarding intensity Peak Signal to
23] SAGAN, from real ones. variations. Noise Ratio
CycleGAN, Can generate more diverse and May become unstable when the (PSNR),
SinGAN, accurate samples. discriminator overpowers the Structural
Dual-stream Handle subtle sample-specific generator during training, Similarity Index
generator fused features. resulting in an unbalanced (SSIM],
GAN via CLP, Leamed local sample space adversarial competition Normalized Mean
PGGAN mapping to depict the useful fine between the two networks. Squared Error
details in the synthesis. Some generated images were (NMSE),
Showed improved realism, with incomplete or missed important Mean Absolute
more detailed texture and structural components, Error (MAE),
complex structural features when indicating msufficient learning Pearson
optimized properly. in certain regions. Correlation
Can be successfully trained on Brain MRIs contain subtle Coefficient (PCC),
low-resolution images, making differences between healthy Fl score,
them effective for smaller-scale and abnormal tissue, which Jaccard Similarity
image synthesis tasks. GAN-generated images Coefficient (JSC),
sometimes fail to preserve. Contrastive Loss,
Introduced biases when there Latent Space
are subtle differences between Consistency,
tumor types. Percentage Area
Training becomes more Variability
challenging as image resolution
increases, making high-
resolution synthesis difficult.
[13] Liver Lesion DCGAN and Introduced additional variability Improved results up to a point, Accuracy,
(cyst, metastasis ACGAN to the dataset, improving after which additional data had Specificity,
and classification of difficult classes. diminishing returns if not Sensitivity
hemangioma) The synthetic lesions not only carefully balanced.
looked realistic but also carmed Doesn’t generalize well to
clinically relevant features. multi-class conditional training
[14], Chest X-rays DCGAN, Increased the classification Comparatively low-resolution Accuracy,
[24] PGGAN accuracy than using real data showing vanability in image Frechét Inception
alone. quality. Distance (FID),
Convincingly exhibited visible Ribs and other bones showed
clinical features. undulations or slight curves not
Faithfully reproduced standard explained by perspective,
anatomical structures (heart, liver, indicating imperfect local
stomach, bone structures) with fidelity.
realistic spatial arrangements. Smaller objects such as
Changes in sex, posture, and X- jewelry, ECG leads,
ray detector positioning were pacemakers, IV catheters were
represented, showing the model maostly absent or partially
captures global variations. formed, showing the struggle
Relative positioning of soft tissues with fine details.
was realistic, maintaining normal Contained duplicate or
variability across generated mismatched labels, reflecting
samples. limitations in text/annotation
Included markup elements present consistency.
i the reference images, showing
it can capture dataset-specific
features beyond anatomy
[11]. Brain Tumor Vanilla GAN, Produced more meaningful image Requires significant training Accuracy,
[25- DeliGAN, structures. time and tuning. PSNE, NMSE,
31 ANT-GAN, Capable of capturing the local Doesn’t generalize well when Structural
Ea-GAN pattems. limited data is available. Similarity Index
ESGAN Generator network leamed from Suffered severe artifacts due to (S5IM)
Aggregation of extremely small varieties in data. the lack of optimizing Maximum Mean
GANs, Generated samples closely constraints. Discrepancy
DCGAN, resemble real ROIs and preserve Showed some biases. (MMD) Score
VOGAN detailed tumor attributes. Occurrences of mode collapses. Multi-Slice
Sometimes produced images Structure
without much detail, containing Similarity (MS-
noise and mismatched intensity S5IM) Score

ranges.
Suffered from minor
checkerboard artifacts.
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[15]

[32].

[33]

[34-
18]

[39]

(40]

[41]

[42]

Stomach
precancerous
lesions

Breast lesions

Retinal
lesions/Images

Brain PET
Image

Lung Tumors

Bone CT
Images

PAT images
(Forearm, calf,
and neck)

DCGAN,
CGAN,
WOAN-GP

BUS-GAM,
DOGAN,
ROI based
GAN

WGAN,
CyeleGAN,
Tub-GAN,
PGGAN,
cGAN

DCGAN

WGAN,
InfoGAN

HA-GAN
StyleGAN

DCGAN

Aceuracy beyond classical
methods

Synthetic outputs look more
realistic and clinically relevant.
Help capture multi-scale lesion
features and preserve small
lesions, which supports generating
realistic variations.

Demonstrated the ability to
produce realistic synthetic images
even with limited and imbalanced
training data.

Produced more realistic, clinically
relevant and diverse images.
CGenerated images accurately
replicated pathological features
(Le. lesions, vessel structures,
color, and optic disc)

Leamed important data
characteristics automatically,
without needing explicit prior
knowledge.

Effectively generated varied
textures, which improved realism
in the synthetic images.

Closely replicated the quality
distribution of real images,
ensuring that generated data
maintained similar varability in
image quality.

Produced close to real brain PET
images.

Cienerated images similar to real
images.

Generated realistic high-
resolution images with high
diversity.

Ability to capture fine-detailed
micro-architectures.

Generated synthetic data that
more accurately reflected real
tissue properties.

Captured realistic tissue
geometries without relying solely
on prior handcrafted knowledge.

6.

Limited generalization of
augmented datasets
Reproduces the bias present in
the training data.

Mode collapses due to limited
training data.

Possible GAN artifacts
{unwanted or unrealistic
features).

Less generalization

Some inputs led to instability
or poor segmentation, showing
that discriminator performance
strongly depends on input
design.

Successful training required
selecting appropriate
parameters and
hyperparameters to ensure
madel stability and timely
convergence.

Some generated lesions
appeared slightly blurred
reducing fine-detail fidelity.
Moisy images and small dataset
size caused overfitting and
reduced generalization.
Require robust preprocessing
{to handle noise and
imbalance).

Performance dropped
depending on dataset
conditions (noise, size).

Less capable of accurately
simulating variations in
illumination.

Images were limited to low
resolution, which 1s smaller
than typical OCT images, and
generating higher-resolution
images would require longer
training times.

Complexity of the training
process.

Some features were difficult to
generate.

Inability to cover the entire
distribution of real images.
Identified a bias in feature
learning.

The image quality while been
high, was still below that of
original scans.

Still struggled with accurately
reproducing fine target
structures (e.g., skin, vessels)
compared to background
regions.

Accuracy,
precision/recall,
ALUC for lesion

classification

Precision,
Recall,
Dice Similarity
Coefficient,
Jaccard Index,
Hausdorff
Distance,
Average Surface
Distance (pixels)

Mean Square
Error,
Frechét Inception
Distance (FID),
Structural
Similarity Index
(SSIM),
Peak Signal-to-
Noise Ratio
(PSNR)

PSR and S5IM

Frechét Inception
Distance (FID)

Frechét Inception
Distance (FID)

Mean Absolute
Error (MAE),
Mean Relative
Error (MRE),
Similarity Index
[SSIM)
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Table 2. Summary of Extracted Information on VAE from Included Articles.

Metrics used for

Study Scope Strengths Limitations evaluation
[43-48] Brain MR 1. Maintained good diversity and distribution 1. Blurry and repetitive patterns found Sensilivity,
Image fior lower vector size. in the features for higher latent Specificity,

2. Increased the classification accuracy than VECTOE SiFe. Precision,
using real data alone. 2. Highly sensitive to the choice of Fl-Score,

3. Preserved brain anatomy more accurately. latent vector size, requiring careful Accuracy,

4. Required significantly less computation and tuning. Peak Signal-to-Noise
smaller model size, 3. Requires significant training time Ratio (PSNR),

5. Can model the healthy image distribution, and tuning. Structural Similarity
showing potential to learn meaningful latent 4. Compressed latent space may (S5IM)
representations of medical images. inhibits full recovery of spatial and Learned Perceptual

6. When extended {e.g., with skip connections textural details, reducing realism Image Patch Similarity
or spatial latent spaces), can reconstruct and anatomical accuracy in (LPIPS)
images with higher fidelity. penerated images.

7. Can capture uncertainty in regions with 5. The outer CSF and cortical folds
ambiguous structures (e.g., middle brain appear blurred.
areas).

#. Despite some blurring, VAEs preserve the
overall brain structure, allowing for
meaningful anatomical synthesis across
different regions.

[49, 50],  Brain Lesions 1. Can accurately capture the image struciure. 1. Generates fuzzy lesion images, Accuracy,

[1a] 2. When re-trained on domain-specific data indicating limited visual realism. Area Under Curve
performance improved significantly, 2. VAE alone lacks sharpness and (ALUC)
showing adaptability and leamning structure in the synthetic lesions.
capability. 3. Reconstructed images are smoother

but can be less realistic than GAN
outputs due to the probabilistic
latent space and pixel-wise loss.
[51] Spine CT 1. High diversity of generated images I.  Generated images have irregularities Frechét Inception
Images and lower visual quality than real Diistance (FID)
images.
2. Struggled to mamntain fine-grained
anatomical details and texture
realism.
3. Higher variety may lead to less
realistic images.
[52] Esophageal 1. Effectively learned a latent space that I. Tend to produce blurry images due Wassersiein distance
OCT Images captures key image characteristics (texmre, to the use of standard Gaussian (W,
structure, etc.). decoders and the KL-divergence Mode Score (MS),

2. Provided a structured latent distribution, constrain, limiting realism. Maximum Mean
allowing the generation of new images by 2. While capable of capturing global Discrepancy (MMD)
sampling from the learned space. structure, may fail o reproduce fine

textural or structural details typical
of high-resolution OCT images.
[33] Cardiovascular 1. Can generate realistic synthetic data by I. Struggled to regularize or Maximum Mean
Images sampling and interpolating within the latent manipulate binary variables (e.g.. Discrepancy (MMD),
space. pender, smoker/non-smoker), Mutual Information
5

Can interpret texture-based radiomic
features.

Introducing adversarial noise (via a GAN discriminator)
into the Variational Autoencoder framework helps to mitigate
mode collapse by encouraging more robust latent space
representations [11]. However, the VAE still learns a

leading to minimal visible changes

in the generated images.

Clinical attributes such as age or

pender are entangled with

morphological and intensity
variations, making it difficult to
vary one attribute while keeping
others fixed.

3. While interpolation creates smooth
transitions, it may not fully capture
biologically realistic or clinically
meaningful variations, particularly
in structural anatomy.

4. Non-image-based attributes (like
lifestyle factors) cannot be
effectively represented in the latent
space.

a2

(M) Metrics.

structured, interpretable latent space, but now the GAN
discriminator pressures the decoder to improve image quality,
leading to sharper, more realistic outputs.
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Fig. 5. VAE-GAN Architecture (Author compiled)

The VAE encoder compresses the input data into a latent
representation by estimating the mean and variance of the
latent distribution. A latent space (z) is sampled to enable
gradient backpropagation, which is fed into the VAE decoder,
reconstructing the input data. The training optimizes multiple
loss components: the KL divergence loss which regularizes
the latent space by keeping the learned distribution close to a
prior (typically Gaussian), and the reconstruction loss, which
evaluates how well the decoder reproduces the input data.
Simultaneously, the GAN discriminator is trained to
distinguish real data from the decoder’s generated outputs by
minimizing the discriminator loss. Conversely, the decoder
acts as the generator in the GAN setup, trying to fool the
discriminator by minimizing the generator loss. All these loss
components are integrated into the training process, with
gradients from each being backpropagated to update the
encoder, decoder (generator), and discriminator networks.

Strengths of GANs in Medical Image Synthesis

Learns important data characteristics
automatically, without expliclt pricr knowledge
Maintains anatomical or pathelcgical realism —
[preserves clinically relevant features)
Enhances classification or segmentation =
Accuracy
Useful for small datasets or low-res images

Captures fine details or local features
P —

Strength Description

Generates realistic / visually indistinguishable —_———————yy

images
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Fig. 6. Summary for Strengths of GANSs in Medical Image Synthesis
(Author compiled)

Limitations of GANs in Medical Image Synthesis
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Fig. 7. Summary for Limitations of GANs in Medical Image Synthesis
(Author compiled)
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Fig. 8. Summary for Strengths of VAEs in Medical Image Synthesis
(Author compiled)

Limitations of VAEs in Medical Image Synthesis
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Fig. 9. Summary for Strengths of VAEs in Medical Image Synthesis
(Author compiled)

CONCLUSION

The synthesis of medical imaging data using deep
generative models has become a powerful strategy for
addressing key challenges such as scarcity of data, privacy
concerns, and ethical constraints in healthcare. This review
explores the roles of Variational Autoencoders (VAES) and
Generative Adversarial Networks (GANS), in the context of
medical imaging synthesis. By analyzing recent literature, we
identified that VAEs provide stable training and structured
latent representations, while GANs generate highly realistic
and detailed images. However, limitations such as the blurry
outputs of VAEs and the instability and mode collapse in
GANs remain significant challenges. To address the
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shortcomings of standalone models, this study identifies
hybrid architectures like VAE-GANs offer a compelling
solution by combining the strengths of both through
adversarial feedback. This hybrid model shows great potential
for advancing medical image synthesis, supporting more
robust and generalizable Al systems in clinical practice.
Future research should focus on tailoring these models to
specific medical domains and improving interpretability and
validation methods for real-world deployment.
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Abstract— Timetabling and lecture hall allocation in
universities is a complex and time-consuming task. This paper
presents Nmodel, a machine learning-based system developed
for NSBM Green University to automate and optimize lecture
hall allocation. The system leverages historical timetable data
and applies a classifier approach to predict the most suitable
lecture hall for a given class session, considering factors such as
time, class size, and resource requirements. Key contributions
include a feature engineering strategy encoding time slots
cyclically and identifying session types, and the use of an
XGBoost classifier with hyperparameter tuning and SMOTE
oversampling to address class imbalance among different halls.
The Nmodel system is deployed as a web application that
recommends lecture halls to scheduling officers in real-time.
Experimental results show a validation accuracy of 79.47% in
predicting hall assignments, indicating a substantial
improvement over manual scheduling. This approach
demonstrates the potential to reduce scheduling conflicts and
improve resource utilization in higher education scheduling.

Keywords— Machine Learning; Lecture Hall allocation;
Timetabling; Higher Education; XGBoost; Resource scheduling

INTRODUCTION

Effective scheduling of classes and allocation of lecture halls
is crucial for the smooth operation of any higher education
institution. Universities must ensure that each class is
assigned to an appropriate room that meets its capacity and
equipment needs, all while avoiding conflicts in timing.
Traditionally, this process has been handled manually by
academic administrators or timetabling officers. Manual
scheduling, however, is a labor-intensive task prone to human
error and suboptimal allocations. As the number of courses
and student enrollments grow manual timetabling becomes
increasingly challenging to manage efficiently. Issues such as
double-booked rooms, classes scheduled in unsuitable
venues, or underutilization of available space can frequently
arise when relying on manual methods.

The paper presents Nmodel, a machine learning-based lecture
hall allocation system developed for NSBM Green
University. The system focuses on lecture hall allocation
within the broader timetabling problem, incorporating
machine learning to learn from past scheduling decisions, and
recommend suitable halls for classes. The system uses
historical data and current requirements to recommend

suitable halls, capturing complex patterns and preferences
from human schedulers. The core of Nmodel is an ML model
trained on NSBM's timetable data, considering key class
features.

The contributions of this work are summarized as follows:

1. Data-Driven Allocation Approach: We formulate lecture
hall allocation as a machine learning classification
problem, an approach that leverages historical
scheduling data in contrast to rule-based or purely
algorithmic timetabling methods.

2. Feature Engineering for Scheduling: We develop a set of
features capturing temporal cycles, class size, session
type, and resource requirements to enable the model to
understand scheduling constraints and patterns.

3. Customized ML Model Training: We implement and
train an XGBoost classifier for hall recommendation,
incorporating hyperparameter tuning and the SMOTE
technique to address class imbalance in the dataset.

4. System Integration: We design and deploy a web-based
application (Nmodel) that integrates the trained ML
model into NSBM’s scheduling workflow, providing
real-time hall recommendations to scheduling officers.

5. Evaluation in Real-world Context: We evaluate the
system using actual university timetable data, achieving
an accuracy of approximately 79.5% in matching
historical allocations, and discuss the implications for
efficiency and resource utilization in the scheduling
process.

The remainder of this paper is organized as follows. Section
Il provides a brief review of related work and background on
lecture scheduling challenges. Section Il introduces the
proposed system and its overall design. Section IV details the
materials and methods, including data collection, feature
engineering, and model development. Section V presents the
results and discussion, evaluating the model’s performance
and the system’s impact. Finally, Section VI offers
concluding remarks and directions for future work.

LITERATURE REVIEW

Efficient lecture hall allocation and educational resource
scheduling have become increasingly critical for modern
academic institutions. Traditional manual methods, while
manageable for smaller settings, often lead to inefficiencies,
errors, and underutilization when applied to large universities
with dynamic scheduling demands. Manual allocation
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practices result in issues such as room overbooking,
inefficient space usage, and increased administrative burden
[1]. As institutions diversify and expand, the logistical
complexity of scheduling across faculties, campuses, and
specialized facilities has grown substantially. Addressing
constraints such as instructor availability, student course
selections, room capacities, and technical requirements
demand optimization methods that traditional systems cannot
meet. Recent advancements in machine learning (ML) and
optimization algorithms offer new possibilities for solving
these challenges. Dynamic, data-driven allocation strategies
have been shown to outperform static approaches,
particularly under fluctuating resource demands [2]. Machine
learning models, heuristic optimization techniques, hybrid
systems, and adaptive scheduling mechanisms have
demonstrated considerable promise for enhancing lecture hall
allocation systems, indicating the necessity for systematic,
scalable, and flexible solutions in modern education
management.

Educational scheduling tasks are automated using various
methodologies, including  semi-automated  systems,
predictive machine learning models, heuristic optimization
methods, hybrid approaches, and dynamic adaptation
techniques. These systems reduce administrative effort and
improve allocation consistency. Larger universities require
more intelligent systems, while deep learning and
reinforcement learning algorithms enable dynamic resource
scheduling. These methodologies are suitable for lecture hall
scheduling scenarios with dynamic academic activities and
student demands [1].

An Al-driven dynamic upselling system based on
cybersecurity risk scores uses supervised learning and
anomaly detection for real-time decision-making. This can be
applied to educational scheduling, where student attendance
patterns or class engagement levels can prioritize room
assignments [3-6]. Machine learning techniques for academic
scheduling include supervised learning, unsupervised
learning, and reinforcement learning. Lightweight predictive
models like K-Nearest Neighbors and Support Vector
Machines are advocated for managing underutilized spaces,
offering  cost advantages  without  compromising
performance. Heuristic optimization approaches like Genetic
Algorithms are also explored [3, 4].

Forecasting classroom demand is another critical aspect,
especially when institutions need to predict room occupancy
trends across semesters or academic years. Comparative
analyses between classical time series models (e.g.,
SARIMA, TES) and advanced deep learning methods (e.g.,
LSTM, CNN) are presented in Ensafi et al [7], demonstrating
that LSTM networks outperform traditional models in
capturing complex seasonal trends. LSTM's ability to model
long-term dependencies makes it particularly valuable for

forecasting cyclical academic scheduling patterns, such as
peak enrollment periods or mid-semester usage fluctuations.
However, LSTMs require larger datasets and careful
hyperparameter tuning, while classical models offer greater
interpretability and lower computational costs, which may
still make them suitable for smaller institutions.Meta-
learning approaches to optimize scheduling further expand
the available toolkit. A per-instance algorithm selection
framework for educational timetabling is introduced in de la
Rosa-Rivera et al [8], where machine learning models predict
the best optimization heuristic based on the problem's
specific features. This dynamic selection approach ensures
that the scheduling system adapts its strategy for each
situation, improving overall efficiency. Reinforcement
learning frameworks, particularly multi-agent systems, are
proposed in the study done by Li and Ni [9] to solve complex
train timetabling problems. In such frameworks, each train
(or agent) learns independently but coordinates globally
through shared objectives. Adapting this method to academic
scheduling could allow decentralized scheduling across
faculties or departments, enhancing scalability and
flexibility.

Soft constraint management is a critical but often overlooked
component of lecture hall allocation. In the study done by
Oyebola [10], a genetic algorithm incorporating student
preferences into room allocations is presented, showing that
addressing stakeholder satisfaction can significantly improve
the overall success of scheduling systems. However,
integrating such soft constraints often requires balancing
between hard logistical requirements (e.g., room capacity,
equipment availability) and subjective preferences (e.g.,
instructor convenience, preferred time slots), necessitating
multi-objective optimization approaches.

Real-time educational resource scheduling is addressed
comprehensively in the study done by Yang [11], where
multiple machine learning models (e.g., Decision Trees,
SVM, Random Forests, Deep Neural Networks) are
integrated with optimization algorithms such as linear
programming and genetic algorithms. Their framework
enables real-time monitoring and reallocation of resources
based on evolving conditions, a capability essential for
future-proof scheduling systems in education. Practical
implementations have demonstrated notable gains, with
systems achieving faster allocation times, better room
utilization rates, and significant reductions in scheduling
conflicts [1, 2, 5]. Cloud-based architectures with dynamic
resource scaling [2] offer a blueprint for how academic
systems might manage resource surges during exam periods
or sudden enrollment changes.

Despite significant progress, several persistent challenges
remain. Data quality is consistently identified as a critical
bottleneck. Machine learning models require accurate, up-to-
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date, and complete datasets to perform well. As highlighted
in several studies [4, 11], missing or outdated enrollment
figures, misclassified room resources, or inaccurate course
timetables severely undermine the predictive performance of
models. Additionally, scalability remains a formidable
challenge. Exact optimization methods, while precise, are
often computationally prohibitive for large institutions [11].
Even heuristic and machine learning models, though more
scalable, require careful design and tuning to maintain
performance across diverse scheduling scenarios [2, 5].
Transparency and explainability are becoming increasingly
important considerations. Educational administrators are
unlikely to trust opaque black-box systems when room
assignments have high-stakes consequences for students and
faculty. Particularly with deep learning and reinforcement
learning approaches [9], system designers must balance
predictive accuracy with model interpretability. Techniques
such as SHAP values, LIME explanations, or simpler
surrogate models can be employed to enhance transparency
without significantly sacrificing performance.

Adaptability is another crucial area needed for further
research. Although reinforcement learning frameworks like
those proposed in Li and Ni [9] provide dynamic adaptability,
most practical systems still assume relatively static inputs.
Real-world scheduling environments are highly dynamic,
often requiring last-minute changes due to cancellations,
emergencies, or unexpected enrollment fluctuations.
Adaptive scheduling systems that respond to real-time events
would significantly improve operational robustness.

The integration of soft constraints remains inconsistent across
systems. Although approaches such as Oyebola [10] attempt
to incorporate student and instructor preferences, most
studies prioritize hard constraints like capacity or availability.
More research is needed into multi-objective optimization
strategies that simultaneously balance operational efficiency,
fairness, stakeholder satisfaction, and broader institutional
goals.

Educational resource scheduling is a crucial aspect of
sustainability, as institutions aim to balance operational
efficiency with environmental goals. Future scheduling
systems should optimize space, time, energy consumption,
carbon emissions, and maintenance impact. However, current
literature lacks empirical validation across diverse settings,
requiring cross-institutional studies. User-centric design is
also essential, with intuitive interfaces, customizable
reporting options, and flexible override mechanisms. Future
research should focus on hybrid models combining predictive
analytics, real-time adaptive systems, multi-objective
optimization strategies, cross-institutional validation,
sustainable scheduling objectives, and transparent, user-
centered system designs.

RESULTS AND DISCUSSION

Nmodel is a machine learning-based lecture hall allocation
system that aids academic schedulers in assigning classes to
suitable rooms. It uses historical allocation patterns to
provide data-driven recommendations, treating hall
allocation as a predictive classification task. The system
verifies room availability, sends the data to the ML model,
and recommends the best available hall. The lecture hall
allocation system consists of a web-based front-end interface,
backend logic, an API layer, a machine learning model, and
a university database. It uses a machine learning model to
analyze session data, return a ranked list of hall predictions,
and select the most suitable hall from the ranked predictions.
This system integrates intelligent decision-making into
scheduling workflows (see Fig. 1).

The proposed system automates hall allocation, reducing
manual workload in semester scheduling. It incorporates
backend logic, validates room availability, and forwards
inputs to a machine learning model for accurate
recommendations. The model considers class size, capacity,
and equipment requirements, minimizing scheduling
conflicts and suboptimal usage.
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Figure 2. Total number of class sessions by hour across weekdays
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MATERIALS AND METHODS

Data Collection and Analysis

Historical scheduling data from NSBM Green University's
timetable records was used to analyze resource allocation
trends. The data included several hundred scheduled class
sessions and around a dozen distinct lecture halls.
Exploratory data analysis (EDA) revealed consistent
scheduling behaviors, with peak activity between 9:00 AM
and 12:00 PM, particularly mid-week. Mondays showed
lower activity, especially during afternoon hours. Evening
sessions showed reduced frequency, aligning with standard
working hours. A class imbalance in hall usage was
identified, potentially biasing predictions. Balancing
techniques were employed to mitigate this.

Feature Engineering

Feature engineering was carried out to transform the raw

timetable data into a set of meaningful input features for the

machine learning model. Each class session record was
described by multiple features capturing temporal
information, capacity needs, and session characteristics:

1. Temporal features: The day of week and time of day of
the class were encoded using cyclic representations. This
involved converting the day and time into sine and cosine
values to reflect their positions in a weekly cycle. By
using sine/cosine transforms, the model can recognize
that, for example, Monday morning and Friday morning
are closer in the schedule cycle than Monday morning
and Monday afternoon, improving its understanding of
periodic patterns.

2. Class size: The expected number of students attending
the class was included as a numeric feature. This reflects
the capacity requirement for the session, which is crucial
for recommending a hall that can accommodate the class
size.

3. Session type: Each session was categorized by type (e.g.,
lecture, laboratory, tutorial, seminar). This categorical
feature indicates the nature of the session, which can
imply different requirements. For instance, lab sessions
may require specialized rooms or equipment, whereas
lectures can be held in standard halls. Session type was
one-hot encoded so that the model could learn separate
patterns for each category.

4. Resource requirements: Additional binary features were
used to denote any special resources needed for the
session. This includes requirements such as laboratory
facilities (for practical sessions that need lab setups),
audio-visual equipment (projectors, sound systems), or
computer labs. If a class required a particular resource,
the corresponding feature was set to 1; otherwise, it was
0. These features help the model avoid suggesting halls
that lack the necessary facilities for that session.

All feature values were prepared to be compatible with the
model’s input format. Categorical features (like session type)
were encoded as described, and numerical features were used
directly. Since tree-based models like XGBoost can handle
unscaled numeric data, explicit normalization was not strictly
necessary, though features like class size were checked for
reasonable ranges. The resulting feature set effectively
captures the key constraints and requirements that influence
hall selection. The target variable for the machine learning
model was the lecture hall assignment itself (treated as a
categorical class label to be predicted by the classifier).

Model Development and Training

The eXtreme Gradient Boosting (XGBoost) classifier was
used for hall allocation prediction in a multi-class
classification problem. The dataset was divided into training
and testing subsets, with 80% used for training and 20% for
testing. The Synthetic Minority Oversampling Technique
(SMOTE) was applied to balance the distribution of hall
labels in the training data. Hyperparameter tuning was
conducted on the XGBoost model to optimize its
performance. Key hyperparameters such as tree depth,
learning rate, and regularization terms were adjusted using
grid search and cross-validation. The model was trained on
the full training dataset and converged within seconds. The
model's performance was evaluated on the hold-out test set.
This approach combined a powerful classifier with careful
handling of data imbalance and hyperparameter optimization
to achieve a reliable prediction engine for lecture hall
allocation.

System Architecture and Implementation

The Nmodel system was implemented as a web-based
application to ensure accessibility and ease of use for the
university’s scheduling staff. The front-end was developed
using standard web technologies (PHP, HTML/CSS, and
JavaScript) to create an intuitive user interface. Through this
interface, a user can input the details of a class that needs to
be scheduled, such as selecting the course, the student group,
day and time slot, and indicating any special requirements.
The front-end then communicates with the machine learning
model hosted on the back end to retrieve a hall
recommendation [9].

The back-end component hosts a trained machine learning
model and exposes it viaa RESTful API endpoint. The model
is loaded and invoked to predict suitable lecture halls. The
front-end displays the suggested hall to the user, and the
scheduling officer confirms or overrides the allocation.
Confirmed allocations are saved to the system database,
which maintains timetable records. The architecture separates
the user-facing interface from the machine learning logic,
allowing for easy updates or retraining without disrupting the
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front-end. The fast response time makes interactive use
feasible during schedule planning sessions.

RESULTS AND DISCUSSION

After training the model as described, we evaluated its
performance on the hold-out test dataset. The primary metric
used was prediction accuracy, i.e., the percentage of class
sessions for which the model correctly predicted the actual
hall assignment as per historical records. Nmodel achieved an
overall accuracy of 79.47% on the test data. This level of
performance is in line with related research applying machine
learning to resource allocation tasks [10]. It means that in
nearly four out of five cases, the system’s recommended hall
matched the hall that was originally assigned by human
schedulers. Such accuracy is a significant improvement over
baseline approaches. For instance, a naive strategy of always
choosing the most frequent hall would only be correct about
20-30% of the time in our dataset. The result of ~79.5%
demonstrates that the model has effectively learned the
complex mapping between class session features and
appropriate halls.

To better illustrate the model’s performance improvements
across training stages, Table I summarizes the accuracy
achieved after each major enhancement. The model's
performance was analyzed by examining cases where its
prediction did not match the historical assignment. Some
errors were reasonable for alternative allocations, such as
suggesting a different hall with similar capacity and facilities.
However, there were also clear mispredictions, particularly
involving fewer common halls. The model was strongest at
allocating typical classes to common venues, but slightly
weaker on edge cases. Future iterations could incorporate
distinguishing features to better differentiate these cases.
Overall, the model's performance suggests it offers more
flexibility and flexibility.

Table 7. Accuracy Progression Across Training Stages

Stage Method/Modification Accuracy
(%)

Initial Training  Basic XGBoost(Default 71.25
Paarmeters

After Tuning RandomizedSearchCV 79.23
optimization

With Sample Class weighting using 79.47

Weights compute_class_weights
With SMOTE  Synthetic oversampling 76.84

The Nmodel is a model-based scheduling system that
automates hall recommendations, saving time and ensuring
consistency in decision-making. It applies the same criteria to
all classes, reducing inconsistencies. The model also
improves resource utilization by allocating classes to
appropriate rooms, avoiding scheduling conflicts. It also

ensures that two classes cannot be double-booked into the
same hall, alerting users or suggesting alternatives if a
recommended hall is already booked. Despite not inherently
enforcing global timetable constraints, Nmodel's integration
with the scheduling process allows conflict checking to
maintain a valid timetable.

In summary, the results demonstrate that a machine learning
approach to lecture hall allocation is feasible and effective for
the NSBM context. The system’s accuracy indicates it can
replicate the decisions of human schedulers to a large extent
and even suggest viable alternatives. The deployment of
Nmodel provides tangible benefits in terms of the speed and
consistency of schedule planning. On the other hand, this
study also highlights areas for improvement, such as handling
rare allocation cases and ensuring the model’s learned
patterns align with truly optimal scheduling practices (and not
just historical practices). These considerations inform our
plans for future enhancements to the system.

CONCLUSION

The paper presents Nmodel, a machine learning-based lecture
hall allocation system for higher education scheduling at
NSBM Green University. The system uses historical
timetable data to train an XGBoost classification model to
recommend suitable lecture halls. The system, implemented
as a web application, can predict original hall allocations with
79.5% accuracy, reducing the effort needed for conflict-free
timetables. Nmodel's real-time recommendation capability
can improve resource utilization and consistency in
scheduling, ensuring each class is allocated to a suitable
space.

For future work, several enhancements are planned. First, we
aim to refine the model by incorporating additional features
and data sources for instance, including instructor preferences
or linking sessions that are part of the same course program,
which might influence room choices (e.g., consecutive
classes for the same group ideally placed nearby). Second, we
will explore integrating an optimization layer with the ML
model so that global constraints (like preventing any room
conflict across the entire timetable) are inherently respected
by the recommendation engine, moving towards a more fully
automated timetable generation. Third, alternative machine
learning models, including deep learning approaches or
ensemble methods, could be investigated to see if they offer
improved accuracy or better generalization for this task.
Finally, we plan to conduct user experience studies with the
scheduling staff to gather feedback and further tailor the
system’s interface and functionality to their needs. We
believe that the insights from this project can be generalized
to other universities facing similar scheduling challenges, and
that data-driven allocation tools like Nmodel can become a
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valuable

component of modern higher education

management.
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Abstract— This study presents a cost-effective smartphone-
based real-time bus tracking system developed for NSBM Green
University. The system eliminates the need for expensive
dedicated tracking hardware by utilizing drivers' smartphones
to share real-time location data. The research employed Design
Science Research Methodology (DSRM) to systematically design
and develop the solution. The solution comprises a Flutter-based
mobile application for passengers, a driver application, and a
Next.js web-based administration panel. Firebase serves as the
backend infrastructure with Google Maps API integration for
route visualization and estimated time of arrival calculations.
The system enables passengers to track live bus locations, view
schedules, and access additional features including lost-and-
found services and driver advertisements. Testing demonstrated
accurate real-time location tracking with minimal latency. The
smartphone-based approach reduces implementation costs by
approximately 90% compared to traditional GPS hardware
systems while maintaining scalability and operational efficiency.
This research contributes to sustainable transportation
solutions by providing an accessible alternative for institutions
with budget constraints.

Keywords— cost-effective tracking, mobile applications,
public transportation, real-time tracking, smartphone-based
systems

INTRODUCTION

Efficient public transportation services are required for
minimize route duration, reducing environmental effects, and
improving passenger satisfaction. Traditional bus monitoring
systems generally depend on expensive specialized GPS
devices, adding significant challenges for smaller
organizations and institutions with restricted budgets. These
traditional methods necessitate significant initial investments
between Rs 6,500 - 12,500 per vehicle [1], in addition to
periodic maintenance expenses that several institutions are
unable to support.

The evaluation of smartphone technology offers a chance to
create cost-effective replacements that integrate current
mobile infrastructure. Modern smartphones have been built
with integrated GPS functionality, stable internet access, and
sufficient computing capacity to function as efficient tracking
devices. This technology transition facilitates the creation of
extensive tracking systems without the economic strain of
specialized equipment.

This study focusses on the development of an effective real-
time bus tracking system utilizing smartphone technology.
The proposed solution was explicitly tailored for NSBM
Green University's transport network, emphasising the
development of a scalable and user-friendly platform that
eradicates hardware dependencies while preserving
operational efficiency.

There are three main parts to the system architecture: mobile
apps for drivers and riders developed with the Flutter
framework, a web-based admin panel developed with Next.js,
as well as a Firebase backend infrastructure that collaborates
with the Google Maps API. This combination allows people
to share their locations in real time, handle routes and
schedules, and provide passenger information services.

Previous research demonstrates the potential of smartphone-
based tracking systems; however, many implementations lack
comprehensive evaluation of real-world performance and
scalability. This study extends existing work [2-4] by
incorporating usability assessments, security considerations,
and performance optimization strategies. It contributes to the
field by providing a practical implementation model that can
be adapted by other institutions to address their transportation
requirements.

The primary objectives include developing a cost-effective
tracking solution, improving passenger experience through
real-time information access, enhancing operational
efficiency  for  transportation  administrators,  and
demonstrating the viability of smartphone-based alternatives
to traditional tracking systems. This research presents a
sustainable approach to public transportation management
that addresses both technological and economic constraints
faced by educational institutions.

LITERATURE REVIEW
Table 8. Key findings and limitations of previous studies

Study/Aut  Technology Key Findings Limitations
hor (Year) Used
[2] Minniet  Smartphone,  Reduced Limited real-
al. (2013) GPS, GSM implementation costs time data
by using smartphones  accuracy
[3] Navya Mobile App, Improved commuter Complex
etal. (2021) GPS satisfaction through implementatio
live tracking and nin large cities
route visualization
[4] Monica  GPS, Google  Improved passenger Limited
etal. Maps API convenience with scalability in
(2019) real-time location rural areas
sharing
[5] Sinhaet  Mobile App,  Enhanced user Battery
al. (2017) Google experience with consumption
Maps schedules, ETA, and and
live tracking connectivity
issues
[6]Sankara ~ Mobile App,  Lost-and-found and Limited to
nanrayanan  GPS, advertising features areas with
& Hamilton  Cashless improve UL. cashless
(2014) Ticketing ticketing
infrastructure
[7] Nafrees Smartphone,  Reduced waiting Dependency
etal. Cloud, GPS times and better on stable
(2021) operational efficiency internet
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Real-time bus tracking systems have evolved significantly
with the integration of mobile technologies and cloud-based
solutions. Previous research has explored various approaches
to address the limitations of traditional GPS-based tracking
systems, particularly focusing on cost reduction and improved
user experience.

These studies demonstrate that smartphone-based bus tracking
systems offer advantages over traditional GPS-based systems,
particularly regarding scalability and hardware costs. The
centralized approach facilitates maintenance and enables
additional features such as lost-and-found services,
advertisements, and seat reservations.

Recent developments in cloud computing and mobile
application frameworks have addressed many previous
limitations. Firebase and similar real-time database solutions
provide reliable data synchronization, while cross-platform
development tools like Flutter enable cost-effective
application deployment across multiple operating systems.
These technological improvements address connectivity and
scalability issues identified in earlier smartphone-based
implementations [5, 7, 8].

Table 2. Feature comparison of traditional GPS-based systems vs.
smartphone-based systems

Feature Traditional GPS- Smartphone-

Based Systems Based Systems
Hardware Cost High Low
Scalability Limited High

Real-Time Data Real-Time
Synchronization

Additional Features

Often Delayed
Minimal Lost-and-Found,
Advertisements
Maintenance High Low
Requirements
Implementation
Complexity

High Moderate

METHODOLOGY

This study employed Design Science Research
Methodology (DSRM), a systematic approach for developing
and evaluating technology-based solutions. DSRM facilitates
the creation of artifacts such as software systems, methods,
and models while generating knowledge that contributes to
both research and practice [9]. The methodology consists of
six interconnected phases that ensure rigorous development
and evaluation of the proposed bus tracking system.

Problem ldentification and Motivation

The research addressed challenges associated with traditional
bus tracking systems that rely on expensive dedicated
hardware devices. According to local GPS tracking device
suppliers, current GPS-based solutions require significant
capital investment ranging from Rs 6,000 to Rs 12,500 per
vehicle [1]. The identified problem encompasses cost
barriers, limited scalability, and inadequate real-time data
synchronization in existing tracking systems

Objectives of the Solution

The primary objective focused on developing a centralized
platform that enables administrators to manage bus
operations efficiently while allowing drivers to share real-
time location data using smartphones. Secondary objectives
included providing passengers with live bus tracking,
estimated arrival times, updated schedules, and additional

services such as lost-and-found advertisements to enhance
system utility.

Design and Development

The system architecture comprises three integrated
components designed to ensure seamless operation and user
experience.

Mobile apps were developed using a Flutter framework to
ensure cross-platform compatibility. Driver application used
for location sharing and trip management and a passenger
application for real-time tracking, schedule access, and
estimated arrival time information. The web admin panel,
built with Next.js framework, provides administrators with
tools for driver registration, route establishment, and schedule
management. This centralized approach ensures efficient
system oversight and operational control.

Backend infrastructure utilizes Firebase for real-time data
storage, user authentication, and synchronization capabilities.
Google Maps API integration enables accurate route
visualization, distance calculations, and estimated arrival time
computations. Table 3 presents the technologies used for
system development.

Table 3. Technologies used for system development

Component Technology Purpose
Used
Mobile Applications Flutter Cross-platform development
Web Admin Panel Next.js Fast and scalable web
application
Backend Infrastructure  Firebase Real-time data storage and
synchronization
Maps Integration Google Route visualization and
Maps API ETA calculations
Authentication Firebase Secure user management
Auth
Database Firestore Real-time NoSQL database

System Demonstration

System demonstration was planned for NSBM Green
University's transportation system. Administrators utilize the
web panel for driver registration and route definition, while
drivers employ mobile applications to transmit real-time
location data to Firebase. Passengers access live tracking
information and schedules through their dedicated mobile
application.

Evaluation

The system development is completed, and preliminary
testing is conducted using alternative vehicles such as bicycles
and three-wheelers. However, testing involving actual bus
drivers and real-world bus operations is planned for
subsequent phases.

User testing will include bus drivers, passengers, and
university staff to check system usability and collect feedback
for further improvements. This real-world evaluation will be
instrumental in validating the system's effectiveness within
the actual transportation operations.

Communication

Research findings demonstrate the capability of smartphone-
based tracking systems to replace conventional hardware
solutions, providing cost-effective, scalable, and efficient
alternatives for institutional transportation management.
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IMPLEMENTATION

System Architecture

The system architecture follows a three-tier approach
consisting of presentation layer (mobile applications and web
interface), application layer (business logic and API
services), and data layer (Firebase backend and Google Maps
integration). This modular design ensures maintainability,
scalability, and efficient data flow between system
components. Fig. 1 illustrates the overall system architecture
diagram.

Passenger App Diriver App

Admin Panel

Eneneien Cpderes

Fig. 17. System architecture diagram

Mobile Application Development

The Flutter framework was selected for mobile application
development due to its cross-platform capabilities and high-
performance rendering engine. This choice addresses the
development efficiency challenges noted in previous mobile
tracking applications [5,10]. Two distinct applications were
developed to serve different user requirements while
maintaining consistent user interface design principles.

The driver application enables location check-in functionality,
real-time GPS tracking activation, and continuous position
updates to Firebase database. Additional modules facilitate
advertisement posting and lost-and-found item management,
providing drivers with supplementary income opportunities
and enhanced passenger services.
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Fig. 1. Live Tracking in mobile apps

The passenger application incorporates live bus tracking with
real-time location visualization, estimated arrival time
calculations, and comprehensive route information through
Google Maps API integration. Users can access current bus
schedules, interact with lost-and-found listings, and view
driver  advertisements, creating a  comprehensive
transportation information platform. Fig. 2 shows the live
tracking interface in the mobile application.

Web Administration Panel Development

The administration panel utilizes Next.js framework to
provide server-side rendering capabilities and optimized
performance. The interface enables centralized transportation
network management through driver registration, route
configuration, and schedule administration functions.
Firebase integration ensures real-time data synchronization
between the web panel and mobile applications, allowing
administrators to monitor system status and make immediate
updates that reflect across all user interfaces. Fig. 3 presents
the admln dashboard interface.

8,7 &y

Fig. 2. Admin Dashboard

Backend Infrastructure Integration

Firebase serves as the main backend solution, providing
Firestore databases for real-time data storage, Cloud Storage
for images and videos, and Authentication services for secure
user management. The platform'’s real-time synchronisation
capabilities ensure that all the connected applications receive
up-to-date data immediately. The integration of Flutter,
Android, and Firebase are all Google technologies facilitates
seamless interoperability and enhanced system performance.

Table 4 : System components and key functionalities

Component Key Functionalities Target Users
Driver Location sharing, trip Bus drivers and
Application  management, advertisements, conductors
lost-and-found posting
Passenger Live tracking, ETA viewing, Students and staff
Application  schedule access, lost-and-found
browsing
Web Driver registration, route Transportation
Admin management, schedule administrators
Panel configuration, system monitoring
Firebase Real-time data storage, user System
Backend authentication, file storage, data infrastructure

synchronization
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Integration with the Google Maps facilitates the generation of
various routes to visualize paths, calculate distances between
locations for precise arrival times, and utilize geocoding
services for location-based functionalities. Furthermore, the
API integration enhances speed through effective request
management and caching.

RESULTS AND DISCUSSION

System Performance Results

The system worked well at tracking people's locations in real
time, with an average delay of 2.3 seconds among location
changes and the display of passenger applications. GPS
accuracy tests showed that the device could accurately
pinpoint its location to within 3 to 5 meters when everything
was normal. This was good enough for tracking buses in cities.

Testing was conducted using alternative vehicles including
bicycles and three-wheelers to simulate real-world scenarios,
as actual bus driver testing is planned for future
implementation phases. These preliminary tests validated core
functionality and system reliability under various movement
conditions. Table 5 presents the system performance metrics
achieved during testing.

Table 5. System performance metrics

Performance Achieved Target Status
Metric Value Value

Location 23 <3 Achieved

Update seconds seconds

Latency

GPS 3-5 <10 Achieved

Accuracy meters meters

Application 1.8 <2 Achieved

Load Time seconds seconds

Database 0.8 <1 Achieved

Response seconds second

Time

Concurrent 200 users 150 Exceeded

User users

Support

Cost Analysis Comparison

The smartphone-based system achieved significant cost
reduction compared to both traditional GPS hardware
solutions and loT-based alternatives. Implementation costs
were reduced by approximately 90% compared to
commercial GPS systems, while eliminating the development
complexity associated with custom 10T solutions. Table 6
provides a comprehensive cost comparison analysis across
different tracking approaches.

Table 6. Comprehensive cost comparison analysis

Cost Category Commercial loT DIY Smartphone
GPS System Solution Based
System

Hardware Cost Rs 6,000 Rs 7,500 Rs0

per Vehicle

Installation Cost RsO Rs 1,000 Rs 0

Development Time 0 months 4-6 months 2-3 months

API Access None Full Control Full Control

Monthly SIM/Data  Rs 300 Rs 300 Rs 0

Software Platform  Rs 2,000 Rs 500 Rs 500

Annual Rs 1,200 Rs 2,000 Rs 200

Maintenance

Total Annual Cost  Rs 102,000 Rs 108,000 Rs 7,000

(10 vehicles)

The smartphone-based approach eliminates hardware
procurement costs entirely while providing the same level of
API control as custom 10T solutions. Unlike commercial GPS
systems that offer no APl documentation or integration
flexibility, the smartphone solution enables complete
customization and feature development.

Technology Stack Evaluation

The selected technology stack proved highly effective for
system requirements. Flutter framework enabled efficient
cross-platform  development, while Firebase provided
reliable real-time data synchronization with 99.8% uptime
during testing periods. The combination eliminated the
complexity associated with loT hardware development while
maintaining full system control. Table 7 compares different
technology approaches for vehicle tracking systems.

Table 7. Technology approach comparison

Aspect Commercial 1oT DIY Smartphone-

GPS Based

API Access None Full Full Control

Control

Development Low High Medium

Complexity

Hardware High Medium High

Reliability

Scalability Limited High High

Maintenance Low High Very Low

Requirements

Customization None Complete Complete

Potential

Advantages and Impact Analysis

The smartphone-based approach provides unique advantages
over both traditional and 10T alternatives. Unlike commercial
GPS devices that lack API access and customization options,
the system offers complete control over data and
functionality. Compared to 10T solutions requiring hardware
development and maintenance, smartphones provide built-in
GPS, connectivity, and processing capabilities.

For NSBM Green University, the system delivers improved
transportation visibility for students and staff while enabling
administrative efficiency through centralized management.
The elimination of hardware costs makes the solution
accessible to institutions with budget constraints, while the
modular architecture supports future feature expansion.

Challenges and Limitations

Implementation revealed challenges requiring ongoing
attention. System dependency on stable internet connectivity
affects performance in areas with poor network coverage.
Driver compliance for location sharing activation remains
crucial for maintaining continuous tracking coverage, unlike
passive GPS hardware that operates automatically.

Battery consumption on driver devices requires monitoring to
ensure sustained operation throughout service periods.
However, this challenge is offset by the elimination of
dedicated device maintenance and the ubiquity of smartphone
charging infrastructure.

Real-world testing with actual bus drivers remains pending
for comprehensive system validation. Privacy and data
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security considerations necessitate continued evaluation,
though Firebase authentication and encryption mechanisms
provide robust protection comparable to commercial
alternatives. These security measures address data protection
concerns highlighted in smartphone-based tracking research
[6,7].

Comparison with Existing Solutions

The developed system demonstrates superior cost-
effectiveness compared to all alternative approaches while
maintaining comparable functionality. Unlike commercial
GPS systems with vendor lock-in limitations, the smartphone
solution provides complete API access and customization
capabilities matching loT solutions without hardware
complexity. Table 8 presents a detailed feature comparison
across different solution types.

Table 8. Feature comparison across solution types

Feature Commercial 10T DIY Smartphone-
GPS Based

Real-time Yes Yes Yes
Tracking
Custom Features  No Yes Yes
API Integration No Yes Yes
Hardware Required High None
Maintenance
Development None Complete Complete
Flexibility
Implementation Fast Slow Medium
Speed

The integration of additional features such as lost-and-found
services and advertisement platforms distinguishes this
solution from basic tracking systems, providing enhanced
value for all user categories. The modular architecture
enables future expansion while maintaining the core principle
of zero hardware dependency.

G. Future Implementation Considerations

The system architecture supports planned enhancements,
including seat reservation functionality and QR code-based
features. Unlike hardware-based solutions requiring physical
modifications, smartphone-based implementations enable
software-only feature additions. This flexibility positions the
solution as a sustainable long-term platform for institutional
transportation management.

CONCLUSION

This research successfully developed and implemented a
cost-effective smartphone-based real-time bus tracking
system tailored for NSBM Green University. The study
addressed the significant financial barriers typically
associated with traditional GPS tracking systems by
leveraging existing smartphone technology and modern
cloud-based infrastructure to create a comprehensive
transportation management solution.

The implemented system demonstrates substantial cost
reduction of approximately 90% compared to conventional
GPS-based tracking solutions while maintaining equivalent

functionality and performance standards. By eliminating the
need for dedicated hardware devices, the solution provides an
accessible alternative for educational institutions operating
under budget constraints.

The research contributes to sustainable transportation
solutions by demonstrating the viability of smartphone-based
tracking systems as practical alternatives to expensive
traditional solutions. The findings support the adoption of
cost-effective  technologies that can improve public
transportation efficiency while remaining accessible to
institutions with limited financial resources.

Future work could focus on real-world testing with actual bus
drivers to validate system performance under operational
conditions. The proposed enhancements include integration
of seat reservation functionality, QR code-based ticketing
systems, and optimization for broader public transportation
networks beyond institutional settings. The system’s
architecture supports these expansions while maintaining the
core principles of cost-effectiveness and user-friendly
operation.

This study establishes a foundational framework for
developing affordable transportation management systems
that leverage readily available mobile technologies to
improve public transit efficiency and user experience.

REFERENCES

[1] "GPS tracking system Sri Lanka," Keygen.lk. [Online].
Auvailable:https://keygen.lk/product-tag/gps-tracking-system-sri-
lanka/. [Accessed: Jun. 15, 2025].

[2] R. Minni, "A cost-efficient real-time vehicle tracking system,"Int. J.
Comput. Appl, vol. 81, no. 11, pp. 29-35, Nov. 2013.

[3] J.N.Sree, C. Mounika, T. Mamatha, B. Sreekanth, and N. Mohammed,
"Integrated college bus tracking system," IJSRST, vol. 8, no. 3, pp.
732-735, Jun. 2021.

[4] M. K. Monica, S. Gurupriya, and S. A. Magdaline, "Bus tracking
system using GPS on smartphones,” International Journal of
Engineering Research and Technology (IJERT), vol. 7, no. 11, pp. 1-
3, 2019.

[5] S. Sinha, P. Sahu, M. Zade, R. Jambhulkar, and S. V. Sonekar, "Real-
time college bus tracking application for Android smartphone,”
International Journal of Engineering and Computer Science (IJECS),
vol. 6, no. 2, pp. 20281-20284, Feb. 2017.

[6] S. Sankarananrayanan and P. Hamilton, "Mobile enabled bus tracking
and ticketing system," ICoICT, pp. 475-480,2014

[7] A.C. M. Nafrees, K. Achutharaj, S. M. S. Raseez, A. L. Hanees, and
C. G. Ubeshanan, “Intelligent transportation system using
smartphones”,ICEECCOT,pp. 229-234, Dec. 2021.

[8] S. Kotaand A. A. Rao, "Design and development of Android mobile-
based bus tracking system," in Proc. 2014 1st Int. Conf. on Networks
and Soft Computing, 2014, pp. 232-234.

[91 A. R. Hevner, S. T. March, J. Park, and S. Ram, "Design science in
information systems research," MIS Quarterly, vol. 28, no. 1, pp. 75—
105, Mar. 2004.

[10] P. Godge, K. Gore, A. Gore, A. Jadhav, and A. Nawathe, "Smart bus
management and tracking system," IJLES, vol. 2, no. 2, pp. 20-25, Apr.
2019.

FP-CT02-CMT71

41



2" International Conference on Transformative Applied Research (ICTAR 2025)

NSBM Green University, Sri Lanka

Integrating AES Encryption and HMAC-Based
Integrity in LSB Steganography: Design and
Implementation

J. H. Fernando! and P. Abeyrathne
!Department of Network and Security, Faculty of Computing, NSBM Green University, Sri Lanka
2Department of Computer and Data science, Faculty of Computing, NSBM green university, Sri Lanka
Corresponding Author E-mail: pabudi.a@nsbm.ac.lk

Abstract—Nowadays, cloud security practices face
limitations such as the visibility of ciphertext, vulnerability to
advanced traffic analysis, and regulatory compliance
challenges. To alleviate these issues, this paper introduces
Invisycrypt, a novel hybrid cryptographic-steganographic
framework designed to enhance cloud data security. Invisycrypt
integrates AES-256 encryption with LSB image steganography
and adds HMAC-SHAZ256 integrity verification. This layered
model hides encrypted data within digital images, making it
unrecognizable under normal scrutiny while ensuring
authenticity and tamper detection. This approach strengthens
defence against persistent threats, traffic monitoring, and
supply chain attacks, while supporting secure multi-cloud
deployment and regulatory compliance. Experimental results
show that Invisycrypt offers a covert, efficient, and scalable
solution, demonstrating that integrated cryptography and
steganography provide superior protection compared to single-
layer methods.

Keywords—Cloud  Security, Hybrid Cryptography,
Steganography, AES Encryption, Data Concealment, Zero-
Knowledge Storage, Information Hiding

INTRODUCTION

This introduction explains how there is a necessity to have
better cloud security by covering the shortcomings of
conventional cryptography. It shows how cryptography can be
used in conjunction with steganography to enhance security,
addresses the existing security problems, and discusses
Invisycrypt, a hybrid infrastructure that can be deployed to
enhance confidentiality and integrity in cloud computing. The
section ends with the practical contributions and research
objectives of the proposed system.

Background and Motivation

The use of cloud computing has increased rapidly in recent
years, and it has completely altered the way businesses handle
sensitive data [1, 2]. Even though cloud services are very
flexible and easy to access, using just traditional cryptography
is not enough to secure them from new security problems [3].
Since cyber-attacks are getting more complex and people are
concerned about data privacy, government interference, and
staff working with sensitive information in the cloud, it is
crucial to use innovative security methods that are different
from traditional encryption [4, 5].

The drawbacks of using only cryptography are clear in the
cloud since ciphered data appears noticeably different from
regular information and thus cannot hide [6]. The fact that
these apps are easy to spot can cause them to get targeted by
bad actors, regulators, or the companies running the cloud

services [7]. For this reason, when using cloud storage, there
is only one place for all the data, which can let data breaches
allow plenty of data to be attacked for a long period. As
quantum computing is changing the future of encryption,
additional types of security are now required than previous
times. [8-10].

Since very early times, people created steganography methods
to hide important information within objects that appear
ordinary [11]. This secret method can conceal sensitive data
that would otherwise be discovered [12]. Still, old-fashioned
ways of hiding data are less secure, so if the hidden
information is discovered, it usually remains available to
anyone without permission [13]. This major flaw has stopped
people from relying on steganography for main security
measures in corporate and cloud computing [14].

The Convergence Opportunity

Adopting cryptography and steganography at the same time
changes information security and fixes the problems they face
on their own by boosting their benefits too [3, 15]. This
combined strategy results in an effective framework that is
suitable for cloud environments because data security depends
on being hard to detect and read [16]. If data is encrypted prior
to being stored on carriers, organizations obtain exceptional
security against people who wish to reveal the data or hack it
[4, 17, 18].

In terms of cloud security, the fusion of these technologies
creates many important benefits. Most importantly, trojans
can hide data in regular files, so attackers cannot access it with
regular scans or manual checks [19]. In addition, it shields
cloud services from risk posed by insiders as privileged
administrators find it hard to identify or handle hidden
encrypted data [20]. It also allows attackers to move data
secretly and talk through channels that are not managed by
regular network guarding programs [21].

Using these technologies solves many new challenges
emerging in the regulatory field, for example, having to keep
data within one country or facing roadblocks during cross-
border transfers [22]. Some organizations might hide
encrypted data inside simple image files or other media to
avoid strict review by authorities [18, 23]. Multinational
companies find this capability very helpful when their
operations are subject to strict data governance laws [24].

Contemporary Security Challenges

Cloud security now requires solving various challenges,
which single-layered approaches find hard to handle
completely [25]. Modern Advanced Persistent Threats (APTSs)
can transcend secure encryption by using advanced traffic
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studies, exploiting metadata, and recognizing behaviour,
without trying to break cryptographic algorithms [26, 27].
State hackers and cybercriminals are paying more attention to
encrypted information since decrypting it can result in
important intelligence [28].

Cloud native applications and microservices create a lot of
paths where data can be exposed, making the system’s
security more complicated [29]. Even though traditional
cryptography hides data at storage and in transit, it does not
function enough to prevent theft or errors during processing
and to safely manage the encryption keys that work in the
cloud [30]. As a result, the model of collaborative security in
the cloud can cause issues since it does not ensure that all
potential threats are seen by anyone [31].

Due to the General Data Protection Regulation (GDPR),
California Consumer Privacy Act (CCPA), and new data
sovereignty laws in several countries, organizations must
ensure that they respect privacy and remain flexible in their
everyday activities [32, 33]. Many times, these laws expect
not only to protect data but also to prove that it was not
accessed illegally [34].

Research Significance and Innovation

This research deals with existing cybersecurity problems by
introducing Invisycrypt, a special hybrid cryptographic-
steganographic approach for protecting data in the cloud [35].
Its value is generated from joining existing security systems
and inventing a network where security strength increases in
ways that are greater than the way if they were used alone [36,
37].

Besides improving technology, innovation also means
developing a whole new way to think about security in
dispersed computing systems [38]. Rather than considering
data concealment and data protection as opposed, this research
proves that having both methods in place makes it challenging
for threats to succeed from all aspects [39]. Trust in data kept
in the cloud is maintained by including HMAC-based
verification, which ensures both authenticity and protection
from possible modifications [40].

Cloud security plays a major role in this research as it brings
several important changes [41]. Using the framework, zero-
knowledge data storage is made possible, so cloud providers
are not aware of the information they contain [42]. It allows
organizations to prepare backup strategies that most
monitoring systems will not notice [43]. Besides, this makes
it possible to create confidential communication channels on
the cloud that defend against surveillance by both networks
and endpoints [44].

Deployment overhead and scalability

The computational overhead of Invisycrypt is minimal. AES
and HMAC run at ~150 MB/s and ~200 MBY/s, respectively
[27], while embedding is linear in pixel count (<0.01 s for
512x512 images). Memory usage is limited to input/output
buffers and a 32-byte HMAC. In multi-cloud deployments,
latency is dominated by network transfer rather than
computation. Invisycrypt scales linearly with data size and
cloud endpoints, with negligible extra storage overhead
(HMAC adds only 32 bytes).

Practical Implications for Cloud Security

The findings of this study are useful in various areas of cloud
security implementation [45]. For people in charge of
designing cloud architectures in enterprises, this framework
introduces ways to secure the system using many layered
approaches [46]. The fact that sensitive data can be stored in
regular image files that are safely kept in the cloud makes it
possible to guard data stealthily along with encrypting it [47].

Multi-cloud and hybrid cloud settings use the framework to
distribute data securely and keep their confidentiality no
matter where the service providers are located [48]. This skill
becomes important for groups who must obey different laws
or work in regions where there is a higher likelihood of
information interception [49].

The study investigates how cloud services cope with the rising
risk of security breaches in the supply chain [50].
Organizations can use hidden encryption of data to confirm
and authenticate data safely, even if the cloud services they
depend on become compromised [51]. Thanks to this
capability, it is possible to put in place zero-trust systems that
anticipate breaches and try to minimize damage from
successful attacks [52].

Research Objectives and Contributions

This research aims to accomplish several key objectives that
advance both theoretical understanding and practical
implementation of integrated cryptographic-steganographic
security systems [53]. The primary objective is to demonstrate
that the strategic combination of AES-256 encryption with
LSB steganography creates a security framework that
provides superior protection compared to either approach
implemented independently [54, 55]. This demonstration
includes both theoretical security analysis and practical
implementation validation through the development of a
functional prototype system [56].

A secondary objective focuses on establishing design
principles for implementing hybrid security systems in cloud
environments [57]. This includes developing methodologies
for capacity planning, performance optimization, and security
parameter selection that enable practical deployment in
production cloud infrastructures [58]. The research also aims
to identify and address potential vulnerabilities unique to
combined cryptographic-steganographic systems, particularly
those that might emerge from the interaction between different
security layers [59].

The research contributes to scientific literature by providing
empirical evidence for the security benefits of integrated
approaches while offering a practical framework that other
researchers and practitioners can build upon [60]. The
development of Invisycrypt as an open-source prototype
enables broader community validation and extension of the
research findings [61]. As a result of this thorough study, the
paper provides a framework for explaining how integrating
cryptography and steganography can assist solving modern
problems in cloud security and possibly introducing new
developments in the field [62].

LITERATURE REVIEW

Evolution of Cryptographic-Steganographic Integration

The combination of cryptography and steganography has
become a significant field of study because of new
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cybersecurity threats and because single-layer security cannot
always stop them. Even though traditional cryptographic
methods are computationally strong, they still have the basic
problem that encrypted information can still be recognized by
bad actors [63]. Alternatively, steganography is great at
keeping data hidden, yet it does not provide much protection
once anyone notices the hidden information [64].

Earlier studies have implemented hybrid methods like first
encrypting the data and then hiding the result by
steganography. Nevertheless, most of these methods handled
the firewall and virus protection as separate elements. The
move towards full integration started when it was realized that
combining cryptography and steganography could lead to
security strengths that surpass those of each technique alone
[65].

Cloud Security Challenges and Hybrid Solutions

As cloud computing is being used more rapidly, old
cryptographic methods are failing to deal with modern
security problems. Researchers from the study by Abbas and
colleagues (2020) found that cloud data storage systems are at
risk from insider problems, the possibility of data being seen
by unauthorized users, and compliance with regulations [66].
It was proved by their research that existing rich encryption
methods do not address the main issue of making data hidden
inside the cloud.

The latest efforts in cloud security are targeting how
encryption and steganography can be combined to face these
multiple issues. AES encryption was integrated with LSB
steganography by Al-Husainy (2022) into a general
framework specifically made to secure information in the
cloud environment [67]. In terms of security, they showed
clear benefits compared to the past systems, largely in
situations where users violate security policies inside or
trapped wrongdoers from cloud service providers.

Zhang et al. (2022) pointed out that using integrated solutions
plays a key role in cloud security and introduced a flexible
four-step data security model that combines cryptography and
steganography with adjustable key management [68]. They
pointed out that, as the older security systems at the edge do
not function well today, new solutions are needed to keep both
data private and hidden in today’s distributed computing
environments.

Integration of AES and LSB steganography

Experts now rely on AES and LSB steganography as the
primary way to strengthen security systems. Kumar and
Sharma spent a lot of time researching dual encryption
systems for multi-level steganography in their paper, using
AES and Blowfish algorithms [69]. With the MLS method,
they managed to secure data and cover pictures effectively
while maintaining the need for unnoticeable results.

Choudhary and Agarwal (2024) developed the topic by
studying methods that mix LSB-based steganography and
AES encryption on mosaic images [70]. They fixed important
weaknesses in standard LSB implementations by using
randomization and better key management approaches. It was
shown in the research that steganalysis resistance increased
while keeping the process efficient for cloud settings.

Patel et al. (2022) presented different methods of processing
encryption for images and texts by using AES and LSB

steganography [71]. Their upgraded technique tackled the
issue of holding multiple kinds of data in one carrier, which is
significant for cloud storage since both text and images must
be secured.

Most recent advancements in hybrid cryptographic and
steganographic systems include the use of machine learning to
make systems safer and more flexible. According to Johnson
et al. (2024), their new algorithm involves machine learning,
smart adjustment of keys, unique methods of hiding data, and
secure storage on the cloud [72]. The tests proved that their
approach was more resistant to steganalysis, both from
standard means and from Al.

As cybersecurity threats get more advanced, there is a need for
security tools that can adapt and learn on their own. Having
machine learning in place, cryptography and steganography
can be set differently and flexibly based on current threats and
the properties of the medium used.

Security Analysis and Threat Modelling

There has been a rise in using formal models by researchers to
study the security of hybrid systems that combine
cryptography and steganography. The authors of the review
analysed the strengths and weaknesses of cryptography-
steganography fusion, and they provided formal security
justifications for several ways the two can be mixed [73]. By
studying, services discovered what makes various security
properties emerge from using different techniques.

Researchers mainly focus on finding ways to resist APTs and
cyberattacks backed by states that make use of deep analysis
of internet traffic and information in metadata. The authors’
experiments found that hybrid security provides better
protection against advanced cyberattacks than strategies that
only use encryption [74].

Security for blockchain has investigated adding defence
against threats from quantum computers, as different studies
discuss how combining solutions can strengthen security. It is
recognized that with steganography, important information
could still be protected even if quantum attacks successfully
break the encryption methods used [75].

Ensuring the proper implementation of cryptographic-
steganographic methods in cloud systems requires attention to
both speed and how conveniently they can be applied to many
users. The authors of the study looked at several strategies for
bandwidth-efficient AES-LSB integration and checked their
impact on computations, memory needs, and scalability [76].
Properly configured hybrid systems, according to their
research, may bring very little performance degradation when
used in large cloud environments.

Cloud systems also depend greatly on how efficiently
information is stored. Li et al. worked out in 2022 how to
improve the data hiding capacity of LSB steganography,
assuring that it does not affect image quality [77]. The
advanced embedding methods they used were able to save
space in storage more than traditional ways of storing
information in pictures.

Integrity Verification and Authentication

As data authenticity plays a key role in cloud applications, the
use of integrity verifiers in cryptography and steganography
systems is getting more focused. Singh et al. (2023) suggested
using HMAC along with AES-LSB in existing systems and
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proved that this method detects damages more effectively
[78]. They worked on ensuring that data remains unchanged
whenever it is transferred to several cloud locations.

The authors Gupta and Verma (2021) investigated thorough
data authentication methods that can apply to different types
of concealment carriers [79]. It was proved that having
authentication in an integrated way kept the steganographic
protection while detecting tampering and confirming who sent
the steganographic message.

Recently, experts have been working on how combining
cryptography and steganography can assist with following
regulations in cloud computing. Williams et al. (2023) worked
on how using hidden digital storage could assist companies in
obeying data localization regulations without interfering with
their ways of working [80]. Their research depicted how
successful multinational organizations function in several
types of regulatory environments.

People have been paying close attention to privacy in the
context of hybrid approaches. The findings suggest that by
applying steganographic methods, organizations can obey the
GDPR through data anonymization and limit the chance of
unauthorized persons accessing their data [81].

Summary and Research Positioning

From the literature, it becomes clear that hybrid type
cryptography-based steganography is being recognized as
essential to solve today’s cloud security issues. The change
from basic individual steps to complex connected systems
implies how far this research has developed and how much
more it helps in practice.

According to recent studies, it has been explained how
integrating cryptography and steganography can generate new
security capabilities [82, 83]. Even so, there are still plenty of
chances to boost practical security, especially when dealing
with cloud technologies, as the old security rules may not

apply [84].

The research provides contributions by resolving several
recognized problems: it introduces truly combined security
systems, introduces full-featured verification systems, and
creates frameworks meant exclusively for cloud computing
security [85, 86]. New elements in the current research are
zero-knowledge storage and dealing with threats from within
[87].

To position Invisycrypt within current research, we briefly
compare it against recent hybrid cryptography—steganography
systems. Table 1 summarizes key algorithms, performance,
robustness, and runtime characteristics of selected
frameworks [51, 52, 60]. This comparison highlights that
while all achieve high imperceptibility (PSNR > 40 dB), most
rely on LSB embedding and thus share fragility to lossy
transformations. Invisycrypt’ s distinctive addition is its
HMAC-based integrity verification, providing tamper
detection often absent in related work.

Table 1- Comparison of Invisycrypt with selected hybrid cryptography—
steganography frameworks
System Encrypt Stego PSN  Robustnes
(Ref) ion Meth R S
od (dB)

Runtime
Overhead

Invisycry ~ AES- Classi  ~50 HMAC AES: ~150
pt 256 + cLSB dB ensures MB/s [27];
HMAC- [15]  integrity, HMAC:
SHA256 but LSB is ~200 MB/s
fragile [27];
under embed/extr
JPEG/resizi act<0.01s
ng [39] for ~10"6
pixels
Alanzy Blowfis  4- 74—~  HighPSNR Enc ~0.83
2023[60] h+AES LSB 86 (low s, Dec ~1.5
(spati dB distortion) s [60]
al) [60] but
standard
LSB
fragility
Kallapu AES + LSB 74—  DNA Enc time
2023 [51, DNA 87 encoding ~10-35 ms
52] coding dB adds [52]
[51]  complexity
still
vulnerable
to lossy ops
SCReedS AES + LSB > 40 Uses error-  Not
olo (2024) Reed— dB correction reported
Solomon [8] to recover
from some

losses

RESEARCH GAPS IDENTIFIED

Although much progress has been achieved in hybrid
cryptographic steganography, some key problems are still not
addressed. Little research has focused on the issues of
managing these systems in multiple and hybrid cloud settings
where data is handled by providers who do not have the same
rules and levels of protection.

It is doubtful that current integrity verification solutions can
meet the security needs of large-scale cloud deployments
because of the costs they incur. At the same time, there is no
adequate research available on how hybrid approaches help
resist new cyber threats and new tactics used by attackers in
the future.

Standardization of protocols that combine cryptography and
steganography for cloud services is still another significant
problem. Scientists have mainly worked on small-scale trials
rather than making frameworks that are ready for businesses
and meet all the needed regulations. This research is an effort
to find answers to these issues, and it will ultimately benefit
the scientific community.

RESEARCH METHODOLOGY

In this study, an applied approach and developmental method
are used to develop and evaluate the secure steganography
application “Invisycrypt.” The study uses a formal software
development process along with tests to find out how well the
suggested steganography approach is connected to AES-256
encryption and HMAC verification functions.

Design Methodology

Building the application involves repeating the design process
with the help of different principles for more efficient, secure,
and easy-to-use outcomes. Since the focus was on users, the
Tkinter GUI framework in Python was chosen to make the
interface intuitive. Security is given priority in the system by
including AES-256 and HMAC-SHA256 encryption methods
together with methods from steganography. Also, using
modular programming, the system is divided into different
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parts containing encryption, steganography, and the user
interface.

The research applies a collection of carefully selected
technologies that work best for cryptography and image tasks.
Since Python 3.x has the ideal support for cryptographic
libraries, it is the main language used in network security. PIL
is a library for image processing in Python, and
PyCryptodome gives you a secure implementation of AES.
Tkinter makes it possible to create GUIs that run on several
platforms. The system includes HMAC, a Hash-based
Message Authentication Code, to make sure data is not
corrupted when used or saved.

Implementation of algorithms

Least Significant Bit Steganography is used in the project, and
several settings improve the performance of hiding and getting
back the data. Each byte of data is inserted into the LSBs of
RGB colour channels in the image one after another. To make
sure all the image space is used well, the maximum payload is
defined by (Width x Height x 3) / 8 bytes. A 32-bit header is
the first part of the payload, and after that comes the encrypted
data. Files that can be read in are PNG, JPEG, and BMP, but
to keep the images free from compression faults, the output is
only PNG.

The system’s cryptography uses various layers of protection
to make sure both data confidentiality and authenticity are
present. Using the SHA-256 hash function, passwords are
changed into encryption keys. CBC encryption mode is used
together with PKCS7 padding for AES-256 encryption here.
A new 16-byte Initialization Vector (1V) is produced for every
encryption session to add more security. To make sure data is
correct, the system runs HMAC-SHA256 to detect changes in
the information. As Base64 encoding makes it safe, binary
data is added to image files as binary information.

Checking the system’s integrity is an essential feature of the
process. When data is encrypted, a SHA-256 HMAC is made
to generate an authentication code. A bit that confirms
verification information is included in the data. Following a
decryption, the system examines if the data is real and tells the
user if there are any manipulations. In real time, visual signals
are provided to show the status of integrity. Flexibility is
increased by letting integrity verification work as an optional
step to ensure existing applications still work.

Experimental design

To ensure cross-platform compatibility, the application is run
in Windows, macOS, and Linux systems. The system runs
easily on mainstream desktop or laptop computers, so no
special adjustments are necessary. Images in the data range
from many file types, along with different resolutions and
colour quality. Different-length text messages are included in
the test data, starting with 10 bytes and going up to the
maximum the image can store.

Security, steganography, and usability help in rating the
performance of the system. Some examples of security
metrics are the power of AES-256 encryption, the accuracy of
checking integrity, how good at preventing HMAC collisions
the system is, how well authentication takes place, how secure
passwords are made, and how well detect tampering. The
effectiveness of steganography is checked by evaluating its
data hiding ability, invisibility to the human eye, and how
successful it is in embedding and extracting information.

Usability metrics pay attention to how quickly the interface
responds, how errors are dealt with, and the total efficiency of
the steps users take.

Reliability is ensured by using various methods in validating
research. Encryption and decryption processes are checked
with the help of functional testing. Cryptographic solutions are
tested for how secure they are. Integrity testing aims to check
the efficiency of the system that detects changes and calculates
the occurrence of false positives. Usability testing aims to
check how easy and efficient the user interface is. During
stress testing, data is added to push the system to the limit to
monitor its results, while tampering simulations are done to
gauge how well the verification process holds the data.

Data collection and analysis

There are various measurable quantities involved in
guantitative analysis. The value of data one can hide is
connected to the image size. Processing time is taken for all
the steps: encryption, decryption, embedding, and extraction.
Mathematically, the success rate indicates how successful the
system is under many different testing conditions. The amount
of space each image occupies is compared to finding out any
differences. The correct detection rate, wrong alarms for clean
data, and the time the system takes up are analysed as
verification metrics. Records are also made of the time needed
to perform HMAC computation and verification.

Both security and usability are focused during qualitative
analysis. Approaches to security are studied theoretically and
practically so that it is always strong against possible threats.
Subjective visual observations are undertaken to ensure that
the image has not been changed in a way that can be detected
by humans. Interface design and seeing if the system handles
mistakes efficiently are used to judge user experience. To see
how well the system works, we need to find out if users
understand the warning signs given by the system. The final
section of the research investigates the impact of the integrity
system for future work in steganography and cybersecurity.

Limitations and Constraints

Technical Limitations

The system encounters certain technical limitations. The
hidden data cannot exceed the height and width of the input
image and the LSB method itself. PNG is the only output
format allowed to make sure there is no loss of important data
from compression. Besides, performing these operations
together puts a significant burden on the overall computer
performance.

Security Considerations

It is important to also address security challenges when
managing networks. Due to the characteristics of LSB
techniques, they tend to face statistical analysis and
steganalysis attacks. The safety of the encryption mostly
depends on keeping the password well secured by the user.
Besides, the system includes integrity protection, even though
it is not fully resistant to advanced steganalysis.

With this methodology, the technical functions, safety, and
practicality of the application are all thoroughly evaluated,
following academic and reproducible standards. Including
effective integrity checks makes this research a good base for
further developments in steganographic security.
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SECURITY ANALYSIS

This part contains a thorough security discussion of the
Invisycrypt steganography application, its threat model,
security properties, and its resilience to different types of
attacks. Both the cryptographic parts (AES-256 encryption
and HMAC-SHA256 integrity check) [36, 37, 53] and
steganographic execution (LSB embedding method) [11-14]
are analysed. It is based on this security assessment that the
effectiveness of the application in safeguarding sensitive
information as well as sustaining data integrity in a hostile
environment can be understood.

Table 2 - Confidentiality Analysis

Table 4 - Integrity Verification Performance Metrics

Metric Value Test Conditions Confidence
Level

Tamper 100% All  modification  99.99%

Detection Rate types

False <0.001% Unmodified data 99.99%

Positive Rate

Processing 2-5ms 1KB-1MB +0.5ms

Overhead messages

HMAC 0.1-0.3ms  SHA-256 based +0.05ms

Computation

Time

Thisprovides major performance and reliability data of the
system. It illustrates an ideal tamper detection rate and very
low false positive rate in high confidence conditions. The

Security Component  Security Proof Basis Computational
Property Level Assumption
Confidentiality =~ AES- 256-bit Semantic AES hardness
256 CBC Security
Integrity HMAC-  256-bit Existential SHA-256
SHA256 Unforgeability collision resistance
Authentication ~ Passwor ~ Variable — Key SHA25
d-based Derivation )
Security one-way function
Steganographi  LSB Limited Statistical Cover complexity
¢ Hiding Embeddi Indistinguisha
ng bility

The table provides an overview of the core security
components of the system, including an outline of their
respective roles in mechanisms to provide confidentiality,
integrity, authentication and steganographic concealment as
well as the security level and cryptographic assumptions

Table 3 - Security Strength Analysis

Attack Type Time Success Practical
Complexity  Probability  Feasibility
AES-256 Brute O(2%°) 27236 Computationally
Force Infeasible
HMAC Forgery 0O(229) 27256 Computationally
Infeasible
Password o(D) Varies Depends on
Dictionary password
strength
LSB Detection O (n log n) 0.15-0.90 Highly Feasible

This table shows analysis of system resilience to typical
category of attack, the complexity of these attacks, their
success probability and their feasibility in real life practice,
which improves the strength that the system has within
practical situations.

Integrity verification security

The HMAC-SHA256 integrity verification scheme is
considered existentially unforgeable, if SHA-256 is both
collision-resistant and pseudorandom under chosen-message
attacks [40, 78]. This is an integrity mechanism that ensures
authenticity since it allows safe authentication of messages
using HMAC-SHA256. It also provides non-repudiation,
because password-based key derivation functions tie the
message to its source. Also, the system offers good tamper
detection: any unauthorized changes to the concealed data will
cause HMAC verification to fail [78]. Assuming the

system also has low processing overhead and optimized
HMAC computation times while ensuring little performance

Steganographic Security
A steganographic system is g-secure if for any polynomial-

cover and stego objects is at most € [11, 16].

Table 5 - LSB Steganography Security Analysis

Property Strength  Limitation Quantitative
Measure

Visual High N/A PSNR > 40 dB

Imperceptibility

Statistical Security  Low Chi-square Detection rate:

detectable 15-90%

Embedding High Format ~37.5% of

Capacity dependent image size

Computational Very N/A O(n)

Efficiency High complexity

Robustness Low Compression Lossless

vulnerable formats only

The security of the LSB method of steganography is assessed
here. Though it provides good visual indiscernibility,
embedding capability, and computational efficiency, the
statistical security and strength are weak, which allows it to
be detected and lossy compressed. These trade-offs are
emphasized by the quantitative measures under practical
conditions.

Key Security Analysis

The password-to-key derivation function based on SHA-256
provides high security of the key derivation due to a few
cryptographic features [36, 37]. It possesses one-way
phenomenon, and it is computationally impossible to obtain
the original password given the derived key. The scheme also
provides collision resistance, that is, different passwords will
most likely result in different keys. Moreover, the derived
keys are evenly distributed throughout the key space which
reduces predictability and generally strengthens the
cryptographic power.

Table 6 - Key Security Parameters

cryptographic security of the SHA-256 output, the likelihood Parameter Value Isﬁ]cg‘”rgion Eﬁ%‘i’mrni”ded
Ef a gu((j:CbeSSZfL_lzlsg:O;%eg/7 IS exceedlngly small, belng upper- Key Size 256 bits  High security 256 bits

ounded by 2 *** [36, 37]. IV Size 128bits  CBC mode security 128 bits
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HMAC Size 256 bits  Integrity strength 256 bits
Password Variable  Weakest link 80 bits
Entropy

Salt Size N/A Key derivation 128 bits (future)

Table 5 provides the list of the critical security parameters
applied to the system. It emphasizes the values chosen over
major elements like encryption keys, IVs, and HMACs,
which satisfy robust cryptographic principles. Password
entropy is mentioned as a parameter subject to alteration and
the main aspect of security vulnerability, whereas salt size is
mentioned as one of the areas that can be improved in future
versions.

Resistance Against Active Attacks

The integrity verification mechanism HMAC-based provides
good tamper detection [40, 78]. It has a detection success rate
of 100 percent of any alteration made to the concealed
information and is thus dependable in the detection of any
unauthorized alteration. That system has a cryptographically
negligible false positive rate of at most 0.001%, reducing the
probability of false integrity validation. Also, it is resistant to
partial message recovery attacks, and therefore it is very
resilient to integrity and tampering attacks [78].

The table below depicts how system behaves in different
attacks and the protection mechanisms in use.

Table 7 - Active Attack Resistance Analysis

Attack Vector Protection Effectiveness  Detection
Mechanism Capability
Image Tampering HMAC 100% Immediate
Verification detection
Message HMAC 100% Immediate
Modification Verification detection
Brute Force  Key Derivation Variable Depends
Password on entropy
Man-in-the- Password High Pre-shared
Middle Authentication secret
Replay Attacks v High Unique per
Randomization session

Analysing its security, it can be stated that Invisycrypt offers
robust cryptographic security with AES-256 encryption and
HMAC-SHA256 integrity verification, which guarantee
confidentiality and authenticity of hidden data [53, 40, 66, 67].
Nevertheless, being characterized by the high capacity and
efficiency, the LSB steganographic method proves to be
susceptible to sophisticated steganalysis tools [54, 58, 60, 61].

System can be used where there are vulnerable applications
that need defence against casual attackers and modest security
risks whereas additional countermeasures might be necessary
in high-security surroundings against skilled attackers [73].
The integrity verification scheme can greatly improve the
security status of the system since it offers the ability to detect
tampering and as such would be useful in applications where
it is necessary to verify the authenticity of data [78].

The first direction of future work is to produce more secure
steganographic methods without sacrificing the excellent
cryptographic basis provided in this implementation [69, 70,
71]. Invisycrypt was designed in modules which allow the
upgrading of more powerful steganographic algorithms
without disturbing the security infrastructure that is already in
place [72, 73].

RESULTS AND DISCUSSION

Image comparison

Given below are the original image and the stego image with
their properties displayed.

Moosua

iure 2:te6 imzée with its properties

As it is clearly visible, there are no human detectable changes
in the two images but as shown in the properties, a very
significant change in the image capacity has been observed.

Discussion

Advantages of the system

The system propped is a solid, unified framework of both
cryptographic ~ encryption and  LSB-based image
steganography that has several benefits towards secure and
covert data transfer. One of the notable strengths of the system
is its dual-layered security approach, where AES-256
encryption safeguards the confidentiality of the concealed
data, and HMAC-SHA256 provides a robust means of
verifying integrity and detecting any unauthorized
modifications. This hierarchical model not only provides
protection to the content but also provides the users with
authentication and integrity of the data even in the untrusted
extractions.

In terms of usability, the system uses a user-friendly graphical
interface built with the Tkinter library of Python and therefore
can be applied by non-experts without reducing the
technicality of the system. Automatic capacity estimation,
password confirmation, and visual integrity status indicators
are features that improve the user experience greatly. The
pluggable architecture, to divide encryption, steganography,
and interface part, not only ease the development and testing,
but also the further extension and maintenance.
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The scientific impact of the work is its contribution to the
recently developing area of secure multimedia communication
in the sense of filling major gaps in currently available
steganography tools that commonly lack embedded
encryption and verifiable integrity measures. The system
shows the way classical cryptographic primitives can be
successfully applied to multimedia-based security
applications. In addition, password-derived cryptographic
keys and integrity checks are a contribution towards good
practice in key management and data authentication.

This system provides the groundwork to more advanced
applications like digital forensics, secure messaging, and
privacy-preserving communications between loT devices as it
can enable tamper-evident and confidential image-based
communication. Its design also paves the way to extending its
security to multi-layered improvements, Al-resistant
steganalysis, and verification models using blockchain. In that
way, the project does not only provide a usable, practical tool,
but also adds value to the scientific discussion of secure
steganographic communication.

Fragility of LSB and Mitigation

While Invisycrypt achieves strong imperceptibility, the LSB
technique remains fragile against compression, resizing, and
filtering [39]. Even benign JPEG recompression can corrupt
hidden bits [33]. Practical defenses include adaptive LSB
(embedding in edges/textured regions) and LSB matching to
reduce statistical artifacts [39]. These methods, along with
error-correcting codes, can improve resilience, but the current
focus of Invisycrypt is covert storage rather than resistance to
active image processing.

Limitations of the existing system

Although the system is quite strong. it has also got its own
vulnerabilities and limitations as this is the foundation of a
system which can be upgraded into a much more secure,
stronger and invincible system. Modification of the Least
Significant Bit (LSB) adds imperceptible, yet detectable
statistical anomalies to image data that can be detected by
contemporary steganalysis algorithms. Repeated embedding
patterns, especially when uniformly used in the RGB
channels, can induce structural discrepancies that can be
revealed by statistical and spatial correlation measurement.
Moreover, the probability of being detected is exponentially
boosted with a rise in the embedding rate and hence it violates
the stealth quality of the steganographic process. This informs
the need to keep embedding densities low and introduce
randomness in any further improvements to reduce statistical
footprints.

Furthermore, the system security is based on the strength of
the user-defined password which becomes a limiting factor.
The use of weak or frequently used passwords makes the
system vulnerable to a dictionary attack and brute-force
cracking attempts thus diminishing its durability in the face of
an adversary. Further, password-based systems have no built-
in protection against the disclosure of information; should a
password be compromised or shared, the entire encryption
scheme would be put into jeopardy. That is why there should
be a strict password policy and maybe even two-factor or
biometric authentication implemented in the future.

The other possible weakness is the processing of sensitive
information in the system memory. At runtime, plaintext data

and encryption keys must be loaded into memory temporarily,
thus they may be within reach of memory analysis techniques.
Should an attacker be capable of memory dumping during, or
soon after execution, then sensitive data like the hidden
message or the encryption key may be retrieved. This
emphasizes the necessity to adopt secure memory handling
procedures, which include zeroing out memory buffers upon
exit and not creating unneeded data persistence in volatile
memory.

FUTURE WORK AND RECOMMENDATIONS

A few specific security improvements suggested to be
incorporated in the proposed system in the future to enhance
the overall strength of the proposed system. These
enhancements are directed at minimizing vulnerabilities
linked to password reliance, enhancing resilience against
computational assaults, and improving the covertness of the
embedding procedure [73, 75]. The system can be more
effective in safeguarding against brute force and illegal access
by implementing essential stretching mechanisms and multi-
factor authentication [36, 37]. Although part of these measures
can be implemented in the short term, others are long-term
objectives that will ensure the system is ready against new
cryptographic risks, like post-quantum cryptography [9, 10,
75].

Besides security enhancements, other steganographic
algorithms are also being focused to enhance immunity to
detection and embedding quality [56, 57, 73]. The existing
LSB method, being capaciously straightforward and
functional, is however susceptible to steganalysis [54, 58, 60,
61]. Further studies can take advantage of investigating more
advanced stenography like syndrome coding and content-
adaptive which have better security profiles and are less
detectable [56, 57, 69, 70]. Such algorithmic breakthroughs
will also allow researchers to construct more practical and
secure data-hiding systems that can be applied in different
fields of interest such as digital forensics, secure
communication, and privacy-preserving computing [32, 74,
81].

Table 8 - Security Enhancement Recommendations

Enhancement Priority  Implementation  Security = Timeline
Category Complexity Impact

Password High Low High Immediate
Strengthening

Key- High Medium High Short-term
Stretching

(PBKDF2)

Adaptive Medium  High Medium  Medium-
Embedding term
Multi-factor Medium  Medium High Medium-
Authentication term
Post-quantum  Low Very High Very Long-term
Cryptography High

Table 9 - Steganographic Algorithm Comparison

Algorithm Security Capacity Detectability = Computational
Level Cost

Current Low High High Very Low

LSB

Adaptive Medium  High Medium Low

LSB

Syndrome  High Medium  Low Medium

Coding

Content- Very Low Very Low High

Adaptive High
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Tables 8 and 9 present the critical areas where the system
security and the steganographic performance can be
enhanced. Low-level improvements, such as stronger
passwords and key-stretching, are easy to implement but can
have great impact, whereas more sophisticated features will
be in later phases. Algorithmically speaking, the current LSB
is easy to implement and has large capacity but more secure
alternatives such as content-adaptive and syndrome coding
provide greater security at some cost in terms of speed and
data size.

CONCLUSION

The study proposes a safe and convenient steganographic
system, which efficiently combines the AES-256 encryption
standard and LSB image-based data concealing, optionally
followed by HMAC-SHA256 integrity checks. A modular
system architecture combined with a user-friendly graphical
interface allows keeping the system not only confidential and
authentic in terms of data protection but also accessible to
non-expert users. Thorough testing on all fronts of security,
usability, and performance fronts reaffirms the feasibility of
the system in practical privacy-preserving communications.

Although the present implementation can overcome
fundamental problems in secure steganography, many
opportunities for additional improvements have also been
pointed out during the study. Further progress can be
integrated in future enabling more robust embedding
algorithms, adaptive security protocols and developing
cryptographic practices to enhance resilience to both
steganalysis and cryptographic attacks. Furthermore, with the
investigation of post-quantum preparedness and content-
oblivious hiding schemes, the foundation is laid towards
future-practical solutions.

Finally, the study leaves a useful tool to be used in practice
and a framework to be further investigated in secure
multimedia communication. It closes the divide between
technical complexity and practical usability and forms a
fundamental basis of future advances in the domain of digital
privacy, cybersecurity, and safe information sharing.
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Abstract—This paper presents an energy management
system for a standalone hybrid solar PV/ Wind/ battery/ diesel
generator system. Solar PV and wind are the primary energy
sources, and battery and diesel generators act as the main
storage and backup energy sources, respectively. However, one
of the main obstacles is managing energy under fault conditions.
In this context, the paper presents an improved energy
management strategy that includes developing a mathematical
model and an energy flow diagram incorporating fuzzy logic to
determine fault severity and control action. An important
outcome of this study is the ability of the developed system to
output the fault severity and required actions by analyzing the
system based on ten fuzzy rules. Further, the paper presents one
case where, when all the system parameters are low, the
developed system outputs a severe fault condition with an action
to shut down the system. Thus, this study will be an effective
approach for energy management under faulty conditions. The
effectiveness and reliability of renewable energy systems can be
enhanced by using this novel method. Furthermore, this method
can also be applied in other standalone systems, thus providing
a flexible and practical solution for fault management in
renewable energy applications.

Keywords - battery system, energy management, fuzzy logic,
solar PV, wind

INTRODUCTION

In the past few years, the global shift towards cleaner and
greener energy has driven the energy sector towards the
adoption of hybrid renewable energy systems. Independent
systems combining solar photovoltaic (PV) panels, wind
turbines, and battery banks are now being extensively used to
power remote and off-grid sites. These systems have huge
environmental benefits by reducing the consumption of fossil
fuels while increasing access to power.

However, their performance is bound by the inherent
oscillation of solar irradiance and wind speed, resulting in
unstable power output. This kind of oscillation makes it
impossible to maintain a stable and efficient energy balance,
especially during fault conditions. Conventional rule-based
and deterministic control techniques tend to fail to control
energy flow correctly or detect faults correctly when operating
conditions change significantly.

To overcome such challenges, novel research works have
investigated heuristic optimization techniques such as particle
swarm optimization (PSO) and intelligent ones such as fuzzy
logic (FL). These techniques have demonstrated increased
flexibility and reliability in the control of hybrid renewable
systems. Nonetheless, there is a need for coupled structures
involving advanced modeling, intelligent control, and
optimization in fault detection and energy management. While
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fuzzy logic has previously been applied in renewable energy
systems, the novelty of this research lies in the holistic
approach taken. Specifically, the article proposes a novel
energy management strategy not only utilizing fuzzy logic in
fault detection but also combining it with a detailed
mathematical model and energy flow diagram specially
tailored to an isolated solar PV-wind-battery system. In
contrast to previous studies, which tend to favor optimal
operating points, our work is to develop a dynamic response
to multiple fault conditions in an intuitive mapping of fault
severity to required control action (e.g., system shutdown or
load reduction) for enhanced system resilience and safety.

ACBUS DC BUS
. Energy
wind Management
Turbine System
Hiesal PV Array
Generator -
AC
—
Dummy
Load &

Fig. 1. System Configuration

This work aims to address major gaps in the energy
management of hybrid standalone renewable systems. The
primary objective is to investigate the various faults that can
occur in such complicated systems. To this end, the work is
directed toward developing a comprehensive mathematical
model and a complete energy flow diagram to explain the
system'’s behavior under different conditions. One of the main
points of this study is the modeling and simulation of fault
detection and energy management system in the MATLAB
software, in which fuzzy logic is used to render it more
flexible and effective, particularly during fault occurrences.

The remaining part of this paper is organized as follows:
Section Il contains a literature review of fault types, detection
techniques, and fuzzy logic control, and Section 111 discusses
the methodology used in the research. Section IV shows
simulation of results and discussion, whereas Section V
discusses research outcomes and future recommendations.
The conclusion is presented in Section V1.
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FAULT ANALYSIS

Different faults can occur in hybrid systems when they are
operating, and these faults can significantly hinder the
optimum operation of the system. Fig. 1 below shows the
configuration of the system used in the study. This hybrid
system mainly comprises two sources, solar PV and wind,
with a battery as the main storage component. A diesel
generator has been used for backup power. Faults occurring in
the system components, particularly in solar PV and wind
turbines, can be categorized in many ways. One such method
is based on the severity of faults occurring in them. Tables 1
and 2 present the categorization of different faults occurring
in these two components based on the severity of the fault.

Hybrid Renewable Energy Systems (HRES), combining
sources such as solar PV, wind power, and battery storage,
have tremendous potential for the generation of clean and
consistent electricity for off-grid areas [10] It is challenging to
control the systems and operate them in a faulty condition, and
they require advanced energy management for ensuring
stability, efficiency, and cost-effectiveness [11]. Two of the
methods of optimization—fuzzy logic and Particle Swarm
Optimization (PSO)—are very promising in tackling these
issues. Fuzzy logic controllers effectively control nonlinear
and uncertain renewable outputs, while PSO continuously
optimizes control parameters to improve cost-saving and
reliability [13]. Faults—such as battery failures, inverter
failures, voltage instability, and uncontrollable weather—can
drastically undermine system operation [13, 14]. Centralized
and decentralized traditional energy management techniques
are unable to respond in real-time. Tests have proven that
fuzzy logic integration with PSO enhances system resilience
by dynamically reconfiguring energy flows under uncertain
and fault conditions. [13, 15, 16].

Table 9. Fault Categories in Wind Turbine

Fault Fault Types Detection References
Category Technique
Small Scale Blade and  Vibration analysis  [1-3]

rotor faults Visual inspection

Strain gauges
Temperature [1-4]
monitoring
Vibration analysis
Sensor calibration
Protocol and
software
diagnosis
Vibration [1-3]
monitoring

Oil analysis

Temperature

monitoring

Vibration analysis  [1-4]
Thermal imaging
Insulation tests

Pressure [1-4]
monitoring

Flow rate analysis
Leakage detection
Fluid monitoring
Structural sensors

Bearing
faults
Sensor faults [1,2,4]

Medium-
scale fault

Gearbox
faults

Generator
faults

Hydraulic
system faults

Tower
structural
faults

Large-scale
faults

[1,2]

Table 10. Fault categorization in Solar PV
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Fault Fault Type Detection Techniques Refere
Category nces
Small Faults Bypass Diode Thermal imaging [5, 6]
(Component IV curve analysis
level Issues)
Cell /module Electroluminescence [1, 5-8]
hotspots IR thermography
Connector and  Visual Inspection [5,6]7,
cable faults Resistance Measuring 9]
Soiling  (Dust Power output monitoring  [5, 6, 9]
Accumulation) Cleaning schedules
Medium MPPT Al /ML-based data [5, 6]
Faults analysis
(System Level V & I monitoring
Issues)
Partial Shading  String current analysis [5, 6]
faults IV curve tracking
DC - AC Wavelet Transformer  [5, 6]
converter analysis
failures Electrical Signature
Analysis
Open circuit  Insulation resistance  [5, 6, 8,
and ground testing 9]
faults Circuit breaker trips
Large Scale Arc faults Arc detection sensors [5, 6]
Faults (Grid Frequency analysis
& System
Level Issues)
Lightning and  Surge protection [5, 6],
surge damage Thermographic analysis
Grid Islanding Passive and  active [5,6,9]
islanding detection
Blackout SCADA and IoT-based [5,6,9]

system failures. ~ monitoring

Real-time fault detection

Despite these advances, there are a few gaps that remain: there
is limited work that integrates fuzzy logic and PSO at the same
time for real-time fault handling in PV-wind-battery systems
[17]. Studies focus on optimal operation conditions rather than
dynamic fault scenarios [18], energy flow diagrams and clear
mathematical models detailing system response to faults are
not available, modern simulation tools

like MATLAB are still not being explored to their maximum

capability in designing and validating such strategies [19] are
some of them. Although there are straightforward threshold-
based fault detection methods for photovoltaic (PV) systems,
they are not reliable, as environmental changes can be
mistaken for faults [1]. In contrast to that, intelligent methods
like fuzzy logic provide a more robust solution in that it can
manage the non-linear nature and uncertainties involved in PV
system operation effectively [20]. This research aims to rectify
these gaps by designing and experimenting with a hybrid
fuzzy logic-PSO energy management strategy for enhancing
system performance during faults in standalone solar PV-
wind-battery systems. This paper presents the implementation
of fuzzy logic controllers for the identification of fault severity
and mitigation actions.

METHODOLOGY

Mathematical Modeling of Solar PV
PV Photo current

Equation 1 can be used to calculate solar photovoltaic
photo current (I,,) where I is the short circuit current (A),
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K; is the short circuit current of cell at 25 °C and 1000 W/m?,
T refers to the operating temperature (K) and I, is the solar
irradiance (W/m?) [21]. Module photocurrent is expressed as,

Iy
Ly = Use + Ki(T — 298)] x = @)

Reserve Saturation Current

The reverse saturation current of Solar PV (I.) is
calculated by Eq. 2 where q, V,., Ng, n, T and k refer to
electron charge (1.6 x 10719C), open circuit voltage (V),
number of cells connected in series, the ideality factor of the
diode, operating temperature (K) and Boltzmann’s constant,
(1.3805 x 10723 J/K) respectively [21].

Isc

ITS - aVoc 2
() 1] @

NgknT.

PV Saturation Current

Equation 3 expresses the Photovoltaic Saturation Current
(Isqe ) where T, and Eg, refers to nominal temperature
(298.15K) and band gap energy of the semiconductor,
respectively.

X
lsat = Iy [£1° exp[T22 (2 - )] 3)

PV Shunt Current

Equation 4 shows the PV Shunt current (Is,). Np, Rg, V,
Ry, and N are the number of PV modules connected in
parallel, series resistance in ohms, voltage, shunt resistance,
and the number of PV modules connected in series,
respectively.

Np
VxN—S+I><RS

Isp = Ren (4)
Equation 5 shows the diode thermal voltage (V;) in volts.
Vo= kT ©)
L =

q
Mathematical Modeling of Wind Turbine

Wind energy falls under the class of a clean, friendly, and
endless source of energy. Therefore, a wind energy system is
one of the preferred sources of alternative energy for future
demand. A wind turbine changes the kinetic energy of wind
into mechanical energy. The amount of this converted
mechanical energy depends on the air density and the wind
velocity. The power developed by the wind comes from the
turbine and is expressed as in Eq. (6) below.

Py, = 1/2C,(a, B)pAW? (6)

where P, is power captured by the wind, C, is the power
coefficient, o is the tip speed ratio, B is the pitch angle, p is
the air density, A is the swept area, and W refers to wind
velocity.

System Simulation

Figure 2 illustrates the MATLAB Simulink model designed to
model an isolated hybrid renewable energy system with a solar
photovoltaic (PV) subsystem, a wind turbine, and a battery
storage bank. The solar PV model employs precise electrical
parameters, including photocurrent, the current produced by
solar irradiance on the surface of the solar cell, and the
saturation current and reverse saturation current.

FP-ET01-CMT183

This model simulates diode leakage effects and temperature
dependency. The system also corrects for shunt current (due
to leakage paths across the PV cells). A maximum power point
tracking (MPPT) controller dynamically extracts the best
power output under varying conditions and feeds it to the load
or battery bank. The wind turbine system uses a discrete gust
model of wind to simulate transients and turbulence in wind
speed, which would drive an induction generator in phasor
mode to process mechanical energy to electrical output. The
model computes the generator speed, pitch angle, and power
output in real time. A battery bank system facilitates energy
balance by holding excess renewable energy and supplying
power in low-generation periods, with continuous monitoring
of state of charge and battery voltage. Graphical results during
the simulation show significant performance parameters such
as PV and wind power, open-circuit voltage, maximum
current, and battery voltage, enabling full evaluation of the
hybrid system's operation under different environmental
conditions.

Fuzzy Logic Design
Fuzzy logic systems have become widely utilized instruments
for diagnosis and fault detection in standalone solar PV wind
battery systems due to their ability to manage uncertainty and
use rule-based reasoning to address uncertainty and simulate
inaccurate expert knowledge. In this discussion, fuzzy logic
has been designed with 4 inputs and 2 outputs. Current, PV
voltage, wind power, and battery voltage are the 4 inputs, and
fault severity and the control actions are the 2 outputs (Fig. 3).
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Fig 2. Solar PV/Wind Battery Interc"or‘méclted System
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Fig 3.“ir'1puts and Outputs in the Fuzzy Logic
Each of these 4 input variables is divided into three

membership functions as low, medium, and high to get a
trapezoid view of the membership functions, which gives the
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limit that varies the data between small to large values in the
data set. Then it will automatically give the ranges that vary
for the 3 membership functions. In inputs and outputs in fuzzy
logic, it can add several membership functions. In this
approach, it only uses 3 membership functions.

The outputs of the fuzzy logic are the fault severity and the
control action. Their membership functions are labeled as
normal, warning, critical in the fault severity, and the no

action, load reduction, and complete shutdown to the control
action output.

From these membership functions in fuzzy logic, it can create
fuzzy rules based on the membership functions. For example,
a rule specifies that if PV Current Voltage and Wind power
are all low, the battery voltage is also low. This condition
constitutes a critical fault requiring a shutdown to prevent
damage. These approaches help to early fault detection in
standalone systems. In the fault of severity, their membership
functions are categorized as normal, warning, and critical.
That is the reason for categorizing the faults in solar PV and
wind turbines into small, medium, and large. From this, it can
identify fault types that can happen.

Several research articles have presented the advantages of
fuzzy logic in fault detection of renewable energy systems.
Madeti and Singh [22] give a comprehensive classification of
faults in PV systems and show the importance of knowledge-
based and data-driven detection methods. Gao and Liu [1, 23]
gave an overview of fault diagnosis and robust control
strategies for wind turbines and stated that fuzzy inference can
efficiently integrate expert heuristics and sensor inputs.
Similarly, Lu et al [2] defined condition monitoring methods
for wind turbines and suggested fuzzy logic as one promising
method for mechanical and electrical fault diagnosis. These
contributions overall demonstrate that fuzzy logic supports
comprehensible, interpretable, and tunable fault detection
models appropriate for hybrid renewable energy systems. By
continuously evaluating real-time inputs such as PV current,
PV voltage, wind power, and battery voltage, the suggested
fuzzy system provides preventive maintenance decision-
making information and operational safety information,
thereby increasing the reliability and resilience of the
standalone PV—wind-battery energy system.

RESULTS AND DISCUSSION
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Fig 4. Fuzzy Rule Sets
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Fig 5. Fuzzy Rule Set In 3-D View

The fuzzy rule surface shown in Fig. 5 is the way that the
system maps combinations of input variables onto output fault
severity. The two axes along the bottom of the surface are for
selected inputs, i.e., PV current and battery voltage, while the
upward axis represents the degree of severity as established by
the fuzzy inference system. The surface indicates that with
low-level inputs combined, the system points to the condition
as critical, suggesting an instant shutdown or load decrease.
The fuzzy rule base establishes a correlated set of PV current,
PV voltage, wind power, and battery voltage to control actions
and fault levels in an organized manner. When parameters are
medium or high in all cases (Rules 1, 2, 5, and 6 in Fig. 4), the
system identifies the situation as normal with no action
required, thereby illustrating that adequate renewable
generation and battery condition can enable stable operation.
Conversely, conditions when all the inputs are low (Rule 4) or
PV generation and wind power are small, and battery voltage
is also low (Rule 9) are classified as critical, leading to
shutdown to prevent potential damage or system failure.
Intermediate states, like low PV current and voltage with
medium battery voltage (Rules 3 and 7), or mixed input levels
with shortages in partial generation (Rules 8 and 10), are
designated as warning states, implying lowering the load to
ensure system equilibrium. This rule base demonstrates the
controller's capability to distinguish between safe, degraded,
and critical states, with adaptive actions that enhance
reliability and protect system components from a range of
renewable input and fault conditions.

With high input values, a reduced severity output is produced,
suggesting normal operation. Though a complete simulation
of the hybrid PV-wind-battery system was not carried out at
this level, the fuzzy rule surface provides a preliminary
validation that the devised rules function as intended. In the
next phase, the model will be cross validated with dynamic
input data and particle swarm optimized to improve the
accuracy and reliability of classification under real operating
conditions

FUTURE IMPLEMENTATION

In future research, the researchers in this study will apply the
developed fuzzy logic fault detection system to the dynamic
simulation model of the standalone solar PV, wind turbine,
and battery hybrid energy system. Even though the current
study focused on design and validation of the fuzzy inference
mechanism as a central sub-system, the next stage will
integrate the fuzzy system into the real-time simulation
environment in MATLAB/Simulink. This integration will
enable the fault detection module to process real-time
operational variables such as PV current and voltage, wind
power output, and battery voltage, thereby enabling
instantaneous fault severity classification and appropriate
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control action suggestion. Furthermore, to maximize fault
detection performance accuracy and robustness, parameters of
the fuzzy logic system—membership functions and rule
weights—will be optimized through the particle swarm
optimization (PSO) algorithm. PSO has proved to be effective
for the tuning of fuzzy controller parameters since it
dynamically varies the parameters to minimize classification
error and improve response under varying operating
conditions. By integrating fuzzy logic with PSO-optimization
and implementing this intelligent diagnostic system within the
hybrid model of renewable energy, the present research aims
at achieving a completely adaptive, whole, and highly
faultless detection system that will help in improving the
resilience and operation safety of standalone renewable power
systems.

CONCLUSION

This paper presented the design and simulation of a smart
energy management policy for standalone hybrid renewable
energy systems incorporating solar PV, wind turbine, and
battery storage. A fault detection system was established
using fuzzy logic to categorize fault severity and offer control
action suggestions as a function of primary real-time inputs.
The approach was shown to be effective in handling
uncertainty, improving fault diagnosis, and increasing system
stability. Fuzzy logic combined with optimization techniques
such as particle swarm optimization offers a reasonable
solution to improve the efficiency and reliability of renewable
energy systems. In general, this work contributes towards
propagating intelligent, adaptable fault management
strategies for cleaner, greener off-grid electricity generation
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Abstract—Running a red light is a common cause of traffic
accidents, and monitoring such violations continuously is
especially difficult in areas with limited resources. This project
presents a low-cost and fully automated red-light violation
detection system developed using an ESP32 microcontroller,
infrared sensors, and an ESP32-CAM module. Unlike existing
systems that rely on expensive Al-based infrastructure, the
proposed prototype offers an affordable and efficient alternative
for real-time traffic enforcement. The system detects vehicles
that cross the stop line during the red signal and automatically
captures an image of the license plate, which is then uploaded to
a cloud storage location for documentation. Experimental
testing in controlled conditions confirmed successful violation
detection, with a capture and upload time of approximately 2-3
seconds and clear license plate visibility under good lighting.
The results show that low-cost embedded hardware can be
effectively used to develop a reliable and scalable red-light
violation detection system suitable for smart traffic applications
in developing countries.

Keywords— Cloud storage, ESP32, ESP32-CAM, Infrared
sensors, 10T traffic enforcement, Red-light violation detection,
Smart traffic system.

INTRODUCTION

Background

City planners and law enforcement organizations are
becoming increasingly concerned about traffic management
because of the sharp rise in the number of vehicles on the road,
especially in urban areas. Red light infractions are one of the
most common traffic offences that result in accidents

and fatalities. In addition to putting passengers and pedestrians
in danger, cars that run red lights also add to traffic jams and
road unpredictability. Although traffic police are usually
depended upon keeping an eye on and punishing such
behavior, it is not feasible to continuously monitor every
crossing due to a lack of personnel.

As discussed in [1], Al-based surveillance systems have been
applied in traffic enforcement, but these solutions are often too
costly for regions like Sri Lanka, highlighting the need for
low-cost alternatives. loT-based approaches have shown
promising potential for reducing costs while maintaining
effective traffic monitoring [2]. Technological developments
present promising answers, particularly in the areas of
computer vision, machine learning, and embedded systems.
Machine learning models have proven effective in adaptive
traffic control systems, offering greater accuracy and
flexibility [3]. Deep learning-based vision systems have also
been widely explored for traffic monitoring applications,
offering higher accuracy at the cost of increased hardware

complexity [4]. Even though many wealthy nations have
already put traffic violation monitoring systems into place,
they are frequently expensive and necessitate sophisticated
infrastructure. The goal of this project is to use open-source
technologies and reasonably priced components to create a
simplified prototype. By taking a picture of the offending car's
license plate and uploading it to Google Drive, the suggested
method can identify the offending vehicle and identify red
light breaches.

Problem ldentification

Traffic signal enforcement by hand is frequently inconsistent
and ineffective. Especially at off-peak hours or when there are
no visible police officers, many drivers tend to disregard red
lights. The likelihood of traffic accidents at junctions is greatly
increased by this behavior. Without automated methods, it is
still difficult to correctly recognize vehicle number plates and
associate them with infractions, even when offences are
filmed by security cameras.

There is an obvious need for a scalable and reasonably priced
way to police traffic laws in Sri Lanka and many other
developing nations. The main obstacle is creating a low-cost
system that can accurately recognize cars and detect
infractions without the need for human assistance. In [5], an
loT-based ESP32 solution for managing traffic flow is
proposed, Further studies using ESP32 and sensors also show
success in real-time vehicle detection [6], but they lack
automated image capture for enforcement. Low-cost loT
sensor networks have also been used to improve road safety
by automating vehicle tracking and violation reporting [7].
showing potential but lacking automated image capture for
enforcement. Integrating sensors with a camera system that
can recognize movement in a vehicle and taking crisp pictures
from which number plate information can be derived is the
main technical challenge.

Obijectives

This project's primary goal is to create and implement an
automated, reasonably priced system for identifying red light
infractions, particularly in impoverished areas. Using an
embedded hardware-based technique, the system seeks to
instantaneously detect red light violations, take pictures of the
offending car and its license plate, and safely store the
evidence. It makes use of reasonably priced parts like the
ESP32 and infrared sensors to keep costs down. The project
also aims to improve road safety by automating traffic
monitoring and lowering the need for human intervention, as
well as to assist future enforcement by uploading the collected
data to cloud storage services like Google Drive.
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Scope of the study

The goal of this project is to use embedded hardware
components to create a low-cost, small, and automated red
light violation detection system. The system is intended to
serve as a working prototype for controlled settings, showing
how red-light infractions can be identified and documented
with little assistance from humans. This project's scope
includes using an ESP32 microcontroller and LEDs to
simulate typical traffic lights to simulate a traffic signal
system. To identify infractions, infrared sensors are used to
monitor vehicle movement during the red signal phase. When
the red light is on, cars that cross the stop line are
photographed using an ESP32-CAM module. Prior research
supports the use of camera-based systems in dynamic traffic
environments for reliable license plate detection [8]. Several
studies also highlight the importance of reliable license plate
detection in low-illumination environments, which remains a
challenge for low-cost camera modules [9]. As proof of
infractions, these photos are then moved to a cloud-based
storage platform like Google Drive. To evaluate the system's
efficacy and dependability under controlled circumstances, it
is mostly designed and tested in low-speed, indoor settings.

MATERIALS AND METHODOLOGY

Materials

Several parts were used to mimic the traffic signal and identify
red light infractions. The signal cycle was replicated using two
push buttons and three LEDs (red, yellow, and green). The
system was managed by an ESP32 microprocessor, and the
movement of the vehicle was sensed by an infrared sensor.
The ESP32-CAM module, which took pictures of the
infringing cars, was activated by a logic-level relay module. A
Google Drive folder was configured as cloud storage for the
purpose of storing images. All connections were wired as
needed, and testing and assembly were done using tools
including jumper wires, soldering equipment and a
multimeter.

Methodology

The detailed process used to create the red-light violation. The
detecting system is shown in Figure 1. It starts. By gathering
and preparing the necessary parts, then utilizing push buttons
and LEDs to put up a traffic signal simulation. After that, the
ESP32 board and IR sensor are installed to detect movement
of the vehicle. After that, a relay configuration is used to
configure the ESP32-CAM module. Similar lightweight
embedded camera setups have been used in low-cost traffic
surveillance prototypes [10]. Stable connections are ensured
by soldering and circuit wiring. Google Drive is used to set up
cloud storage for saved photos. After testing the complete
system with simulated traffic, the successful implementation
is confirmed by confirming the image capture and cloud
upload functionalities.

The initial step in implementing the red-light violation
detection system was to build a Google Drive folder to act as
cloud storage for storing pictures of vehicles involved in
infractions. Three LED (red, yellow, and green) were used to
replicate a traffic light. They were manually operated by two
push buttons and connected to an ESP32 microcontroller to
simulate the signal cycle.

( Start )
. Component Collection & Preparation

!

Traffic Signal Simulation Setup
(LEDs & Push Buttons)

!

IR Sensor & ESP32 Installation

Relay and ESP32-CAM Module
Configuration

1

Circuit Wiring & Soldering

!

Cloud Storage Setup
( (Google Drive Integraation)

i =
System Testing with Simulated Traffic

!

Image Capture & Data Upload
Verification

=i
End )

Fig.1 — Flowchart showing the step-by-step methodology followed in
constructing and testing the System.

Directly in front of the stop line, facing oncoming traffic, was
an infrared (IR) sensor. The IR sensor used the reflection of
its beam to detect movement when a car crossed the stop line
during the red signal phase. loT-based sensing modules have
shown good stability in controlled indoor experiments for
traffic detection tasks [11]. A logic-level relay module
received a HIGH signal from the ESP32 board after this
detection.

The ESP32-CAM module’s enable/reset pin was connected to
the relay, which activated the camera to take real-time picture
of the car. A few seconds after the photo was taken, it was
automatically uploaded to the Google Drive folder, capturing
the time and visual proof of the car’s license plate. Without
human involvement, this entire process ensures automatic
monitoring, image capture, and cloud-based data storage. The
wiring and component layout of the system is shown in the
conceptual diagram in Fig. 2.

Fig.2 — Conceptual Design
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It displays the entire wiring schematic, which includes the
ESP32 microcontroller linked to an IR sensor, relay module,
traffic light LEDs, and ESP32-CAM module. This
arrangement graphically illustrates how every part works
together to carry out certain tasks, such identifying moving
infractions, taking pictures, and storing them in the cloud. The
system can be better understood and replicated during
development and testing thanks to the clear circuit view.

RESULTS AND DISCUSSION

The prototype was tested in a controlled indoor environment
where the traffic light cycle functioned reliably. The IR sensor
accurately detected vehicles crossing the stop line during the
red signal, triggering the circuit to activate the ESP32-CAM
module. This module successfully captured clear images of
the number plates under good lighting conditions and
uploaded them to Google Drive within a few seconds,
demonstrating effective detection, image capture, and cloud
storage performance. Other studies have reported comparable
accuracy levels in controlled loT-based traffic detection
systems [12].

Challenges

A number of issues were found during testing. One significant
problem was the number plate's angle, since a constant camera
position made it challenging to get sharp pictures of cars of
different heights. Furthermore, fast-moving cars frequently
produced motion-blurred photos, which decreased the
precision of number plate recognition. Another drawback was
that the prototype was only intended for one-way monitoring,
which limited its usefulness in situations where several cars
were breaking the red light at once by only being able to record
the number plate of one of them. Previous implementations of
low-cost camera modules also highlight motion blur as a
significant limitation in fast-moving vehicle capture [13].

Results

To assess the red-light violation detecting system's
dependability and functionality, tests were conducted in a
controlled indoor setting. Using red, yellow, and green LEDs,
the traffic light simulation operated reliably throughout the
test cycles. Vehicles that crossed the stop line during the red
signal phase were correctly identified by the infrared sensor.
The ESP32-CAM module was activated by the sensor upon
detection, taking pictures of the offending vehicle's license
plate and uploading them to Google Drive like in fig.4. The
system processed each event in a matter of seconds and
showed a high degree of detection accuracy. In well-lit
environments, the ESP32-CAM produced photographs with
respectable clarity, and the cloud upload function operated
consistently with little lag. These outcomes demonstrated that
the prototype can successfully detect red light infractions,
record visual proof, and remotely store the information for
later use or law enforcement. As shown in Fig. 3, the ESP32-
CAM successfully captures the vehicle during a red-light
violation.

The system attained a detection accuracy of roughly 90-95%
during controlled testing, with less than 5% of cases showing
false-positive results. The average interval between the
detection of a violation and the upload of an image to Google
Drive was found to be between two and three seconds. In 85—

90% of captures, the ESP32-CAM produced readable and
clear license plate images under the right lighting conditions.

Fig.3 — Captured Photo when the car passes the red light.

Fig.4 demonstrates how a violating vehicle's license plate
was successfully stored in the associated Google Drive
folder. This attests to the fact that the ESP32-CAM took the
picture when it was violated, and the system immediately
uploaded it to cloud storage for convenient access and
additional analysis.

Fig.4 — Captured Photos saved in google drive

Discussion

The prototype showed that automating red light violation
detection with basic parts like an ESP32-CAM and an IR
sensor is feasible. Vehicles that crossed the stop line during
the red phase were reliably spotted by the system during
testing, and it was able to correctly take pictures of their
license plates and save them in Google Drive. This procedure
was completely automated and ran quickly, demonstrating
that intelligent traffic monitoring systems may make good use
of inexpensive gear.

Nonetheless, a few real-world difficulties were noted. One of
the primary problems was the camera's fixed angle, which
made it challenging to get decent pictures of license plates
when cars were positioned or at different heights. Since cars,
trucks, and motorbikes vary widely in size in real-world
situations, a single fixed-angle camera might not be able to
adequately record all the plates. This emphasizes the necessity
of multi-angle or changeable camera mounts to increase
capture accuracy.

Despite encouraging outcomes, several drawbacks were
noted. Motion blur from fast-moving cars made it harder to
read license plates. Performance for cars of different heights
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was also constrained by the fixed camera angle. Multi-lane
intersections are not suitable for the current design since they
only allow single-lane detection. Environmental elements that
may impact performance in real-world deployment, such as
sunlight glare, rain, and vibration, were not tested.

Motion blur from fast-moving cars presented another
difficulty. The reliability of the system is impacted when a
vehicle passes through the detection zone fast since the
generated image may be hazy and illegible. Using cameras
with greater frame rates or incorporating motion detection
algorithms to dynamically change the shutter speed could
overcome this restriction. The complete assembled prototype
is shown in Fig. 5.

Fig.5 — A Completed system of red eye capture.

Furthermore, the system could only detect one infraction at a
time because it was built for single-lane detection. In real-
world traffic situations, several cars may run the red light at
the same time. A larger field of view, more cameras, or lane-
specific infrared sensors might be added to the system to solve
this. Notwithstanding these drawbacks, the prototype is a solid
proof of concept that, with more technical advancements, can
be further developed for practical implementation.

CONCLUSION

This project effectively used readily available and reasonably
priced components to demonstrate a working prototype of an
automated red light infraction detecting system. The main
goal—using an infrared sensor to detect red light violations
and taking pictures of the infringing vehicles—was
successfully accomplished. These photos, which were taken
with an ESP32 camera and instantly uploaded to Google
Drive, Cloud-based systems like these enhance the ability to
securely archive and retrieve violation data for future analysis
and legal processes [14] demonstrate how responsive the
system is. Future research will use multi-angle cameras to
handle vehicles of varying heights, integrate Al-based license
plate recognition to automatically extract plate numbers, and
carry out outdoor real-world testing at intersections. By
adding more sensors and camera units, the system can be
extended for multi-lane detection.

Project outcome

The incorporation of a vehicle detection sensor to precisely
track red light infractions and the successful simulation of a
manual traffic signal system are the project's main results.
Once the violation was detected, the system was able to take
pictures of the offending cars and process them, including
using the ESP32 camera to extract pictures of the license
plates. In just a few seconds, these photos were then
immediately posted to Google Drive, proving the system's
effectiveness in processing data and real-time monitoring.
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Abstract—This study details the design and testing of a
prototype automatic whiteboard eraser that controls a chain-
driven erasing pad using an Arduino Uno, DC gear motors, an
L298N driver, aluminum guide rails, limit switches (edge
detection) and an ultrasonic sensor. In controlled tests, the
prototype clearly reduces manual erasing time and automates
full-board erasing. Note: The design is purposefully 10T-ready
(a Wi-Fi/Bluetooth module or RTC can be added with minor
modifications); networked (loT) control and time-based
scheduling were not implemented in hardware for this version,
and those features are discussed as specific future work. Timing
measurements and noted operational problems (tensioning,
alignment, sensor noise) are included in the results. The paper
outlines simple ways to include scheduling, remote control, and
partial-area cleaning in later iterations.

Keywords—Automation, DC Motor, Embedded Systems,
Limit Switch, Whiteboard Eraser.

INTRODUCTION

The ease of use and dust-free operation of whiteboards have
made them a popular substitute for blackboards in
contemporary  schools. Blackboard chalk dust is
uncomfortable and dangerous for people's health, especially
for those who have allergies or asthma. Although
whiteboards remove this problem, cleaning by hand still takes
work. Whiteboard erasers that are motorized and switch-
controlled have been created in response to the growing trend
of automation to decrease manual work and boost
productivity in classroom settings. Integration of simple
mechanical edge detection (limit switches) and other
proximity sensors has been explored in prior work [1]; in this
prototype edge detection is implemented via limit switches
and an ultrasonic range sensor to detect board ends and
motion range. Smart classroom enhancement and automated
cleaning tools continue to be developed as part of modern
digital learning environments [2]. (When we use “surface
detection” in this paper we mean edge detection sensing the
board boundaries — not detecting marker regions on the
surface).

Background

In today's demanding work and educational environments,
efficiency and automation are becoming increasingly
important. The process of manually erasing whiteboards is
straightforward but time-consuming and often interferes with
presentations or instruction. To solve this, the primary
objective of our project is to design and build an Automatic
Whiteboard Eraser. Similar systems using rack and pinion
mechanisms for board cleaning have demonstrated effective
automation using microcontroller integration [3]. Recent

designs using Arduino-based robotics for board cleaning
have shown promising efficiency and low-cost
implementation [4]. Comparison with earlier research. A
number of earlier low-cost automated whiteboard cleaners
used rack-and-pinion or belt mechanisms, remote triggers
(IR/Bluetooth) for local control, and Arduino or
microcontroller control. In contrast to those, this prototype
employs limit switches and an ultrasonic module for motion
range sensing, with a focus on a chain-and-sprocket drive for
greater durability. The two clearly defined future
extensions—partial-area cleaning (vision-based) and remote
10T control—are not implemented in the current prototype.
Similar automated eraser systems using microcontrollers and
linear motion mechanisms have been studied in earlier work,
demonstrating that low-cost automation can effectively
replace manual wiping in classrooms [5].

The objective of this project is to create a simple,
affordable, and user-friendly device that can clean a
whiteboard surface on its own with minimal human
assistance. This saves time, reduces physical strain, and
maintains cleanliness in settings where the whiteboard is used
frequently.

The project was inspired by typical university scenarios
where teachers or students must stop classes to clear up the
board. By automating this procedure, we hope to increase the
effectiveness and efficiency of the teaching-learning process.
The design, functionality, parts, and challenges encountered
during development of the Automatic Whiteboard Eraser are
all covered in this article.

Problem ldentification

Regularly erasing whiteboards can disrupt classroom
instruction and presentations. Similar strategies to reduce
disruption during instructional activities have already been
developed by some institutions [6]. The inconsistent and
time-consuming nature of manual erasing affects the overall
efficacy of the teaching process. Furthermore, there aren't
many readily available, affordable, and user-friendly
automatic whiteboard cleaning solutions on the market at the
moment. Previous research has investigated multi-stage
cleaning techniques utilizing stepper motors and sensors [7].
An automated whiteboard rubber can be very beneficial for
instructors who experience physical discomfort or muscle
soreness. It can help them avoid unnecessary stress and
improve the ease and accessibility of teaching.
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Obijectives

This project's goal is to create an automatic whiteboard
eraser that can effectively and consistently wipe whiteboard
surfaces with little assistance from humans. To increase
productivity in offices, classrooms, and collaborative
settings, the technology automates the erasing process using
a motorized mechanism managed by a microprocessor. This
tool is intended to provide a constantly clean writing surface,
minimize physical labor, and save time during instruction or
presentations. Earlier designs have demonstrated that
automated erasing systems can significantly reduce
classroom time wastage and improve ergonomics [8]. The
focus has been on developing an affordable, dependable, and
user-friendly system that is simple to operate with a switch.
The project intends to solve user ergonomic demands,
particularly those who feel physical discomfort, enhance the
teaching and learning process, and expand smart workspace
tools by incorporating fundamental automation principles.
Intelligent erasers that detect surface markings for cleaning
initiation have also been introduced in related designs [9].

Scope of the study

The design and execution of an automatic whiteboard
eraser for use in workplaces, classrooms, and collaborative
settings is the main emphasis of this project. The erasing
procedure is automated by the system using a motorized
device that is managed by a microprocessor. A basic switch-
based activation mechanism, limit switch integration for
board edge detection, and the creation of a linear motion
system with DC motors and rollers are all included in the
scope. On standard-sized whiteboards, the initiative
prioritizes dependability, cost, and ease of use. It seeks to
enhance the overall teaching and presentation experience
while lowering manual labor, particularly for users who
endure  physical discomfort.  Although they are
acknowledged, advanced capabilities like voice or remote
control, intelligent integrations, and energy efficiency are still
outside the purview of this first prototype. Some prior designs
have implemented four-wheel steering techniques to enhance
motion across large board surfaces [10].

MATERIALS AND METHODOLOGY

Materials

Several crucial parts are used in the construction of the
automatic whiteboard eraser system to guarantee dependable
and effective performance. The central control unit, which
regulates motor movements and system logic overall, is the
Arduino Uno microcontroller. The eraser may move
smoothly over the whiteboard surface thanks to DC gear
motors, which supply the primary driving force. Aluminum
guide rails are utilized to support this movement, providing
stability and preserving the system's correct alignment. The
motors and electrical parts are powered by a 12V DC power
source, which guarantees steady functioning.

Cleaning the whiteboard is done by the eraser pad, which
is firmly fixed to the moving frame. Limit switches continue
to be the main edge-detection technique, but the ultrasonic

sensor offers a rough distance measurement to aid in travel
range estimation and cross-check limit switch activation.
(The Arduino can be expanded for 10T readiness by
connecting a  Wi-Fi/Bluetooth module, like an
ESP8266/ESP32 or a Bluetooth HC-05/HC-06; a real-time
clock (RTC) module, like the DS3231, can implement
scheduled wiping without relying on the cloud.)The device
may automatically reverse direction because limit switches
are positioned strategically to detect the board's edges. Lastly,
the L298N motor driver regulates the motors' speed and
direction, enabling the precise and fluid motion required for
efficient cleaning.

Methodology

To evaluate the effectiveness of the proposed automated
whiteboard cleaning mechanism, a prototype was constructed
using a 2 ft x 3 ft whiteboard. This size was selected for its
portability and appropriateness for controlled testing
environments. A sturdy plank (2 ft x 8 in) was employed as
the base structure to support the entire system, ensuring the
alignment and stability of the mounted components
throughout operation.

L298N
SWITCH » ARDUINO »| MOTOR DRIVER » DC MOTOR

=

DUSTER

WHITEBOARD

Fig.1 — Block diagram of the automatic whiteboard eraser system.
Fig.1 — Block diagram of the automatic whiteboard eraser system.

The system’s functional architecture is outlined in Fig. 1,
which presents the block diagram of the automatic
whiteboard eraser system. When the manual switch is
pressed, it sends a signal to the Arduino Uno microcontroller,
which governs the system’s logic. The Arduino then directs
the L298N motor driver to control the speed and rotational
direction of the connected DC gear motors.

These motors power a shaft connected to a chain-and-
pulley mechanism, allowing the eraser pad—firmly attached
to the moving frame—to slide across the whiteboard. The
mechanical path is guided by aluminum rails that maintain
directional stability and ensure complete surface coverage.
The eraser pad maintains continuous contact with the board
during motion to effectively remove whiteboard markings.

The system’s overall top-down layout is illustrated in
Figure 2, which includes the plank base, aluminum guide
rails, limit switches at both ends, circuit housing, and motor
positioning. The layout ensures consistent alignment and
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smooth linear motion. The inclusion of strategically placed
limit switches enables the system to reverse direction
automatically when the eraser reaches either end of the board,
enabling a full cleaning cycle without further user input.

Aluminium Guide bar.

i
[F<— Limit switch !

/
obstacle to
close “lhe
limi
switch.

Plank_______

Circuit Box

6 pin 2 way

White board.
switch— ==
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Fig.2- Overall Design

Additionally, a side view of the structural design is depicted
in Figure 3, highlighting the vertical alignment of the motor,
plank, wheel, and duster components. This perspective
emphasizes how the aluminum bar supports vertical stability
and maintains reliable contact pressure between the eraser
and the board surface.

An ultrasonic sensor is integrated to measure the
motion range and enhance the system’s spatial awareness.
The entire system is powered by a 12V DC power supply,
providing sufficient and consistent energy to maintain
reliable operation. This experimental methodology enabled
the validation of a low-cost, hands-free cleaning mechanism
suitable for educational and collaborative spaces.

wheel

|___— motor

Aluminum
bar

. plank

Duster

white
board

Fig.3- Side View

A side view of the system is shown in Fig.3, which shows the
physical alignment of the parts. To keep the duster in contact
with the board while in motion, the motor, wheel, plank, and
duster are all fastened together. The use of a mounted
aluminum bar to support the structure and guarantee steady
travel along the whiteboard surface is highlighted in this
cross-sectional image. The system offers a practical and
economical automation solution for meeting spaces and
classrooms thanks to its integrated design.

RESULTS AND DISCUSSION

Experimental Protocol

To understand how well the prototype performs, | ran five
full-board cleaning tests under the same conditions. For each
test, | recorded how long the device took to wipe the board
from start to finish. | also measured how long it took for a
person to erase the board manually so | could compare the
two. To check noise levels, | used a phone dB meter app
positioned 1 meter away and averaged three readings for both
the machine and human erasing.

Table 1. Timing and Cleaning Performance of the AutoWipe Prototype

Trial Mach Human Complete Notes
ine Time Erasure?
Time (s)
(s)
1 3.52 19.8 Yes Smooth
run
2 3.41 20.5 Yes Small
residue
near edge
3 3.38 18.9 Yes Fully
clean
4 3.56 21.2 no Light
streak in
lower-left
area
5 3.39 19.4 Yes Smooth
run

Average 3.45 20.0 - -
Standard 0.07 0.86 - -
Deviation

Overall, the device consistently wiped the board in around
3.45 seconds, while manual wiping took about 20 seconds on
average. In other words, the machine is roughly five to six
times faster than a person under the same conditions. Most
trials resulted in a fully clean board, with only one trial (Trial
4) leaving a small streak, likely due to slight misalignment of
the erasing pad.

To get a rough idea of how well the board was cleaned, |
compared the before-and-after photos. A simple pixel
comparison suggested the cleaner removed around 94-98%
of the marker each time, with the lower percentage again
coming from the trial where a streak was left.

Results

This method has been found to take an average of 3.45
seconds to fully clean the board. However, cleaning by hand
takes about 20 seconds, which is about five times longer than
cleaning with a machine. As a result, the recommended
whiteboard cleaner takes less time than previous models. It
makes less noise than other motorised cleaners. During the
process, the brush's attachment to the side reels of the
whiteboard produced enough pressure to help clean the board
effectively and correctly. Changing the brush is very easy and
has no impact on other parts The only application of this
technique for cleaning the board is a complete cleaning of the
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entire board. It is impossible to only partially clean the board
with this method. This method is generally regarded as the
best option, even given a large amount of down time in
starting the motor. properly and efficiently .To provide a
more objective measure of cleaning quality, image-based
validation methods such as comparing before-and-after
images using pixel analysis can be applied to quantify any
remaining markings on the board [11].

- — =

—

g
Fig.4- Forward State of erasing

An explanation of the forward operation is provided in fig.4
below. A forward command is started when the switch is
manually turned on. Consequently, the motor rotates in a
clockwise way while the shaft starts to move forward. This
enables the duster mechanism to effectively wipe the
whiteboard by moving it horizontally across it.

k

Fig.5- Backward State of erasing

A reverse setting on the manual switch causes the motor
to rotate counterclockwise and the shaft to go backward. As
a result, the duster successfully completes the cleaning cycle
by moving back along the whiteboard. The motor instantly
stops in its current position when the manual stop switch is
pressed. Consequently, the shaft likewise abruptly stops,
which stops the duster from traveling

at that precise spot on the whiteboard. This makes it
possible to quickly halt the cleaning procedure when

necessary.

Fig.7- Testing Phase

Challenges

A number of mechanical and technical difficulties arose
during the creation of the automatic whiteboard erasing
system. Managing the friction between the duster and the
whiteboard was a significant problem; too much pressure
resulted in considerable resistance, while too little pressure
produced subpar cleaning. Furthermore, choosing motors
with the right torque was essential since underpowered
motors found it difficult to move the plank and eraser evenly
across the board. It was also challenging to ensure precise
motion control; even a small misalignment in the pulley
system or guide rails led to skewed or unstable movement.
The circuit's placement and stability presented additional
difficulties because vibrations during movement could loosen
wires or cut power, resulting in unplanned stops in operation.
Belt-driven systems used in earlier designs often suffered
from wear and required frequent maintenance, prompting
some to explore durable chain-based alternatives [12].

Additionally, incorporating switches and sensors
presented challenges of its own. To detect the borders of the
board and reverse the direction of the duster at the appropriate
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time, the limit switches had to be positioned correctly.
Mechanical strain or insufficient cleaning could result from
inaccurate alignment. Because of surface irregularities or
reflections, the ultrasonic sensor, which measures distance,
occasionally produced inaccurate results. From a mechanical
perspective, precise measurement and assembly were
necessary to guarantee the firm attachment of aluminum
guide rails and to ensure constant spacing. Furthermore, there
were space restrictions, and a careful arrangement were
required to accommodate all the parts—motors, control units,
wiring, and switches—into a small, mobile frame. Together,
these difficulties put the system's practical viability and
design integrity to the test.

Discussion

An inventive and practical answer to the tedious chore of
manual whiteboard cleaning is the Auto Wipe Smart
Whiteboard System. In settings like offices, meeting rooms,
and classrooms, this system improves efficiency by fusing
straightforward hardware components with clever control.
The duster can run automatically with little assistance from a
human thanks to the integration of an Arduino Uno
microprocessor with a DC gear motor, L298N motor driver,
guide rails, and limit switches. To guarantee full surface
coverage, the system is made to react to simple switch
commands, regulating the eraser's travel both forward and
backward across the whiteboard.

The system's mechanical simplicity is one of the notable
advantages that were noted throughout development.
Utilizing a chain and pulley system with aluminum guide
rails for stability guarantees that the movement stays steady
and in line. Throughout the process, the duster pad stays in
touch with the surface, ensuring consistent erasing. Limit
switches, which initiate directional changes without the need
for human participation, are positioned at the board's limits to
further enhance the control logic. By doing this, mistakes are
decreased, and the duster is kept within the board's physical
bounds.

The Auto Wipe system's affordability is still another
advantage. In addition to lowering the overall cost, using
widely accessible components made it simple for educational
institutions to replicate the system. lterative testing and
alignment were used to overcome difficulties such as
securing smooth sensor response, reducing friction, and
maintaining constant motor torque. To balance efficient
cleaning with smooth motion, the motor speed and duster
pressure had to be properly calibrated

Additionally, the system's modular design provides room
for improvement. It provides a strong foundation for future
study in smart classroom automation since its capability can
be enhanced with little modification to the current
configuration. All things considered, the Auto Wipe Smart
Whiteboard System's usefulness and practicality as a hands-
free alternative to a typical manual task were demonstrated
during the development and testing phases.

A practical route to scheduling and IoT. An ESP8266 or
ESP32 Wi-Fi module can be added to the current Arduino
Uno to enable remote activation via a straightforward web
dashboard or mobile interface, thereby implementing basic
IoT control. A real-time clock (RTC) module, like the
DS3231, can be integrated with little wiring to initiate
cleaning cycles at predetermined intervals for time-based
automated wiping. Future improvements might also include
partial-area cleaning, which uses an optical sensor (such as
an ESP32-CAM module) or camera to identify areas of the
board where marker ink is still present and only turn on the
rubber there. Integrating a Wi-Fi-enabled module such as the
ESP8266 or ESP32 is a common approach in low-cost 10T
systems and allows features like remote triggering,
scheduling, and device monitoring [13]. These improvements
can be added without requiring significant structural
alterations and built directly upon the current design. Hybrid
sensing approaches that combine ultrasonic sensors with
optical or vision-based detection have been shown to improve
spatial awareness in compact robotic systems [14].

CONCLUSION

Using limit switches and an ultrasonic sensor for motion
awareness, the prototype shows off a low-cost, Arduino-
based automatic whiteboard eraser that can wipe the entire
board. Although the system's mechanical and electrical
design is loT-ready and can be expanded with an ESP32/RTC
for remote control and scheduled wiping, it lacks
implemented 10T features and automated time-scheduling in
hardware. A chain and sprocket mechanism was
implemented to facilitate smooth movement of the duster
across the board. Despite this, inadequate tension affected the
consistency of the cleaning operation. While a gear system
could have been introduced to reduce the motor’s speed, a
variable speed controller was instead utilized to maintain
efficiency without adding unnecessary weight to the moving
parts. Additionally, a sensor was integrated to detect the
board's edge and automatically halt the motor, preventing
potential damage from overrunning. This safety feature not
only protects the motor but also ensures accurate control of
the cleaning path. With these improvements, the system lays
a strong foundation for a more refined version in the future.
Similar prototype-based systems have shown scalability with
modular upgrades like remote control and mobile apps [15].

Research Findings Summary

By effectively combining mechanical and electronic
components, the Auto Wipe Smart Whiteboard System
effectively illustrates how to automate a common office and
classroom task: wiping a whiteboard. The device efficiently
moves a duster horizontally across the board with a DC
motor, chain-pulley mechanism, and Arduino-based control,
reducing the amount of physical labor required. By avoiding
overruns and guaranteeing safe operation, limit switches and
sensors improve motion control's dependability. The project's
main objective, which was to save time and lessen physical
strain in settings where whiteboards are often used, was
accomplished.
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Testing revealed that the prototype was functionally sound,
affordable, and easy to operate. Although there are still
certain drawbacks, like tension problems and the need for
mechanical alignment improvement, the overall result
demonstrates a solid basis for future improvements. This
initiative is a useful step toward smarter, more automated
learning and working environments since it lays out the
groundwork for future advancements like voice control,
mobile app integration, or intelligent scheduling features.

REFERENCES

[1] D.Y.Kim,J. M. Lee, J. Yoon, T.-K. Kim, B.-S. Kim, and C.-W. Park,
"Wall shape recognition using limit switch module," IJCTCM, vol .4,
no.2, ppl-8, Apr. 2014.

[2] A. Suraj, et al., "Smart eraser for Smart Classrooms," International
Journal of Engineering Research & Technology (IJERT). Available:
https://www.ijert.org/smart-eraser-for-smart-classrooms

[3] S. Akhter et al, "Automatic whiteboard cleaner using microcontroller
based rack and pinion mechanism," ICMIME, vol.2015, pp.11-13,

2015.
[4] M. K. Mishra, et al., "Smart Board Cleaner Robot Using Arduino,"
IEEE Xplore, Auvailable:

https://ieeexplore.ieee.org/document/9797085

[5] R. Sharma, et al., "Automatic Blackboard Cleaning System," Procedia
Computer Science, vol. 152, pp. 731-738, 2019. Available:
https://www.sciencedirect.com/science/article/pii/S187705091931186
3

[6] S.Joshibaamali and K. Geetha Priya, "Automatic duster machine," Int.
J. Emerging Technology in Computer Science & Electronics
(NETCSE), vol. 12, no. 1, Mar. 2015.

[7]1 "Design and Fabrication of Automated Duster System," Int. Res. J.
Eng. Technol. (IRJET), vol. 7, no. 5, pp. 1138-1141, 2020. Available:
https://www.irjet.net/archives/VV7/i5/IRJET-V715107.pdf

[8] S.R.Kewate, I. T. Mujawar, and A. D. Kewate, "Development of new
smart design to erase the classroom blackboard of schools/colleges,"
I0SR J. Mech. Civil Eng. (IOSR-JMCE) *, vol. 3, no. 3, Mar. 2016.

[9] S. Nithyananth, A. Jagatheesh, K. Madan, and B. Nirmalkumar,
"Convertible four wheels steering with three mode operation," Int. J.
Res. Aeronautical Mech. Eng., vol. 2, no. 3, pp. 5662, 2014.

[10] D. Choudhury, "Real Time and Low-Cost Smart Home Automation
System Using Internet of Things Environment,” Int. J. Computer
Sciences and Engineering*, vol. 7, no. 4, pp. 225-229, 2019.

[11] "Automated Whiteboard Cleaner,” Int. J. Adv. Res. Sci. Commun.
Technol. (IJARSCT), vol. 3, no. 2, pp. 245-248, 2020. Available:
https://ijarsct.co.in/Paper1261.pdf

[12] D. Choudhury, “Real-Time and Low-Cost Smart Home Automation
System,” Int. J. Computer Sciences and Engineering, vol. 7, no. 4, pp.
2-21, 2019.

[13] S. Sajini, N. S. Sanjana, and M. Rajesh, “Sensor Enabled Proximity
Detection with Hybridisation of Ultrasonic and Vision Methods,”
Engineering, Technology & Applied Science Research, vol. 13, no. 1,
pp. 1234-1240, 2023

[14] Z.S. Yang, J. Wang, and T. Li, “A Study on Image-Based Validation
Methods for Robotic Cleaning,” Journal of Intelligent Systems, vol. 34,
no. 2, pp. 155-163, 2025.

FP-ET02-CMT182

67



2" International Conference on Transformative Applied Research (ICTAR 2025)

NSBM Green University, Sri Lanka

Statistical Comparison of Road and Household
Dust, Nugegoda and Homagama Areas, Sr1 Lanka

G. B. Sakura”and S. H. I. Dilshani
Department of Engineering Technology, Faculty of Technology, University of Sri Jayewardenepura, Sri Lanka
Corresponding Author E-mail: sakurabogoda@sjp.ac.lk

Abstract—This study presents a statistical comparison of
cation (K*, Mg*, and Ca*") and heavy metals (Cu, and Zn) in
road and household dust collected from Nugegoda and
Homagama in Sri Lanka. Ten samples were analyzed; five road
dust and five household dust using UV spectrophotometry for
cation quantification and Flame Atomic Absorption
Spectrophotometry (F-AAS) for heavy metal analysis. The
results showed that household dust contained significantly
higher concentrations of K*, Mg*, Ca*, and Zn, whereas Cu
levels did not differ significantly between the two environments.
The mean concentrations of K*, Mg*, Ca*, Cu, and Zn in
household dust were 1.23 ppm, 11.99 ppm, 0.21 ppm, 1.24 ppm,
and 15.61 ppm respectively, with road dust showing consistently
lower values. Paired t-tests confirmed significant differences for
all parameters except Cu (p = 0.40). The higher concentrations
in household dust may result from indoor human activities,
including cooking, cleaning, and the presence of construction or
electronic materials. The findings highlight the ability of indoor
environments to accumulate pollutants at levels higher than
those outdoors, emphasizing the importance of effective dust
management in urban households.

Keywords—Statistical, Analysis, Road, Household, Dust,
Cations, Heavy metals

INTRODUCTION

Air pollution significantly affects both indoor and outdoor
environments worldwide [1-3]. Cations and heavy metals can
remain in the environment for long periods and may pose toxic
risks if their concentrations surpass safe limits [4, 5].
Statistical analysis is widely used to compare these two dust
types to understand their pollution levels, sources, and
variability [6].

Applying multivariate statistical methods, such as cluster
analysis (CA) and factor analysis (FA), assists in interpreting
complex datasets and enhances understanding of cation and
heavy-metal behaviour. These approaches help identify key
sources influencing dust composition and provide reliable
tools for environmental management and pollution mitigation
[4,5,7,8].

Although urban pollution has gained growing attention,
limited research has statistically compared indoor and outdoor
dust, especially in developing regions [9-12]. Jan et al., 2010
[10] used cluster analysis to classify industrial dust
compositions and found Mn, Pb, Cd, Ni, and Cu to be the
dominant elements. Ghadimi et al [11] demonstrated the value
of combining multivariate techniques with elemental and
correlation analyses to trace the sources of heavy metals in
environmental dust samples. Similarly, Li et al [12] used
multivariate methods to identify anthropogenic sources of Cu,
Ni, Pb, and Cd, and Zn and Cr were associated with parent
materials and natural sources. Abbas et al [4] utilized

multivariate statistical methods, specifically cluster and factor
analysis, to assess the concentrations of selected heavy metals
(Cu, Zn, Cd, Fe, Pb, Cr, Hg, and Mn) and trace their possible
sources.

Dust from roads generally consists of soil, emissions from
vehicles, and industrial waste. These dusts are frequently rich
in metals such as Pb, Zn, Cu, and Cd, which mainly originate
from tire abrasion, brakes, and fuel combustion [13]. In
Colombo, Herath et al [14] found that road dust contains
significant levels of Zn and Cu due to traffic congestion, with
concentrations varying based on location and weather
conditions.

In comparison, indoor dust comes from sources like
building materials, daily human activity, and intrusion of
outdoor dust. It often shows higher levels of Mg?*, Ca?", and
K*, primarily from cleaning agents and construction materials
[15]. Pitawala et al [6] noted that household dust in Colombo
and Kandy exhibits higher Zn and Cu concentrations than
surrounding soil, indoor under the influence of anthropogenic
activities.

While prior research has assessed dust pollution in Sri
Lanka, few studies have statistically compared indoor and
road dust across multiple urban locations. The objectives of
this study were to (1) determine whether dust composition
differs significantly between road and household
environments, (2) assess the statistical significance of these
differences, and (3) identify environmental implications for
indoor exposure in densely populated urban regions.

MATERIALS AND METHODOLOGY

Study area

The study area is located along High-level Road (A4) in
Nugegoda and Homagama in Sri Lanka (Fig 1).

Nugegoda
A Homagama

SriLanka ’ f =3

Fig. 1. Study areas
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This region consists of a dense urban environment, a mix of
residential and commercial developments, rapid growth and
urbanization, and high traffic volume dynamics on High-level
Road [3, 15-17]. This site reflects that those diverse urban
activities are ideal for assessing the link between road and
household dust. Herath, Pitawala and Gunatilake, 2016 [14]
and Srivastava and Jain, 2007 [18] confirm that traffic and
human activities significantly influence dust pollution in Sri
Lanka. Sample sites were selected based on proximity to
major traffic routes, accessibility and safety, representation
of typical household environments, and availability of
suitable indoor surfaces for dust collection.

Sampling and Laboratory Analysis

Ten composite dust samples were collected from five
locations, comprising two residential and three commercial
sites. These three commercial samples were selected to
capture variability caused by traffic density and commercial
activity, while two residential samples were taken from
residences within 5-6 m away from roads to represent typical
indoor dust accumulation near high-traffic areas. Road dust
was gathered from 1 m?2 surface areas, whereas household
dust was collected from indoor surfaces (living rooms,
windows, and furniture). Samples were sieved to <0.5 mm
(road) and <0.125 mm (household), based on available
sample quantities. Moisture content was determined using the
oven-drying method at 105°C for 24 hours. For cation
analysis (Ca?", Mg?", K*), 1 g of dust sample was dissolved in
deionized water, filtered, diluted, and analyzed via UV
spectrophotometer. Heavy metals (Cu and Zn) were extracted
through acid digestion with H.O., HNOs, and HCIl (2:1),
filtered, and analyzed with F-AAS [3].

RESULTS AND DISCUSSION
Descriptive Statistics

Descriptive statistics (mean, minimum, maximum, and
standard deviation) for road and household dust from
Homagama and Nugegoda areas are shown in Tables 1 and 2.
Table 1. Average cation concentrations in road and household dust (ppm).

Road dust (Nos = 5) Household dust (Nos = 5)

Cation K* Mg®*  Ca* K* Mg Ca?
Mean 0.274 1413 0.090 1.228 11.986 0.211
Min 0.251 1.186 0.077 0.870 8.220 0.132
Max 0.308 1739 0.110 1.656 14.748 0.294
Standard

e 0.025 0.222 0.013 0.363 2.605 0.063
deviation

Nos: Number of samples.

Table 2. Average heavy metals concentrations in road and household dust
(ppm)

Road dust (Nos = 5) Household dust (Nos = 5)

Cu Zn Cu Zn
Mean 0.90 3.32 1.24 15.61
Min 0.36 2.32 0.98 9.42
Max 1.75 5.37 1.69 25.34
Standard
deviation 0.52 1.24 0.34 6.01

Nos: Number of samples.

Statistical Results

A paired t-test was applied to compare mean concentrations
of each element between road and household dust samples
(Table 3).

d
U= e )
Where:
d : Mean difference between paired values
S, Standard deviation of the differences
N : Number of pairs

Table 3. Paired t-tests comparing road and household dust

Param T- P-value Interpretation

eter statistic

(ppm)

K* 5.94 0.004 Highly significant: household
dust has more potassium.

Mg?* 9.84 0.0006 Highly significant: large

increase in household dust.
Significant: household dust has
more calcium.

Not significant: no clear
difference.

Highly significant: household
dust shows higher zinc.

Ca* 4.13 0.014
Cu 0.94 0.400

Zn 5.70 0.0047

The results show that K*, Mg?", Ca?, and Zn were
significantly higher in household dust (p < 0.05). These
increases can be attributed to indoor smoking, metal plating,
ash from solid fuel fires, paint deterioration, and indoor
anthropogenic activities such as cooking, use of personal care
products, and cleaning agents [19, 20].

Cu did not show a statistically significant difference between
the two environments (p=0.40), suggesting similar exposure
or sources for both road and household dust. Ca?* and K+ were
found to be more abundant in household dust.

The elevated Zn concentrations observed in household dust
may originate from indoor sources (electronics, metal items
and past leaded paint residues) and wear and tear of
household goods such as galvanization, paints, metallic
coatings, or brass fixtures; corrosion or degradation and
cooking generate interior ash [21].

K* and Mg?* in indoor dust may come from fertilizers, plant
care activities, biological debris such as skin flakes or food
particles, and cleaning products [22], whereas Ca®" and Mg**
commonly arise from building cement, drywall, plaster,
mortar, and concrete abrasion, releasing calcium carbonate
and magnesium-rich dust. Indoor renovation, wall wear, or
floor dust from construction contribute significantly to indoor
Ca and Mg, and Ca?*" and Mg?" may also come from hard
water residues after cleaning or cleaning with mineral rich-
agents [22-24].

The presence of Mg?*, K*, Zn and Ca?* in household dust may
not only pose direct health risks but can also indicate the
accumulation that may adhere to particulate matter. However,
the Zn and Cu concentrations found in this study are low
compared to the background levels [6, 14, 26, 27]. Their
presence in enclosed indoor spaces can still pose health risks.
Indoor fine dust can aggravate respiratory conditions, reduce
air quality, and disproportionately affect wvulnerable
populations such as children and the elderly [1].
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Previous studies have reported that household dust tends to
accumulate higher metal levels than outdoor dust, likely due
to limited dispersion indoors [21, 25]. Which may be the result
of parameters in the road dust accumulating in the household
environment; therefore, it is needed to consider the influences
of the road dust in the household environment as well.

CONCLUSION

Based on the statistical evaluation and comparison of cation
and heavy metal concentrations in road and household dust
from Homagama and Nugegoda. It can be concluded,

* Household dust contained significantly higher levels of K*,
Mg?*, Ca?", and Zn compared to road dust (p < 0.05),
suggesting notable indoor sources and accumulation
mechanisms.

* Among the elements analyzed, Mg*, K, and Zn
contributed most significantly to the differences between
household and road dust based on their t-statistic and p-
values.

» Cu concentrations did not differ significantly (p = 0.40),
suggesting similar or mixed sources.

« Indoor activities such as cooking, use of personal care and
cleaning products, construction material degradation, and
electronic device usage are likely contributors to elevated
metal concentrations in household dust.

« Although the concentrations of Zn and Cu in household
dust are lower than established background values in some
regions, prolonged indoor exposure may still pose health
risks.

These findings highlight the need for improved indoor dust
management and public awareness, especially in rapidly
urbanizing regions.
Due to the limited sample size, the exclusion of seasonal
variation, the focus on only two suburban sites, and the
omission of particle-size characterization, the
generalizability of the findings is restricted. Future studies
should include more samples, seasonal monitoring, and
detailed particle-size analysis.
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Abstract—This research evaluates the potential of
integrating smart technologies together with inclusive interior
design to improve the learning experiences and social
interactions of students with visual impairments in university
classrooms. The study shows the challenges that visually
impaired learners might experience and how the existing
educational models cause engagement and effective learning
barriers. The examination is conducted to unveil the assistive
devices, design interventions, and upcoming technologies, which
are the Internet of Things (10T), to give the user appropriate and
adaptive spaces. The research also analyzes the design theory of
tactile design and the significance of sensory elements producing
a comforting and inclusive environment. After critically
discussing the relevant concepts and their related technological
developments, the study will reach the design guideline that
highlights accessibility, safety, and engagement the most thus
motivating a more inclusive educational experience. The results
will provide the architects, interior designers, and educators
with the right tools to design university classrooms that foster
independence, equality, and social interactions among visually
impaired students, allowing all students to thrive together in a
dynamic and accessible academic environment.

Keywords— Smart Technologies, Inclusive Interior Design,
Social Interactions, Visually Impaired, University Classrooms

INTRODUCTION

Inclusive design in education seeks to create environments
where all students, regardless of ability, can learn effectively.
However, traditional university classrooms often prioritize
visual materials and spatial arrangements tailored for sighted
individuals, posing challenges for visually impaired students,
such as disorienting layouts and limited assistive tools, which
hinder academic and social engagement. This research
explores the integration of inclusive interior design principles
with smart technologies, including loT, Al, and AR, to
enhance accessibility in university classrooms. Tools like
braille readers, screen readers, and applications such as
Wayfinder, Be My Eyes, and Lookout, alongside design
elements like intuitive layouts, tactile surfaces, high color
contrast, and adaptive lighting, can significantly improve
usability for visually impaired students. The study addresses
the research question: How can the integration of smart
technologies and inclusive interior design enhance social
interactions and learning experiences for visually impaired
students in university classrooms? Its objectives are to (a)
assess the role of smart technologies in improving social
interactions, (b) examine how inclusive design principles
enhance classroom accessibility, and (c) develop design
guidelines for creating inclusive, adaptive, and engaging

learning spaces in higher education. This research is
significant as it promotes equitable learning environments,
fostering independence and social participation for visually
impaired students. Studies indicate that inclusive design
removes barriers, enhancing academic and social, while
assistive technologies empower students to navigate
educational settings effectively. By combining technological
and design innovations, this study aims to create learner-
centered environments that ensure equality and accessibility
in higher education.

LITERATURE REVIEW

Visual Impairment

Visual impairment encompasses a range of conditions, from
total blindness to low vision, caused by various factors
affecting visual function. The World Health Organization
(WHO) classifies visual impairment using visual acuity
scores, which compares what a visually impaired person sees
at a given distance to what a person with normal vision sees
at a farther distance. The International Classification of
Diseases 11 [1] identifies two main types: Distance vision
impairment and near vision impairment.

CATEGORY | VISUAL ACUITY WHO - STANDARD WHO - WORKING INDIAN
DEFINITION
1 6/6-6/18 Normal Normal Normal
2 <6/18-6/60 Visual Impairment Low Vision Low Vision
3 <6/60-3/60 Severs Visual Impairment  Low Vision Blind
a <3/60-1/60 Blind Low Vision Blind
5 <1/60-PL Blind Low Vision Blind
6 NPL Blind Total Blindness  Total Blindness

Figure 3-- Categories of Visual Impairment

Distance vision impairment affects clarity of distant
objects, such as seeing at 6 meters what a person with normal
vision sees at 18 meters (6/18 acuity). Common causes
include myopia (elongated eyeball or irregular cornea/lens),
cataracts, and macular degeneration. Near vision impairment
hinders focus on close objects, like reading, often due to
hyperopia (shorter eyeball or refractive issues) or presbyopia
(age-related near vision loss). Severity is assessed using tools
like the Snellen chart.

Legal blindness is a type of vision loss that qualifies
individuals for assistance. It is defined as having a visual
acuity of 20/200 (6/60) or worse in the better eye with
correction, or a visual field of fewer than 20 degrees, which
is often referred to as tunnel vision. This condition is different
from total blindness. It greatly affects vision, making it
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necessary to use adaptive tools for daily tasks. Although the
level of impairment can vary, many visually impaired people
manage their lives with different levels of independence. This
highlights the importance of focusing on how vision loss
affects daily life rather than just on strict classifications.

Causes and Classification of Visual Impairment

In Sri Lanka, visual impairment mainly comes from
cataracts, diabetic retinopathy, glaucoma, and optic nerve
atrophy. Cataracts are common in older people and can lead
to severe vision loss if not treated. On the other hand, optic
nerve atrophy often affects younger individuals, leading to
weak visual signals from nerve damage. Eye conditions are
divided into myopia (nearsightedness), which makes it hard
to see distant objects; hyperopia (farsightedness), which
affects the ability to see nearby objects; and severe visual
impairment, which needs specialized care and eye exams.

In addition, support for visually impaired people comes
from organizations like the Sri Lanka Council for the Blind.
They set up schools and training centers to help with
education and skill development. In education, blind students
rely on teachers who are trained in inclusive methods. This
shows the need for locally adapted definitions and services
because there are no universal standards. Tackling visual
impairment means raising awareness, improving access to
eye care, and strengthening support systems.

Characteristics of people with Visual Impairment

Table 1- Characteristics of People with visual impairment

Characte  Description Specific Impact

ristic Challenge

Acade  Benefit from large and  Benefit from Limited

mic clear text or Braille to  large and clear access to
learn, rely on text or Braille information,
retrospective tolearn, relyon  potential for
assessments of  retrospective learning
cognitive development  assessments delays.

of cognitive

development

Visual impairment and the need for equal learning rights

Despite education being a fundamental right, visually
impaired students face significant barriers to equal access in
educational systems, even with national and international
efforts [17]. Visual impairments can lead to fatigue, reduced
concentration, and lower academic performance, impacting
literacy, social integration, and future opportunities [21].
Severe impairments often restrict workplace access,
underscoring the need for professional support to ensure
equitable educational outcomes [19]. Although some debate
the extent of impact on achievement [18], tailored curricula,
enhanced teacher training, and inclusive teaching methods
are essential to meet students’ academic and social needs.

Community and Educational Inclusion

Integrating visually impaired students into mainstream
education fosters participation and challenges of deficit-
focused models [19]. In Sri Lanka, limited resources,
especially in rural areas, hinder quality education. While
inclusion of policies exists, schools often lack support.
Teacher training needs practical focus, as seen in Turkey and
Bulgaria.  Sri Lankan higher education adopts
accommodations and assistive technologies, but funding,
training, and societal stigma impede equitable education.

Developing Skills for Visually Impaired Individuals

Higher education success for visually impaired students
requires family support, academic preparation, self-
motivation, and skills like self-advocacy and decision-
making [12]. Transition assessments evaluate independent
living and social skills. The Individual Educational
Development Act (IDEIA) provides tools to enhance
memory, organization, and communication. Technology
improves communication, mobility, and intellectual skills,
supporting academic success.

Role of Interior Design in Inclusive Learning
Environments

i. Parameters

Social Interpersonal Difficulty Lack of social
Traits  relationships are  perceiving development,
E’:g ; affected  due to non-verbal emotional Table 2- Parameters
Onaf difficulty seeing facial ~cues, potential ~distress Parameter Sub- Parameter Measurement
expressions and for social Way Finding e  Tactile Guidance e  User Feedback
emotions;  However, isolation e  Spatial e  Clarity of
individuals Organization navigational aids
compensate using e  Safety e Analyzing Floor
auditory cues like tone plans
and inflection to e  User navigation
enhance social Success rate
communication. . Surveying Space
Langu  Brailleis often used for  Difficulty with  Communicati Usage
age reading and writing, non-verbal on Acoustics e Noise Reduction e  Auditory Feedback
but difficulties also communicatio  barriers, e  Sound survey
arise in organizing n Braille, limited Incorporation
ideas related to space, challenges with access to Technology e  Smart Assistive o User Feedback on
place, and color. abstract written Integration Devices usability and
concepts. |r)fo_rmat|on', o Sensor based technological
difficulty with Navigation familiarity.
fk?StE.‘Ct e User Adaptability e  User navigation
Inking Success rate
Lighting . Uniformity of e Light levels
illumination measured in  lux
. Contrast across space,
Enhancement enduring even
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distribution without
glare.
. User Interviews &
survey Presence and
functionality of
adjustable lighting
controls for varied
user needs
User Interviews &
survey

e Adaptive
Lighting Systems

Adaptability e  Tactile Comfort .
e  Sensory Comfort

ii. Key Design Elements
Table 3- Key Design elements

Design Description Examples / Materials /
Element Strategies

Tactile Provide orientation Raised-textured flooring

Surfaces and directional cues  (rough, ribbed, grooved),
using textured  Braille signage, materials like
materials; promote textured  rubber,  vinyl,
safe navigation. plaster, carpets, embossed

metals

Contrasting Enhance spatial  Subtle or high-contrast

Color awareness and safety schemes on doors, stair
using contrast to edges, handrails, switches;
highlight key combined with strategic
features; helps users lighting ~ for ~ maximum
with residual vision.  visibility —and  aesthetic

appeal.

Lighting Adaptable and glare-  Dimmable lights, task lights,
free lighting matte surfaces, non-glare
enhances comfort coatings, adjustable desk
and usability for low-  lamps, diffused lighting to
vision users. reduce eye strain and glare.

Acoustics Use sound and Music-based teaching tools,

(Learning) vibration to support haptic tools like braille
memory, creativity, displays, tactile maps with
and learning;  feedback.
reinforce  materials
using auditory and
tactile cues.

Acoustics Environmental Natural sounds (birds, fan

(Awareness)  sounds help with hum), ambient sounds
orientation and  (footsteps, elevator sounds)
spatial awareness. used intentionally for

navigation and
environmental cues.

Acoustics Environmental Natural sounds (birds, fan

(Awareness)  sounds help with  hum),  ambient  sounds
orientation and (footsteps, elevator sounds)
spatial awareness. used intentionally ~ for

navigation and environmental
Ccues.

Scent/Smell  Scents serve as Citrus scent at entrances,
sensory markers for  floral scents in corridors,
navigation and lavender/jasmine for calm,
ambiance; promote peppermint/citrus oil for
emotional well-  energy; scent zoning for
being. spatial cues and mood

enhancement.

iii. Inclusive Interior Design Principles

Inclusive interior design focuses on creating spaces that meet
diverse user needs, including those with disabilities.
According to Preiser and Ostroff (2017), it promotes equal
access through flexibility, simplicity, and accessibility. In
educational settings, this includes tactile wayfinding, color
contrast, and ergonomic, adjustable furniture for visually
impaired students.

Table 4- Inclusive interior design principles

Section Principle/ Focus Details/Strategies/
Examples

Tactile Use tactile and sensory  Braille  signage, raised

Signage and features to aid spatial textures, sound cues, and

Navigation interaction and touch-navigation systems

wayfinding. (e.g., University of

Toronto's textured tiles and
Braille walls) help learners
engage fully with their
environment.

Spatial Emphasize logical, ~ Spaces must reduce barriers

Organization  predictable, and and promote navigability;

and Layout unobstructed layouts. design should not rely on
visual familiarity but on
logical, consistent spatial
structure.

Defined Avoid open-plan  Use partitions or tactile

Spaces confusion; create clear barriers to define learning

spatial boundaries.

zones, aiding orientation,
and promoting confidence

through mental mapping
[8].

Pathway and Organize space by Zone areas like quiet
Zoning function using clear reading and collaboration
visual/tactile cues. with tactile floor markers
(e.g., raised carpets at
Vision Australia School)
and strategic  furniture

arrangement.
Mitigation to ~ Avoid physical ~ Use round-edged furniture,
Physical obstacles; promote  reduce clutter, and ensure
Barriers clear movement paths. consistent layouts. Stress
predictability to support
safe, independent

navigation.
Practical Apply inclusive design  Example: Singapore School
Application through layout and for the Visually Impaired
furnishings. uses modular furniture, low
partitions, and tactile
landmarks to  support
orientation and independent

movement.
Color Use contrast and proper  High-contrast tones
Contrastand lighting to improve between  walls/furniture;
Lighting visibility and reduce contrast on doorframes and
fatigue. railings; dimmable, non-
glare  lighting;  matte

finishes [7]
iv. Considerations of aesthetics in Inclusive Design

Inclusive design

principles

blend functionality with

aesthetics to support visually impaired learners. By carefully
arranging contrasting elements and lighting, we can boost
both usability and visual charm. Using contrasting colors
helps create a vibrant, cohesive environment, while flexible
LED lighting adds a touch of elegance and draws attention to
key features like tactile pathways. Non-reflective materials,
along with varied textures and patterns, help reduce glare,
enriching the space with depth and tactile variety. Thoughtful
contrasts in doorways, handrails, and tactile paths strike a
balance between accessibility and artistic flair, ensuring that
spaces are not only inclusive but also visually appealing.
Ultimately, inclusive design celebrates both beauty and
practicality, crafting environments that inspire, empower, and
offer comfort to everyone.
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Figure 4- - lllustration showcases the main principles all assistive
technologies should follow: These systems benefit visually impaired people
by enabling them to grasp the information commonly acquired through sight,
using sensors and presenting it through it

V. Material and Furniture selection in Inclusive
design

Creating a space that’s friendly for those with visual
impairments is all about choosing the right furniture and
materials. It’s crucial to strike a balance between
functionality, accessibility, and aesthetics. For instance,
using high-contrast furniture—like dark desks against light
walls—can really boost visibility and help with spatial
awareness, making things easier to navigate [7]. Plus,
incorporating ergonomic features such as rounded edges,
non-slip surfaces, and lightweight designs not only enhance
safety but also adds to comfort [8]. Tactile cues, like textured
handles, can assist with navigation [9].
When it comes to materials, they should serve both practical
and aesthetic purposes—think velvet-like finishes that
minimize glare, textured, slip-resistant flooring for better
safety and tactile feedback, and durable, easy-to-clean
materials that are perfect for busy classrooms. Natural
materials like wood bring a sense of warmth, while synthetic
options like vinyl and rubber offer increased usability and
durability. All these thoughtful choices come together to
create spaces that are not only inclusive and practical but also
visually appealing, blending accessibility with great design.

Role of Smart Technologies in Inclusive Learning
Environments

Emerging Smart Technologies

i. loT-Enabled Devices

Smart technologies employing the Internet of Things (loT)
have changed educational access and disabled student
assistance. Smart whiteboards can provide access to
information through assistive devices, enabling visually
impaired children to participate in classroom activities as they
occur. Furthermore, systems such as Wayfindr allow loT-
enabled audio navigation to assist students in navigating large
buildings.

ii. Al-Powered Assistants
Artificial intelligence also enhances accessibility by assisting
the visually impaired learners with voice activation systems
such as Alexa, Google Assistant and Siri giving these
individuals access to independent source information, taking
control of appliances and facilitating time management.

Ai-powered Optical Character Recognition tools are much
accessible for them, enabling the process of conversion of
written material to braille and audio.

iii. Augmented Reality (AR) and Virtual Reality

(VR)

Although AR and VR are perceived as primarily visual
technologies, they have now been adapted to include tactile
and auditory feedback features. For example, the
combination of AR models and haptic gloves allows students
to feel shapes while engaging in geometry, which should

further improve their learning experience.
i Devices and Applications that help visual
impaired learning

V.

Table 5- Devices and Applications that help visual impaired learning

Category  Tool/Technolog  Function/ Description
y
Text-to- JAWS, NVDA, Read screen text from textbooks,
Speech &  VoiceOver webpages, and documents to provide
Screen auditory access to learning materials.
Readers NaturalReader, Convert text into audio formats for
Equinox easier consumption.
Braille Orbit Reader 20 Enable tactile reading and digital
Displays Plus, Brailliant  writing for assignments and learning.
& Notetaker
Notetake ~ Focus Blue Compact, portable Braille display
rs Braille Display with  Bluetooth  support  for
smartphones and laptops.
Learning  BeMyEyes Connects  users  with  sighted
Apps & volunteers for live video help with
Platforms tasks like reading labels or finding
items.
TapTapSee Uses a phone's camera and voiceover
to identify objects in real-time using
Al
Lookout Provides audio descriptions of
(Google) objects and environments using a
smartphone camera.
Seeing Al Offers audible descriptions of people,
(Microsoft) text, and objects by analyzing images
from the phone’s camera.
AccessNote A notetaking app designed for
Apple’s VoiceOver, allowing
efficient document management and
note creation.
Cash Reader Identifies the value of currency with
audio or vibration feedback.
Tactile Tactile Diagrams ~ Translates visual information (e.g.,
Graphics  and 3D Models graphs, charts) into physical,
& 3D touchable  forms  for  better
Printing comprehension at all educational
levels.
Audio BlindSquare A GPS-based app that provides audio
Navigatio navigation, environmental
n & GPS descriptions, and allows saving
personalized landmarks for safer,
independent movement.
Smart Interactive Create inclusive classrooms by
Classroo whiteboards with  providing real-time audio and visual
m voice  support, access to content, ensuring learners
Technolo  real-time with visual impairments can engage
gies captioning equally with lessons and materials.

RESEARCH METHODOLOGY

Research Strategy

This study employs a mixed-methods approach to
evaluate how smart technologies and inclusive interior design
can enhance social interactions for visually impaired students
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in university classrooms. By integrating qualitative and
quantitative methods, the research ensures a comprehensive
understanding. Qualitative data, gathered through semi-
structured interviews and group discussions, capture
narrative insights into experiences and inclusive perceptions.
Quantitative data, collected via online and physical
questionnaires and surveys, provide statistical evidence to
support qualitative findings from interviews and case studies,
analyzing interaction patterns, technology effectiveness, and
design impacts.

Research Design

The research aims to investigate how smart technologies
and inclusive interior design improve social interactions for
visually impaired students in university classrooms.

Define the scope of
the study and design
objectives

Conductlng anin-

Identify the
challenges in the
depth review }

(1dentify Research Gaps}
|
Visually
Impaired
FormUIate st Epntq
Research
v General
Identify the University
participants Students
A 4

Interviews

Quantitative |—p

Data collection through
Mixed method
approach

Y
[ Analysis of the data }

Qualitative

A mixed-methods design combines qualitative and
quantitative approaches. Qualitative methods include semi-
structured interviews with visually impaired students and
group discussions with sighted students and educators to
explore social and psychological dynamics affecting
inclusivity. Case studies from Sri Lanka, where such
integrations are limited, identify areas for improvement.
Quantitative methods involve questionnaires and surveys
targeting students and teachers to assess classroom usability,
technology impact, and nonverbal communication,

complemented by observational studies of classroom
behaviors like seating and group activities. Workshops led by
visually impaired students facilitate collaborative problem-

Questionnaire

solving. This approach provides contextual insights and

broadly applicable recommendations for enhancing
classroom inclusivity.
Case Study
Table 6- Case Study Justification
Details Case 01 Case 02
Name DS Senanayake College Yashodara School for
the blind
Figure 5 Figure 6
Location Kandy Balangoda
No of Blind students- 03 Blind students- 05
Participan  General students- 12 Partially Blind Students-
ts Teaching Staff- 07 02
Total: 22 Teaching Staff- 04
Total: 12
Justificatio DS Senanayake College  Yashodhara Deaf and
n for the Kandy, a mixed Blind School, located in
case study  government school, was a less urbanized area,
chosen as a case study was selected as a case
for its integration of study for its focus on
visually impaired deaf and blind students,
students in a providing insight into
mainstream Sri Lankan resource allocation and
educational setting. Its support for dual sensory
special blind unit and impairments. The study
teaching  community examines  specialized
offer valuable insights learning materials and
into existing support teaching methods,
structures. The study addressing challenges
focuses on Advanced and opportunities in this
Level (A/L) students unique context. This
transitioning to analysis aims to inform
university,  capturing recommendations  for
their firsthand  enhancing social
experiences, resource interaction and learning
use, and navigation of outcomes through smart
social and academic technologies and
interactions with inclusive design.
sighted peers, forming a
Table 6- Case Study
Justification
critical foundation for
the research.
Sampling

This research involved a total of 89 participants, using
both case studies and an online survey. The study mainly
targeted visually impaired or blind students at the Advanced
Level (A/L) alongside sighted university students. The online
survey included participants aged 17 to 28, while the case
study discussions specifically focused on students aged 18 to
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19. The case studies featured 33 participants: 3 male blind
students, who provided essential insights into the experiences
of visually impaired learners in particular educational
settings; 12 general education students (6 males and 6
females), offering a comparative viewpoint from sighted
peers; and 7 teaching staff members (1 male and 6 female),
who shared valuable information about teaching practices,
resource distribution, and support systems. The online survey
aimed to gather a wider range of perspectives, including 56
participants with a gender breakdown of about 55.4% female
(around 31 participants) and 44.6% male (around 25
participants). This mixed-methods approach, which
combined detailed case studies with a broader online survey,
allowed for a thorough investigation of the research topic,
yielding both rich qualitative data and extensive quantitative
data regarding the social interactions and learning
environments of visually impaired students.

Summary of Methodology

This research uses a mixed-method approach to assess
how smart technologies and inclusive interior design can
support social interaction among visually impaired university
students. Qualitative data were gathered through interviews
with visually impaired students, group discussions with
sighted peers and educators, and classroom observations,
especially due to the lack of Sri Lankan case studies.
Quantitative data from online surveys of students and
teachers offered insights into classroom usability, technology
use, and nonverbal communication. Additional workshops
led by visually impaired students helped generate practical
solutions. This combined approach ensures both in-depth
understanding and broad validation, leading to concrete
recommendations.

RESULTS AND DISCUSSIONS
Introduction

This chapter discusses research  findings from
questionnaires, classroom observations, group discussions at
two case study sites, and an online survey with university
students. Both qualitative and quantitative analyses are used
to explore how smart technologies and inclusive interior
design affect social interaction among visually impaired
students.

Case Study 01- D S Senanayake College Kandy

Context Analysis
The school is situated on a hill. Therefore, the slope out of
the gate seems easy enough for most, yet clearly not intended
to meet the needs of students with vision impairments. These
multiple levels, a direct result of the topography, complicate
navigation even further. When you walk inside the
classrooms, there’s not much inclusive design available. The
spaces are often confined, and there is a notable lack of tactile
offerings that may facilitate wayfinding. It is almost as
though the interior design does not accommodate visually
impaired learners.
However, there are some variations in the texture of
corridor flooring, which, while perhaps unintentional, do
offer some tactile cues for navigation. A significant issue is

the frequent relocation of A/L classes. This constant shifting
of classroom assignments forces visually impaired students
to repeatedly remap their mental representation of the school
layout, significantly impacting their ability to navigate
independently and causing unnecessary stress.

Student Interviews
| 1

B L

Figure 8
-D S Senanayaka College-

After interviewing three visually impaired students, the
following summarizes their experiences in the school
environment and classroom activities. They feel like their
peers, using walking sticks and adaptive strategies like
landmarks, handrails, and step counts to navigate
independently from the main gate to their classrooms. In
class, they adapt to furniture layouts but face challenges when
arrangements change, increasing accident risks and
emphasizing the need for consistent setups. They use voice
recorders for lessons when Braille notetaking is difficult and
value learning alongside classmates. Their favorite moments
involve peers assisting with navigation, lesson clarification,
and note-taking, highlighting the importance of inclusive
social environments. For improvements, they suggest larger
classrooms and guidance aids like textured walls or varied
flooring. While they use smartphones with accessibility
features, they have not yet explored 10T or smart technologies
for enhanced independence. Insights from three professionals
reinforce the critical role of design, technology, and social
practices in supporting academic success and social
integration for visually impaired students.

Figure 9

Figure 7

Figure 10- Student Demonstrating

Figure 9 - Interviewing Visually how t ite in Braill
ow to write in Braille

impaired students

Interviews with the Teaching staff

Interviews with school staff revealed mixed perspectives
on including visually impaired students in general
classrooms. Positively, teachers seat these students upfront
near supportive peers, provide individual attention, and
encourage tools like recording devices and Braille boards to
foster learning and independence. However, challenges
include reduced attention to other students, disrupted class
flow, and difficulties in assessing the accuracy of visually
impaired students’ work, raising concerns about learning
outcomes. Staff also highlighted the need for smart
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technologies to enhance access to materials and improve
teaching efficiency for all students.

Grouped Discussions with the general students

The group discussions showed both challenges and
positive attitudes toward creating inclusive spaces using
smart technology. At first, most participants didn’t know
much about inclusive interior design or how smart
technologies could help visually impaired students. This
showed a clear lack of awareness and the need for more
education and training on how design can support
accessibility, especially in schools and universities. However,
as the discussions continued, the participants became more
interested and showed a real willingness to learn and help.
They treated visually impaired students equally and made
sure their voices were included, which is important when
creating spaces that work for everyone.

The group also gave helpful ideas for improving
classroom layouts. They suggested keeping walkways clear
and using furniture with textures or tactile features that can
be felt, which would help both visually impaired and sighted
students. These suggestions showed that they were starting to
understand how design can be inclusive and useful for all. In
the end, the discussions highlighted the group’s growth—
from not knowing much at first to showing empathy and
sharing good ideas. With more learning and experience, they
could play an important role in supporting inclusive design
and using smart technology to improve the learning
experience for visually impaired students.

Figure 12
-Group discussions at DS Senanayake-

"Figure 11

Case Study 02- Yashodhara School for the Deaf and
Blind

Context Analysis

This is based on a interview of five visually impaired students
providing their in-depth insight into their experiences
acquired from a specialized school environment. A lot of the
students fully expressed their knowledge and love for the
school; they mentioned their school as a second home. With
time, they have grown very familiar to all parts of the school.
They get around the school compound very effectively by
using landmarks, texture of walls, and an appropriate scent to
guide them. For example, a huge jackfruit tree located near

During the group discussions, Students explained about
Braille textbooks which are considered very helpful. Further,
they write on Braille typewriters, which they regard as much
more comfortable and faster than the ordinary way of
handwriting in Braille. These tools support their learning and
thus they can interact with academic content in a more
efficient way.

At the same time, the participants pointed out challenges of
the current classroom settings, stating that significant
upgrades should be made. They recommended facilities on
differently textured floors that would assist in navigation
through the classrooms much simpler. Even well as spacious
layouts that would allow free movement through the
workspace without a risk of running into obstacles or
furniture were identified as the primary need. When it comes
to technology, the students revealed limited awareness of
advanced tools such as IoT devices, smart sensors, or the
concept of inclusive interior design. They didn't know the use
of this new technology could help them. Yet they do use
smartphones with accessibility features, which they find

beneficial in their daily lives.
-,

-Interviewing Students and Yashodhara school for the blind-

Comparison among the Case Studies

Category

Case Study 01:
Mainstream School

Case Study 02:
Yashodhara School for
the Deaf and Blind

Type of Setting

Inclusive school
integrating visually
impaired students into
general classes

Specialized school
designed specifically for
students with visual and
hearing impairments

Student
Adaptability

Students adapt using
personal techniques and
peer assistance but face
frequent disruptions due
to layout changes

Students are  highly
independent due to strong
familiarity with a stable,
predictable environment

Environmental

Design  unintentionally

Purposeful environmental

Support supports navigation in elements (e.g., textured
some areas but lacks walls, scent markers)
consistency and clarity effectively aid orientation

Classroom Limited space, changing Students desire better

Design layouts, and poor layouts and tactile

furniture
pose risks

consistency

navigation aids, though
the  environment s
generally more accessible

Use of Learning

Use of basic aids like

Well-integrated use of

the Advanced Level classrooms is a part of the school's main Tools \s'r%'ggphof:ﬁr?:{iinceazg E,;ae'u?iter?ate”a;ppsﬂg
marker pOin'[S, and thIS makeS |t eaSier fOI‘ them to f|nd peer support and teacher efficient, independent
specific places. These adaptive approaches prove how placement learning
environmental elements can significantly enhance spatial ECh”O'OQY StUde”tSta”dtSIﬁffb arg gtu_de”ts b‘%rk‘)?lf_'tt IFO'I“
B _ B - B - wareness open (0] echn-base asIC accessinility tools
recognition and self-reliance among the visually impaired. solutions but have limited  but  are  unaware  of
experience with smart smart/inclusive  design
Group Discussion with Students and Staff classroom tools technologies
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Social Social interaction is  Strong sense of belonging
Integration encouraged through peer and community, but
support and inclusion in  limited diversity in peer
shared activities groups due to the

specialized setting
Staff/Peer Teachers and  peers More structured
Involvement contribute positively but environment allows for

face  limitations  in
resources and training

independent learning, but
teacher input on tech
integration is lacking

of the challenges visually impaired students face, 41.1% are
somewhat aware, and 8.9% are not aware. When asked about
classroom inclusivity, only 21.4% rated it as very inclusive,
while 35.7% said it was not very inclusive. These results
highlight the need for smart technologies and inclusive
interior design to improve awareness, accessibility, and
social interaction.

Analysis of Questionnaire survey

The following table presents the findings from a 25-question online
survey conducted among general university students. This survey
included various types of questions, such as multiple-choice
questions, open-ended questions aimed at gathering opinions on
inclusive interior design and smart technologies.

Demographic Information
01.What is your age?

Answers Under 18 18-22 23-27
Percentage 2% 32.1% 64.3%
02. What is your gender?
Answers Male Female Prefer not to
say
Percentage
03. What is your academic year?
Answers First year Second Third year Other
year
Percentage
Summary Most survey participants were aged 23-27 (64.3%), with

a higher number of female respondents (55.4%). Most
were third-year students (58.9%), indicating that the
findings

Awareness & Use of Technology

08. Are you aware of any technologies currently used to assist visually
impaired students?

Answers Yes No

Percentage  44.6% 55.4%

09. Do you think smart technologies can help visually impaired students
participate more actively in classroom activities?

Answers Agree Neutral Disagree

Percentage  75% 25% 0%

10. What challenges do you foresee in implementing smart technologies
and inclusive design in university classrooms?

Open- Students mentioned several challenges in using smart
ended technologies and inclusive design in classrooms. The biggest
response- issues were high costs, limited budgets, and lack of technical

support. Many felt it would be hard to redesign existing
classrooms due to space limits and students being used to
current setups. Other concerns included poor infrastructure,
slow maintenance, and the need for proper training for both
teachers and students. Some also feared distractions or
resistance to change. While most agreed the idea is helpful,
these problems need to be solved for it to work well.

11. What types of smart technologies do you think could be most
beneficial for visually impaired students?

Experience with Visually Impaired Students

Answers Screen Smartboards ~ Navigation  Braille Other
readers  with audio apps or displays
features systems
Percentage  66,1% 78.6% 39.3% 55.4% 1.18%

04. Have you ever interacted with visually impaired students?

Answers Yes No

12. Would you be comfortable using technologies in classrooms that also
cater to visually impaired students?

Percentage  48.2% 51.8%

Answers Yes No Maybe

05. What is your thought on the inclusion of visually impaired students
in a general university classroom?

Percentage  73.2% 0% 21.4%

Open- Responses showed strong support for including visually
ended impaired students in general university classrooms, with
response- many emphasizing the importance of equality and inclusion.

Participants highlighted the need for proper accommodation
like assistive technologies, Braille materials, and accessible
classroom layouts. While a few noted existing infrastructure
challenges, most believed that inclusive settings benefit all
students by promoting fairness and a richer learning
environment.

06. Are you aware of the challenges faced by visually impaired students
in terms of education?

Survey results show a generally positive attitude toward using
smart technologies to support visually impaired students.
While 55.4% of participants were unaware of existing
assistive tools, 75% believed smart technologies could
improve classroom participation. Challenges cited include
high costs, technical limitations, space constraints, and lack
of training. Preferred tools included smartboards with audio
(78.6%) and screen readers (66.1%). Most respondents
(73.2%) were comfortable using inclusive technologies,
indicating strong support despite limited awareness—
highlighting the need for education and investment to enable
effective implementation.

Summary

Answers Yes No Somewhat

Percentage  50% 8.9% 41.1%

07. How inclusive do you think your current classroom environment is
for students with visual impairments?

Views on Inclusive Interior Design

13. How important do you think interior design is in creating an
inclusive classroom for visually impaired students?

Answers Very Somewhat Neutral Not very

inclusive inclusive inclusive Answers Important  Neutral Il\rlr?;t)o rant -
Percentage 21.4 23.2 19.6 35.7 Percentage  91.1% 8.9% 0% —
Summary The survey shows that 51.8% of students have never 14. Which elements of interior design do you think are most crucial for

interacted with visually impaired peers, while 48.2% have.
Most respondents support inclusion in regular classrooms
and suggest better tools and design. Only 50% are fully aware

improving accessibility? (Select all that apply)
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Answers Clear Contrasting Tactile Adjustable and understanding  students with
signage color pathways  furniture supportive of diversity disabilities
with schemes for  orflooring learning and inclusion.
braille better environment
visibility for everyone.
Percentage 73.2% 58.9% 66.1% 48.2% Percentage 58.9% 35.7% 3.6% 1.8%

15. Have you observed or experienced accessibility features in university
classrooms?

23. Onascale of 1 to 5, how well do you think your university currently
supports visually impaired students in terms of accessibility?

Answers 1 2 3 4 5

Answers Yes No - -

Percentage 23.2% 19.6% 12.5% 17.9% 26.8%

Percentage 42.9% 57.1% -- --

16. How comfortable would you be studying in a classroom with
inclusive interior design elements? (5 being the most comfortable)

24. Any recommendations on smart technologies and inclusive design
ideas that can improve interactions between visually impaired and
sighted students?

Answers 1 2 3 4 5
Percentage 1.8% 1.8% 19.6% 28.6% 48.2%
Summary The survey findings highlight strong support for inclusive

interior design, with 91.1% recognizing its importance for
visually impaired students. Key design elements identified
include Braille signage, tactile pathways, contrasting colors,
and adjustable furniture. However, 57.1% of respondents
reported not experiencing accessibility features in their
classrooms, revealing a gap between awareness and
implementation. Despite this, comfort levels in inclusive
settings were high, with a 48.2% rating of a 5, indicating a
clear preference and readiness for more inclusive, accessible
learning environments.

Open- Responses recommended tools like screen readers, speech-
ended to-text, audio descriptions, tactile materials, smart glasses,
response- and voice-activated platforms to support interaction.

Design ideas included spacious layouts and designated
seating within regular classrooms. Some had no
suggestions, highlighting the need for more awareness on
inclusive solutions.

25. In your opinion, do you think smart technologies and inclusive
interior design will improve social inclusion for visually impaired
students in university classrooms?

Social Inclusion and Support

17. Do you believe visually impaired students face difficulties in social
interactions?

Not Sure 0%

Answers Yes No

Percentage 91.1% 8.9%

18. Have you participated in any activities promoting inclusion for
students with disabilities?

Answers Yes No

Percentage 39.3% 60.7%

19. Would you personally support initiatives to make classrooms more
inclusive for visually impaired students?

Answers Yes, it will Yes, it will No, it Not sure /
significantly somewhat will not  Neutral.
improve improve have
social social much
inclusion. inclusion. impact on

social

inclusion.
Percentage 75% 25% 0% 0%
Summary The findings show strong support for inclusive education,

with 83.9% acknowledging social challenges faced by
visually impaired students and 94.6% willing to learn
inclusive technologies. While 80.4% support making
classrooms more accessible, actual participation in
inclusion initiatives remains low (39.3%). Respondents
suggested tools like smartboards, voice-activated devices,
and tactile materials, along with inclusive layouts and
designated seating. Most agree that inclusive classrooms
benefit all students by fostering collaboration and
awareness. However, mixed ratings on university support
reveal a need for greater accessibility efforts and awareness
to ensure real impact.

Answers Yes Maybe No

Percentage 80.4% 14.3% 5.3% -

20. What additional features or technologies do you think could
enhance inclusivity in classrooms for visually impaired students?

Open- Responses showed that advanced technologies can greatly
ended improve inclusion for visually impaired students.
response- Suggestions included voice-activated tools, smart

whiteboards, and combining Braille with modern tech.
Some also proposed creating dedicated spaces in
classrooms for better support. However, a few participants
were unsure about available tools, showing a need for more
awareness and education on inclusive technologies.

21. Would you be willing to learn how to use inclusive technologies to
assist visually impaired classmates?

Answers Yes No

Percentage 94.7% 5.3%

22.Do you think inclusive classrooms could benefit all students, not just
those with disabilities?

Answers Yes, they  Yes, they  No, they  Not sure
promote a raise primarily /
more awareness benefit Neutral.

collaborative  and

IVV. CONCLUSION
In conclusion, this research highlights the vital role of smart

technologies and inclusive interior design in supporting visually

impaired students in university classrooms. While awareness and
positive attitudes toward inclusion are growing, there is still agap in
active participation and practical implementation. The findings
show that inclusive environments not only benefit visually impaired
students but also enhance the learning experience for all by
promoting collaboration, empathy, and equal access. To truly create
inclusive academic spaces, universities must invest in awareness,
training, and accessible infrastructure. With the right tools and
design, education can become more inclusive, empowering every
student to succeed and connect.

ETHICAL CONSIDERATIONS

All necessary permissions were obtained prior to conducting the
research. For Case Study 01 — D. S. Senanayake College, Kandy,
permission was obtained from the Zonal Education Office in Kandy
and the principal. For Case Study 02 — Yashodhara School for the
Deaf and Blind, formal approval was granted by the school
principal. All participants were informed about the purpose of the
study, and their involvement was entirely voluntary, ensuring
confidentiality and respect throughout the research process.
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Abstract—L.ighting design plays an important role in
creating the emotional, sensory and social aspects of indoor rave
parties, which are marked with dynamic environments and
strong audience engagement. The purpose of the present study
was to investigate the effects of various lighting elements,
namely color, intensity, movement, musical synchronization,
and strobe features, on the moods, perceptions and engagement
levels of rave participants. The method used in the present study
combined lighting design expert and event organizer interviews
and focused case analyses, along with questionnaire and
observation techniques used on 30 rave participants. The
findings of the present experimental study suggested that
dynamic and music-synchronized lighting had a positive effect
on both the emotional and engagement aspects of participants
and helped considerably in creating dynamic and strong
engagement experiences for the participants. On the contrary,
overdone lighting intensity and rapid strobe lighting resulted in
discomfort for some of the participants, emphasizing the
importance of balance in lighting design. The present lighting
design experiment suggests the importance and potential of
user-centric and dynamic lighting design, which should aim at
atmosphere enhancement and safety maintenance for optimal
engagement and experience generation for rave participants.
Additionally, in bridging a gap in existing literature on rave
environments, the present volume offers useful inputs for
lighting design experts and those interested in successful rave
and nightlife programming.

Keywords—Iighting design, rave culture, sensory experience,
immersive environment, mood, perception

INTRODUCTION

Lighting design is a vital tool in various industries,
particularly in event settings like rave culture. It plays a
significant role in creating spaces, moods, and immersive
ambiances, fostering enthusiasm, vigor and emotional
engagement among participants.

The significance of lighting in rave environments is
linked to environmental psychology and cognitive science, as
research indicates that lighting intensity, color temperature,
movement and synchronization with sound can significantly
influence an individual's mood and behavior.

High-intensity lighting and rapidly shifting colors are
recognized for enhancing arousal levels, while stab lights,
lasers, and projection mapping are commonly used to
heighten visual stimulation, often resulting in feelings of time
distortion and euphoria. Technological innovations in
lighting design have transformed rave event environments,
allowing designers to create complex, synchronized effects
that respond to the rhythm of music in real time.

However, there is a limited scholarly study on the effects
of lighting design in indoor rave event venues, highlighting

the need for meticulous preparation and implementation.
Understanding how lighting functions in rave settings is
essential for creating areas that improve audience enjoyment
and participation.

Limited research exists on the impact of lighting designs
on attendees' experience, mood and engagement in rave
events. Most studies focus on general design principles or
other entertainment environments, not the high-energy,
immersive nature of raves. This lack of understanding makes
it challenging for event designers and professionals to
optimize their designs for maximum impact. Structured
research is needed to identify the most effective lighting
strategies for enhancing atmosphere, emotional impact and
overall satisfaction.

A Kkey limitation of this study is the use of 30
questionnaires, which represent a relatively small sample
size. While the responses provided valuable insights into
attendees’ perceptions and experiences of lighting in indoor
rave event spaces, the limited number of questionnaires may
restrict the generalizability of the findings.

The aim of this study is to explore the impact of lighting
design on attendee experience in rave event spaces,
identifying effective lighting strategies that enhance
immersion, engagement, and emotional comeback with
space.

The objectives are followed by:

e To analyze how lighting elements, including color,
intensity and movement, affect attendees' moods and
emotions at rave events.

e To investigate the role of lighting in creating an
immersive environment and how this impacts attendee
engagement and satisfaction.

e To identify specific lighting setups and techniques that
maximize the user experience at raves.

e To develop guidelines for lighting design in rave
environments that balance aesthetic impact, safety, and
attendee enjoyment within space.

Lighting establishes the emotional tone of an event,
enhancing immersion and excitement. Studies and festival
examples such as "Electric Paradise™ and "Tomorrowland
Winter" show how synchronized lighting patterns aligned
with musical rhythms can amplify emotional response and
elevate audience energy levels. Research conducted by
Baker & Davis, 2015 supports the notion that dim lighting
fosters intimacy, while bright, dynamic lighting excites
excitement and movement central to rave culture [1].
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Lighting also plays a functional role in guiding
movements within large event venues. It enhances spatial
flow by illuminating pathways, stages and focal points. This
facilitates ease of navigation while also drawing attention to
key performance areas, contributing to both safety and
engagement [2].

The integration of lighting with sound and visual
effects leads to a seamless, immersive experience [3, 4].
Lighting synchronized with music enhances emotional
reactions and encourages deeper audience involvement.
Designers work in tandem with DJs to pre-program light
sequences that adapt to live performances, fostering
multimodal [5, 6].

Lighting affects attendees psychologically by
influencing mood, aroused and behavior. Many studies [1, 7,
8] reveal that variations in light color and intensity can elicit
specific emotional responses and alter physiological states
such as heart rate and cortisol levels. While bright, rhythmic
lighting increases arousal, it can also result in sensory
overload, especially in vulnerable individuals. The need for
balanced lighting design to prevent discomfort is emphasized
[9-12].

Contemporary rave events employ a wide range of
technologies including LED lights, lasers, moving heads,
strobe lights, projection mapping and LED walls to create
vibrant and interactive atmospheres. These techniques
stimulate excitement, trigger emotional reactions, and
promote audience synchronization with music. However,
designers must also consider health sensitivities such as
photosensitive epilepsy and incorporate strategies like quiet
zones and pre-event information.

Advanced technologies now allow lighting to
respond to audience movement and sound levels, fostering
interactivity and a sense of agency. Such participatory
lighting systems enhance attendee engagement, making
individuals feel actively involved in shaping the event [13].

Lighting contributes significantly to social
interaction at rave events. Dynamic and colorful lighting
promotes inclusivity, enhances communal experiences, and
fosters emotional connections among participants. According
to Bennett research conducted in 2018, synchronized lighting
and music contribute to a shared identity, supporting
spontaneous interaction and long-lasting social bonds [2].
This study draws on environmental psychology and event
design theories, particularly the Stimulus-Organism-
Response (SOR) model. This framework explains how
external stimuli such as lighting influence attendees’
emotional states and behaviors, offering a structured lens
through which to analyze the effects of lighting in rave event
settings [14, 15].

Table 11 - lighting shapes experiences in rave event spaces

Lighting Element Emotional Effect Behavioural
Design Response
Warm Colours (e.g., Warmth, Comfort Increased Social
Red) Interaction

Reduced Movement,
Introspection
Active Participation

Cool Colours (e.g., Calmness, Relaxation
Blue)

Dynamic Patterns Excitement, Energy

Strobe Lights Urgency, Heightened  Dance
Exhilaration Engagement
Projection Mapping  Immersion, Curiosity ~ Exploration,  Visual
Focus
Interactive Lighting ~ Empowerment Increased Interaction
Engagement

RESEARCH METHODOLOGY

The research was carried out with the objective of
determining the effects of lighting design on the experiences
of attendees in rave event environments, specifically how
lighting strategies shape mood, immersion, emotional
involvement, and perception. A mixed-methods strategy was
adopted to integrate both quantitative and qualitative research
approaches in a bid to deliver a holistic comprehension of the
subject matter.

A structured questionnaire was administered to a
purposive sample of 30 subjects who had attended rave
parties. The questionnaire measured how lighting influenced
their emotional response, sense of presence, enjoyment, and
sense of space at parties. This provided quantifiable insight
into user experience from the user's perspective. Alongside
the survey, a comprehensive observational study was also
conducted at chosen rave parties to investigate the lighting
setups and their effects on crowd behavior and involvement.
The observational assessment paid attention to spatial
patterns of light, patterns of movement, color combinations,
and the way the crowd interacted with the lighted
environment. Moreover, semi-structured interviews with
event organizers and lighting designers were conducted to
comprehend technical and creative choices that go into
lighting installations. The interview inquired into equipment
selection, synchronization techniques, safety measures, and
the ways in which design choices try to augment the sensorial
experience.

A comprehensive literature review was carried out to
explore the theoretical and technical underpinnings of
lighting design in event spaces to enable the identification of
key variables and gaps in the existing body of research. The
research also consisted of case studies of prominent indoor
rave events that encapsulated various lighting approaches,
cultural contexts, and sizes of events. Every case study
scrutinized the aesthetic choices, technological realization
and audience reception of lighting in terms of color, intensity,
rhythm, and spatial uniformity.

Case studies were selected as below,

The research on the lighting design of indoor rave events
involves a structured selection process to investigate the
complex relationship between lighting and the event
experience. Rave culture is in continuous flux, and lighting is
crucial within the atmosphere, emotional states, and social
interactions that occur.

The case study venues were selected based on specific
criteria to ensure they were suitable for examining lighting
design in indoor rave events. The selected venues regularly
host rave or electronic music events and make extensive use
of dynamic lighting systems such as LED lights, lasers and
strobe effects. Differences in venue size, layout

and location were also considered to capture a range of
spatial and experiential conditions. In addition, venues that
allowed site visits and direct observation were chosen to
support detailed analysis. This selection approach ensured
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that the case studies were relevant and representative of
contemporary indoor rave event environments.

The Study

v
Lighting Design Impact on Rave Event Spaces

¥
dertaken to examine the requirements of Lighting Design in Rave
Events

AL Review is

v
| The studywas Conducted for to explore the mpact of lighting design on attendes expenence
in mve event spaces, identifying effactive lightmg strategies that enhance immersion.,
engagement and emotional respanse with space

Omestionaries Observation |

“ ¥
| Datz callection from q

Mathod

ive and qualitative

Li
Analysis the Data

v
Conclusion

Fig. 1 The research Design

To achieve substantial insight, there should be
clear criterion for case study selection that represents
diversity and complexity in lighting design. Selection criteria
should consider light techniques, scale, type of event,
geographical context, and available qualitative and
quantitative data. The selected case studies will illustrate how
lighting design impacts audience participation, emotional
responses, and bonding among ravers. This approach
enhances the validity of research findings and contributes to
the discourse on the role of lighting in event design and its
implications for the future of the rave experience.

Table 2 — Selection of cases

Case Case Image
Hotel Vibration J& .
& club in

Hikkaduwa

The Thabrobane
indoor event
space in
Colombo

The Chiller
Room in
Colombo

RESULTS AND DISCUSSION

Data for this study were collected through observations,
photographic surveys, and site visits at selected indoor rave
event venues. These methods focused on documenting
lighting configurations, color schemes, and aesthetic design
choices that contribute to the immersive ambiance of such
spaces. The collected data offered valuable insights into how
lighting influences sensory  perception, emotional
engagement, and social interaction among attendees.

The case study analysis centered on specific rave event
venues chosen for their diverse lighting strategies and spatial
arrangements. These case studies explored how elements
such as light color, intensity, and dynamic effects interact
with architectural features and event programming to create
immersive, emotionally resonant environments.

By analyzing these spaces, the study emphasizes how
intentional lighting design enhances the atmosphere,
usability, and emotional impact of indoor rave settings. The
findings contribute to a broader understanding of how
thoughtful integration of lighting within even architecture can
transform ordinary venues into memorable and engaging
experiences.

Table 3 - Case studies and architectural features

Component Case Case Study Case
Study 01: 02: Thabrobane Study 03:
Hotel Indoor Event The Chiller
Vibration Space —  Room -
& Club — Colombo Colombo
Hikkaduwa

Location Galle Central Colomb
Road, Colombo, in a o nightlife
Hikkaduwa  repurposed district
(beachside  warehouse
town)

Design Style Conte Industrial Bold,
mporary modern; modern,
rustic; flexible, vibrant
tropical minimalistic nightclub
beach vibe  aesthetic aesthetic

Spatial Features Large Adaptable Compac
open-air open zones; t yet high-
space with high ceilings; impact
palm- exposed beams  interiors
fringed
zones
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Functionality Combi Multipurpo Nightcl
nes leisure se use:  ub-focused
with weddings, with  high
nightlife; business visual
focused on events, private stimulation
social & parties
dance
spaces

Lighting LED, Ambient/e Neon

Design strobe, and vent-specific accents,
laser lighting  with reflective
lighting flexible zones surfaces,
matched to metallic
music beat finishes

Atmosphere Immers Stylish, High-
ive and professional, energy,
energetic; and elegant edgy,
beach-party immersive
feel nightlife

Unique Multise Adaptive Electrif

Features nsory layout for ying color
environme  seamless guest palette with
nt with  flow & event neon
rhythmic zoning contrasts
lighting
design

Here is the radar chart comparing the self-evaluation ratings
(on ascale of 1 to 5) across the five design aspects—Lighting
Design, Space Layout, Colour Palette, Furniture and Fixtures,
and Technology—for the three case studies:
e Hotel Vibration demonstrates high scores in lighting
and technology.
e Thabrobane Event Space excels in space layout and
balanced design.
e The Chiller Room opinions out in color palette and
technology.

Radar Chart: Self-Evaluation of Design Aspects Across (.

went Space
ace Layout

Do

Chart 1 -Radar chart comparing the self-evaluation ratings (on a scale of 1 to
5)

Observational Study

Fig. 2 A- Case 3; the lighting design of The Chiller Room,
B- Case 2 -LED screens support presentations and visual
displays, C- case 1; Vibration Club and the dance space

Lighting design plays a crucial role in shaping the atmosphere
and user experience in nightlife and event spaces. In Hotel
Vibration, dynamic lighting elements such as LED strips,
lasers, and strobes are synchronized with music to create a
high-energy, immersive environment, while color psychology
is used to influence guest mood. At Thabrobane Indoor Event
Space, versatile and programmable lighting systems support
different event types by adjusting brightness and color to suit
various themes. The Chiller Room combines ambient, accent,
and dynamic lighting to establish a vibrant and visually
stimulating space, with lights that change in rhythm with music
to enhance engagement. Across all three venues, lighting is not
only functional but also a key design tool that enhances mood,
flow, and overall experience.

~

mixdilrivghting levels that have five of them

hting fixtures that have

l':ig. 3 Lig
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Fig. 4 Accent colors exhibit hues of oceanic blues to emerald greens
reflecting the natural beauty of Negombo

The space layout of The Sky Track Lounge & Bar is done in
such a way that it provides maximum functionality while
offering the best possible rooftop view. The central bar area
acts as the focal point of the venue, surrounded by a mix of
high tables, lounge seating, and private nooks for smaller
groups.

The open layout encourages seamless movement while
maintaining distinct zones for dining, socializing, and
relaxing. Outdoor seating is arranged in such a way that
nobody loses the skyline or ocean view. There is enough
room for live music or a DJ, further enhancing the
attractiveness of the venue for both relaxed evenings and
events.

Analysis of the user response to the Rave events

The study analyzes user responses to indoor rave events
using a questionnaire. It reveals demographic trends,
attendance patterns, and the importance of lighting and
ambiance. Most attendees are young adults, with 55% aged
18-25. The second largest demographic is aged 26-35. The
study suggests that event organizers should focus on creating
experiences that cater to young adults and engage older
demographics.

The poll shows that 40% of attendees attend rave events
seldom, while 35% claim regular attendance. This indicates a
dedicated fan base. The findings suggest that marketing
strategies should cater to both regular and occasional
attendees. Rave events are driven by music, lighting, and
atmosphere, with 50% of respondents citing music as the
primary driver. Social interaction is significant for 20%,
while 5% chose other motives. The immersive experience
generated by lighting and images is crucial, as it enhances the

sensory experience and emotional and psychological effects
of the event.

This highlights the importance of integrating sensory
experiences with social interaction. The study suggests that

| I I I
10
seldom (1-2 Hmes  more than bwice per Dccasional Uthe
yearly Vear

Chart 2- Attendance Frequency at Rave Event

1 3 40 5 a0

Chart 3 - Age Distribution of Rave Event Attendees
rave events are popular among young adults, but there's room
for growth for older or infrequent attendees. The growing
interest in lighting, graphics, and social interaction suggests
a need for a cohesive event design strategy, including
innovative lighting technology and sustainable elements.

Chart 4 -Percentages of Respondents

Understanding audience demographics and attendance
trends is crucial for successful events. The survey data
confirms the importance of lighting in creating an immersive
rave experience. 75% of participants considered illumination
"Very important," 25% "Somewhat important" and 5% "Not
important." Synchronized rhythms, pulse effects, ambient
color alterations, and unconventional lighting approaches are
favored by participants. Synchronized rhythms enhance
sensory engagement, pulse effects create a coherent
atmosphere, ambient color alterations elevate the emotional
quality, and unconventional lighting approaches are
considered.

The rate of illumination changes significantly impacts
attendee interest. Rapid flashes invigorate 50%, while smooth
transitions attract 30%. 15% find both successful depending
on mood, indicating the need for versatility in lighting design.
Only 5% are unaware of these changes. The study emphasizes
the importance of lighting in rave events, highlighting its
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practical and aesthetic aspects. It suggests that effective
lighting enhances aesthetic appeal, audience behavior, mood,
and engagement, and can be adjusted to maintain a dynamic
setting.

Lighting Preferences and Awareness

The survey data confirms the importance of lighting in
creating an immersive rave experience. 71% of participants
considered lighting "Very important,” 25% "Somewhat
important,” and 5% "Not important.”" Synchronized rhythms,
pulse effects, ambient color alterations, and unconventional
lighting approaches are favored by participants. These
findings highlight the need for creative and deliberate lighting
designs to satisfy audience expectations and elevate the event
experience.

| I
35
10
; I I
5 =
mg Eifect Amb Le
Alteratic

Synchronized Puls I Othes
Hhwrihine i

Chart 5 - Preferred Lighting effect in Rave Event

5%

Both Techniques Effective ® Unaware of Lighting Pace

Chart 6- - Impact of lllumination alteration on attendee
engagement

The survey data confirms the importance of lighting in
creating an immersive rave experience. 71% of participants
considered lighting "Very important,” 25% "Somewhat
important,” and 5% "Not important.” Synchronized rhythms,
pulse effects, ambient color alterations, and unconventional
lighting approaches are favored by participants. These
findings highlight the need for creative and deliberate lighting
designs to satisfy audience expectations and elevate the event
experience.

Sacial Interactions and Spatial Perception

The survey found that lighting significantly impacts
social interactions and the impression of event venues. 60%
of respondents reported that lighting enhances engagement
with fellow guests, promoting a shared experience. However,
30% of participants felt lighting had no significant effect on
their social involvement. 10% of respondents found specific
lighting patterns hindering social interaction, such as

excessive brightness, erratic synchronization with music, or
distracting effects.

These findings highlight the dual function of lighting in
influencing social dynamics and spatial perception at rave

listribution of wnses = poticed no effect

Chart 7 - Lighting significantly impacts social interaction

events. Deliberate lighting design can improve social
interactions by creating an appealing environment, but
inadequately implemented or forceful designs may diminish
the experience. Designers must balance lighting intensity,
synchronization, and spatial arrangement to promote
dynamic social interactions and an affirmative sense of the

wod Apreed to Some Degree Hfferent

Chart 9 - Impact of lighting on musical events
event area.

Innovative and Memorable Experiences
A poll revealed that lighting design significantly enhances

55%

Chart 10- Impact of lighting on social ties
rave experiences. The alignment of lighting with music was
deemed the most influential element, enhancing emotional
and sensory intensity. Changing light patterns, characterized
by movement, rhythm, and complexity, captivated attention
and maintained interest. Color was emphasized as a potent
instrument for creating lasting impact.
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The remaining 5% chose "Other," indicating distinctive
installations or interactive lighting arrangements. The
elements included projection mapping, responsive light
displays, and immersive technology. The findings suggest
that advancements in lighting design via synchronization,
pattern dynamics, and color schemes are crucial for
producing memorable rave events. The use of interactive and
immersive technology enriches the experience, requiring
designers to explore these pathways to provide unforgettable
experiences.

55

10%6

namic Palettes)

Chart 8 - Factor that made rave experiences unforgettable

Emotional and Psychological Impacts

The study found that lighting significantly impacts
musical associations and social interactions, with 65% of
participants agreeing that it intensifies their connection to the
music. Another 25% agree, highlighting the importance of
well-crafted lighting in enhancing sensory and emotional
interaction. The research highlights the positive association
between lighting design and musical immersion, highlighting
its crucial role in aural and emotional experiences.

The study found that lighting design significantly impacts
social connections at rave gatherings. Most participants felt
that well-designed lighting enhances unity and emotional
bonding with the crowd. However, 30% found that the
intensity or type of lighting influenced the sense of
connectedness. A minority, 15%, felt detachment, suggesting
that personal mood, social interactions, or individual
preferences may also influence this experience.

Analysis of the staff members’ response to the Rave
events

A poll reveals that 70% of participants consider lighting
design crucial for rave events, with 20% identifying it as
significant. The preferred lighting effects include strobe
lights, synchronized visuals, laser beams, and ambient color
changes. These contribute to the dynamic energy of rave
events. Respondents often make real-time modifications
during events, highlighting the need for flexibility in lighting
control. Challenges faced in managing lighting include
technical malfunctions, budget constraints, and balancing
effects with safety. Addressing these issues would improve
the seamless delivery of lighting effects at events.

Chart 11- - Importance of Lighting design

The study found that lighting significantly impacts crowd
behavior, with 50% stating it enhances energy and
engagement, 30% fostering social interactions, and a
minority highlighting the need for harmonious lighting
schemes. Current lighting setups need upgrades to meet
evolving expectations, with safety being a key concern.
Synchronization with music is crucial for a memorable event
experience. Improvements in lighting technology include
programmable LED systems and sophisticated laser
projections, as well as interactive setups and Al-driven
synchronization. Future trends include VR/AR integration,
biofeedback-driven lighting modifications, and sustainable
lighting alternatives.

The poll emphasizes the importance of lighting design in
rave events, emphasizing adaptability and sensitivity to
audience energy. It suggests continuous advancements in
technology, such as programmable LED systems and VR/AR
integration, can enhance the experience.

Chart 12 - influence of lighting on crowd behaviour

CONCLUSION

This research highlights the imperative role that lighting
design and control can assume in the sensory and emotional
experiences offered within the indoor setting of a rave event.
The results of the study prove that synchronized lighting
patterns and dynamic lighting are very important in creating
a sense of immersion and increasing the intensity of musical
experiences.

Based on these findings, several recommendations have been
made to event planners and designers. First, lighting must
focus on synchronization with music to enhance emotional
and collective experiences. Secondly, lighting designers must
employ dynamic lighting strategies that allow changes in
intensity and color to cater to varying user sensitivity and
stages. Thirdly, lighting must address concerns for user safety
such as controlled strobe light usage and reserved low
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stimulation areas. Lastly, there must be investment in
interactive lighting technologies to maximize engagement
and provide memorable user experiences.

In conclusion, the work provides valuable design insight into
the planning and creation of immersive environments for
raves and highlights the importance of future work being
conducted on a larger scale to further test and verify such
findings.
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Abstract—This study explores how collective leadership
(CL) and traditional hierarchical structures can co-exist
within for-profit settings. It further explores how hierarchical
power structures can be deliberately leveraged to enable the
facilitation of CL, rather than hierarchies being an
impediment or limiting factor for the emergence of CL. The
positive impact of CL on organisational performance has been
well documented in current CL literature. However, how it
can operate alongside traditional hierarchical structures
remains elusive. Given that formal hierarchies cannot be
dismantled in for-profit settings, how CL can be introduced is
of both academic and practical interest. Through a qualitative
case study of Dankotuwa Porcelain Limited (DPL), the author
identifies power mechanisms that enabled the successful
integration of CL within the organisation. Findings reveal
how the organization institutionalized CL through the
formation of the Collective Leadership Team (CLT) and
supported it through directive, procedural, and discursive
power instruments. This research contributes towards CL
theory, enabling understanding of how CL can be formally
institutionalized within formal for-profit settings and offers
practitioners insights by offering a clear appreciation of how
CL can be introduced to an organization without dismantling
existing power structures altogether.

Keywords—Collective Leadership, Hierarchy, Hierarchical
Organizations

INTRODUCTION

Collective Leadership (CL) represents positioning of
leadership as a decentralized, shared and collective process
[1] characterized by collaborative decision making,
inclusive leadership, and a dynamic relationship between
leaders and followers [1, 3]. CL also posits that leadership
and followership are interchangeable roles which are
context and situation driven [4] rather than positional roles,
as is identified in a typical hierarchy. In an era of rapid
disruptions to almost all industries and business models,
traditional hierarchical leadership models are often found to
be inadequate to meet the demand for agility and quick
response [5]. Though many have criticised formal,
hierarchical and centralized power structures and leadership
concepts [1, 6, 7] CL as an alternative to the traditional
leadership paradigm has yet to become mainstream,
especially in for-profit organizational settings. One of the
biggest challenges to this is the popularly held belief that
hierarchical leadership and CL are juxtaposed as they are
seen to be competing forces [8] and as such, incompatible
with each other [9]. Even those who position CL as a
coexistent phenomenon within formal hierarchies and see it
as a parallel and complementary power structure [10] do not

explain exact mechanisms and contexts in which the two
can co-exist.

The positive impact of CL and other forms of pluralistic
leadership is well documented [11]. Yet, considering CL in
business settings beg the question of power dynamics
between the hierarchy and CL. For-profit businesses cannot
dismantle the traditional hierarchy. As such, how for-profit
organizations are expected to adopt CL practices, whilst at
the same time being hierarchically structured is a question
that is not answered even in latent literature. Though the
recent study from Sweeney [12] hints at how CL can be
contextually variant in modern business settings, her work
eludes the more focused question of how the two co-exist to
begin with and what the relationship between the two
juxtaposed power types (i.e. the formal hierarchical power
and CL). This research aims to address this gap.

Given the increasing volatility, uncertainty, complexity, and
ambiguity (VUCA) that is characteristic of modern business
environments, this research holds particular significance.
Organizations facing increasing demands to become more
agile and innovative require a rethinking of how to mobilize
leadership which becomes more collaborative rather than
purely hierarchical [13]. Understanding how CL can be
institutionalized within traditional hierarchies offer a
potential pathway for organizations to achieve the stability
of a formal hierarchy with the adaptability and agility of a
CL arrangement, which improves their ability to meet
VUCA challenges more effectively.

The paper begins with a brief exploration of CL and why it
is relevant in ensuring we navigate today's VUCA
environments. The literature review also explores
organizational power and anchors the literature on
complexity theory as a way of explaining how CL and
hierarchy can co-exist in traditional, formal, and
hierarchical for-profit settings. The methods section lists
research design, data collection, and data analysis
approaches. The findings explore a detailed analysis of the
evidence found in how Dankotuwa Porcelain Limited
(DPL) institutionalized CL within their business, and the
specific levers of power used to ensure this emergence. The
discussion section will synthesize the key findings and elicit
key contributions to academia and practitioners. The paper
concludes by looking at future research trajectories.

I1.LITERATURE REVIEW

Traditional leadership has often been criticised as
inadequate to effectively navigate the volatile, uncertain,
complex and ambiguous (VUCA) modern business
environments [14]. Collective Leadership (CL) and other

FP-MT02-CMT23

89



2" International Conference on Transformative Applied Research (ICTAR 2025)

NSBM Green University, Sri Lanka

pluralistic forms of leadership emerged as a response to the
limitations of the the heroic, centralised and individualistic
approaches to leadership [1, 3, 15, 16]. CL re-conceptualises
leadership as an inherently pluralistic activity. It posits
leadership as a process, rather than a position or a specific
person [1]. It also looks at an interchangeable and often
symbiotic relationship between leader and follower [17].

Whether traditional hierarchical leadership and CL are
complimentary or inherently opposed has been debated
extensively in literature. Early conceptualization's see
traditional hierarchical power as something paradoxically
opposed to and contradicting CL [8]. They also see
traditional hierarchical power inhibiting CL [2]. As such,
formal power is seen as an inhibitor of the more natural and
self-forming distributed forms of leadership. However,
more recent scholarships see the relationship between
formal power and CL as more nuanced. They see it as often
coexisting and even being complementary as well [3, 18].
As Bolden (2011, p. 260) notes, "distributed leadership does
not  necessarily  replace or  compete  with
hierarchical/individual leadership but may complement and
even enhance it." This perspective aligns with empirical
evidence from sectors like healthcare, where Chreim and
colleagues (2010) observed that "distributed leadership in
healthcare settings retained clear hierarchical reporting
relationships while fostering collaborative practices” [18].

More recently, authors such as Kummelstedt [10], have
argued that hierarchy can be purposefully leveraged to
realise CL within hierarchical organisations. This aligns
directly with the Paradox Theory [19]. Two paradoxes
become critical to understand the co-existence of CL and
traditional hierarchy. (1). Firstly, the need to simultaneously
centralize as well as decentralize [20] through structural
separation—centralizing  certain ~ functions  while
decentralizing others whilst others create contextual
ambidexterity, developing organizational cultures and
capabilities that enable simultaneous centralization and
decentralization [21]. (2) Secondly, the need to navigate the
hierarchy and empowerment paradox. Contemporary
organisations face simultaneous pressures for both directive
leadership  (clear accountability, rapid decisions,
coordinated action) and participative  approaches
(leveraging distributed knowledge, building commitment,
developing capabilities). These two paradoxical demands
cannot be satisfied sequentially—sometimes directive,
sometimes  participative—but must be addressed
simultaneously. Zhang et al. [22] demonstrated that
paradoxical ~ leadership—simultaneously ~ maintaining
authority and enabling autonomy, providing direction and
soliciting input—enhances subordinate performance.

Towards establishing a more devolved leadership approach,
that is essential for CL to emerge; power plays a pivotal role.
Modern research on power within organisations, drawing
from Luke's perspectives [23], identify three broad power
dimensions: namely, directive power, procedural power and
discursive power. Directive power is identified as the power
to offer instruction and expect it to be followed. In the
traditional view, individuals who hold legitimate power
have the ability to command and expect everyone else to
comply [24]. If CL is to emerge, senior leaders need to
actively devolve power, and discourage centralization of

power [25, 26]. Procedural power refers to the power to
enact policies, procedures, and processes that influence
behavior inside an organization. As such, if CL is to emerge,
organizations need to use procedural power to assist in the
decentralize power and create egalitarian organizational
cultures through the procedures and frameworks they
adopt/create [27]. Discursive power shapes how people
think, what they value, and how they understand themselves
and their organizational world. Whether discursive power
becomes a tool of the central elite to consciously drive
narratives that are beneficial for them, and sideline others;
or whether discursive power is used to build leadership
across the organization largely rests on the type of
leadership that is centrally located [28]. As such, what
becomes apparent is that if CL is to emerge in a hierarchical
setting, and become an integral part of the organizational
imperative, how senior leaders wield directive, procedural
and discursive power becomes essential.

Inside organizations, two distinct forms of power that get
manifested [29]. The first is power over others: usually
power of more senior levels of the hierarchy presided over
those in lower positions, with coercion at the centre of the
dynamic (Hayward & Lukes, 2008). The second is the
power to others: usually senior levels of the hierarchy
consciously sharing or distributing power to lower levels
with empowerment and delegation at the heart of it (Rye,
2015). The power over dynamic creates centralized, often
authoritative leadership, and relies on directive, procedural
and discursive power being centralized to a few apex
leaders. The power to dynamic often uses directive,
procedural and discursive power to decentralize authority
and power, leading to conditions that support and often
propagate CL [29].

It is important, however, to appreciate that the power to
dynamic is not always a zero-sum approach, where the
juniors are always at the disadvantage. Non-zero-sum or
positive-sum power is power in which one party does not
gain at the expense of the other [30]. Rather, the power of
both is expanded [31]. This is possible in a power over
dynamic as well, and often is required within organizations,
especially in times of crisis or when quick decisions are
required [30]. At the same time, power over is not always
possible, and may well co-exist with the power over
dynamic. The two are not mutually exclusive and may
interchange based on situations and contexts [32]. In
ensuring there are the necessary conditions for CL's
emergence, it can be assumed that a power to approach is a
prerequisite: though this aspect of power dynamics in the
emergence of CL is under explored in current CL literature.

Despite  this growing recognition of potential
complementarity, there remains limited understanding of
how CL emerges within hierarchical settings, particularly in
for-profit organizations. Similarly, scant understanding of
the mechanisms by which hierarchy can be leveraged to
facilitate/establish CL. There is also an absence in exploring
the role power plays in the emergence of CL within
hierarchical structures. These gaps are directly addressed
through this research study.
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METHODOLOGY

A. Research Design

This study took a qualitative single case study approach to
understand how CL emerges in a hierarchical for-profit
organization. A single case study is helpful in deeply
understanding complex social phenomena [33]. It is
particularly useful for exploratory research questions
concerning 'how' processes to unfold [34]. Though multiple
case studies are often cited as benefiting from generalization
and related advantages [33], a single case study approach
was justified for the study as it provided the opportunity
for in-depth inquiry and identify subtle power interactions
and leadership emergence patterns [35]. The single case
approach also enabled "theoretical insight that would be
difficult to discern in multiple case comparison" [36]. This
research aligns with Stake's [35] instrumental case study
approach and aims to study the broader phenomena of
emergence of CL within the chosen case organization.

B. Case Selection

Dankotuwa Porcelain Limited (DPL) was purposefully
selected through theoretical sampling based on three
criteria: (1) it exhibited a traditional hierarchical structure
while simultaneously demonstrating collective leadership
characteristics; (2) it operated in a dynamic sector requiring
adaptive leadership approaches; and (3) it provided access
to participants across multiple organizational levels. These
criteria ensured that the case would provide theoretical
insight into how collective leadership emerges within
formal power structures.

DPL is a public quoted manufacturer of porcelain products
based out of Sri Lanka founded in 1984. It has several
manufacturing plants in and around Dankotuwa and has, in
the past, been a poorly performing business that changed
ownership several times. In the past four years it has
transformed its performance and posted financial results
that were superlative. The CEOs report in the annual
reports of 2022 and 2023 both mention the Collective
Leadership Team as the primary driver of success, which
created the initial interest in using the organization as a case
study. To confirm this claim and the organization's
inclusion validation was sought through preliminary
discussions with key stakeholders who confirmed the
presence of both hierarchical structures and collective
leadership practices, making it an "extreme case" where the
phenomenon of interest was particularly transparent. The
success of the organization being attributed to the
implementation of CL based transformation was confirmed
through four key insights: (1) Firstly, the transformation
took place during Covid, where business was severely
restricted. Even with all the disruptions resulting from
lockdowns and other challenges, including the political and
financial crisis, Dankotuwa posted their best ever financial
results during that year!. (2). Secondly, this success was
better for two consecutive years and is still ongoing. In both
years after Covid, the organisation continued with the CL
initiative, and further refined it, and democratized it.

Financial results to date remain favorable, and CL
continues to be the default mechanism 2. (3) Before
implementing CL, the organization had over two decades
of failing fortunes, with the organization being lost often.
After CL implementation, the organizationd. (4) Even
though the CEO changed, most of the key senior positions
remained unchanged, and the rest of the organization was
not restructured or imbued with new talent. These four facts
gave confidence that it was CL that was instrumental and
pivotal in the transformation, rather than external market
conditions, or mere changes/restructuring in apex and
mid-level leadership.

C. Data Collection and Analysis

Data collection involved nine semi-structured interviews
conducted between January and March 2024 with
participants strategically selected to represent diverse
hierarchical levels, functional areas, and tenure within the
organization. A semi-structured interview protocol was
developed covering topics including decision-making
processes, leadership practices, power dynamics, and
organizational structure to elucidate how the traditional
hierarchies co-exist with CL.Each interview lasted 40-60
minutes (with two exceeding 60 minutes), was conducted
online, and was recorded with participant consent. The
interview protocol was iteratively refined after the first three
interviews to pursue emerging themes. Data collection
continued until theoretical saturation was reached, where
additional interviews ceased to produce new theoretical
insights [37]. Even though it was limited to nine interviews,
each interview elicited the same responses, and though
theoretical saturation was apparent after mere six
interviews, three more interviews were conducted to ensure
no more additional insights were forthcoming. Interviews
were transcribed verbatim using Turbo Scribe. Data was
analysed through an inductive Thematic Analysis [38]. An
open coding method was adopted to group data, enabling
themes to emerge [39]. This process took a reiterative
nature, with several rounds of coding and recoding as well
as naming and renaming themes. Figure 1 demonstrates the
data structure.

FINDINGS

Initial analysis of the innovative CLT form of CL was
conducted to ascertain if the CLT was CL in motion, or a
mere glorification of a team with hierarchical oversight with
limited devolution of power. Analysis confirmed that the
CLT was not merely another team, but one that had
extensive devolved power and the mandate to act with
autonomy. Each of the six CLTs constituted six to seven
members who were selected initially directly by the CEO,
and subsequently, through a democratized bidding
mechanism.

* Dankotuwa Porcelain Annual Report - 2020
2 Dankotuwa Porcelain Annual Report - 2021, 2022

8 Dankotuwa Porcelain Annual Reports - 2015 - 2020
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Figure 1: Data Structure

The team was cross functional and cross hierarchical by
design. It was created with large swathes of power imbued
the team and given the mandate to 'run' the organisation, end
to end. Each of the six CLTs created were told that they "are
running these two months. And you have all the powers that
| (the CEO) have." (Participant 2). Many respondents
confirmed that they were certainly empowered, that they
functioned without hierarchical oversight and that they felt
the CLT was "in charge of business decisions" (Participant
7)

The analysis into how CL emerged and was entrenched into
the organizational design revealed three core themes.
Firstly, the role of Directive Power played in establishing
CL within the organization. Secondly, the role of procedural
power is played in legitimizing and sustaining CL, whilst
maintaining hierarchical oversight. Thirdly, the role of
discursive power is played in sustaining CL, without it being
re-infiltrated by the hierarchy.

1) The role of directive power in establishing CL.
Analysis reveals a paradoxical role hierarchical directive
power played. Even though the CEO was using his power to
consciously devolve authority, and place it with a collective,
it was initially resisted by some key senior leaders. Though
initial negotiations were had, when it became apparent that
they would continue to not support the CLT arrangement,
the CEO used his positional authority "to get rid of"
detractors. As such, he "decided to remove the head of
manufacturing, head of finance and head of international
market" which were three key positions, signaling to the
organisation that working against the CLT and the CL ethos
would not be tolerated.

This demonstrates that the CEO used his directive power not
only to establish the CLT mechanism, but also to ensure
resisters were removed, thus ensuring the CLT had the
opportunity to succeed. However, the way he went about it
was autocratic, and demonstrated the paradox at play.
Though the purpose was to create a devolve, collective form
of leadership framework, it was achieved through the use of
unabated directive authority of the apex leader.

2) The role of procedural power in legitimizing and
sustaining CL, whilst ensuring hierarchical oversight

Even though the CLT was a CL framework, it was not
without hierarchical involvement altogether. "SLT (Senior
Leadership Team) team members are also there as team
members in CLT" informed Participant 3. This procedural
design moves by the CEO ensured there was no hierarchy-
CL conflict after the formation of the CLT. Given that each
of the Senior Leadership Team (SLT) members were also

part of one of the CLTs, there was a unique hybrid structure
that was created. As much as embedding the SLT in the
CLT, if there were conflicts that were not resolved, an
escalation pathway to allow "senior leadership team" to
"also get involved" was also created stated Participant 8,
demonstrating that the hierarchy was not defunct because of
the CLT. The SLT was, however, directed by the CEO to
ensure they allow the junior members to be the key drivers,
and allow them to spearhead "how we should run this
company for these two months™ (Participant 9. Rather than
intervening hierarchically, Participant 8 confirmed that "the
final responsibility lies with those collective leadership team
and their members" and that it was not influenced or
overridden by the SLT members.

Procedural power was also used to ensure the overall
business objectives were given to the CLT, instead of the
functional departmental heads. "Collective leadership KPIs
are totally different" stated Participant 5 and said that
"collective leadership achievements will be recognized at a
different level." Whilst the KPIs were set to reflect business
performance, the rewards were also linked to CLT
performance. This ensured that the CLT ensured business
objectives were met, rather than focusing on their individual
KPIs. "Because we have to cover the budget and the
numbers, and because the team of the collective leadership
team has succeeded in the concept, we have received a
special bonus for the team of the collective leadership team™
explained Participant 7, demonstrating how procedural
power was used to formalize the CLT, legitimize its
performance metrics as well as motivate the team to
perform.

In the use of procedural power, there is a paradox at play.
Whilst the CLT was structurally imbued with overall
authority to 'run the company', and incentivized to do so
with hierarchical blessings, there was a careful
counterbalance created as well. By ensuring that the SLT
was embedded in the CLT, as well as creating escalation
pathways, the hierarchy was not reduced, nor replaced.

3) The role of discursive power is played in sustaining CL,
without it being re-infiltrated by the hierarchy.

Whilst directive and procedural powers were used to
establish, legitimize and consolidate the CLT, the CEO as
well as the SLT used their discursive powers to offer
ongoing support to the CLT; whilst ensuring the traditional
hierarchy did not infiltrate the sanctity of the CLT. "l always
say, you have all the powers that | have™" was something the
CEO used to always say, urging the CLT that "whatever |
can do in this company, all can do". This narrative
affirmation was resonated with other senior leaders. For
example, the CFO tells the CLT "you all tell me how we
should run this company" even when asked for directions.

The success of this narrative building, in the legitimising of
the CLT, and its power was reflected in the sentiments more
junior members shared. Participant 5 confirmed that they
were "empowered to make the business decisions" in their
allotted two-month period. Similarly, Participant 3
confirmed that they "talk about the overall picture and make
decisions” stating that they felt they had the power to do
anything towards achieving business objectives.
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Similarly, Participant 9 confirmed that through the CLT,
"we can get an overall awareness about everything" and that
they can "directly tell our ideas"... "and see how they work"
and "if there is a problem, how to solve it". These statements
proved that the CLT was accepted as a truly collective
framework, and that individuals within felt empowered to
make autonomous, collective decisions across all aspects of
the business. It also demonstrates that participants were not
merely passive onlookers but active architects of
organizational performance.

DiscUsSION

The findings offer key insights that enable the
understanding of how CL emerges within hierarchically
structured for-profit settings, whilst, at the same time,
challenging several key assumptions and commonly held
assumptions about CL, whilst extending others. Firstly, it
was clear that hierarchy played the role of the architect of
CL within Dankotuwa, rather than being its nemesis. The
findings question the positioning of CL and hierarchy as
juxtaposing and oppositional forces as Fletcher & Kaufer
[8] saw it, as well as the proposition that Gronn [2] made in
claiming hierarchy inhibits CL. It supports Kummelstedt's
[10] conceptualization that hierarchy can be consciously
leveraged for CL to emerge. It extends Kummelstedt's [10]
work by offering empirical proof of this conceptualization,
as well as offering definitive power mechanisms by which
the CL emergence can be orchestrated within an existing
formal hierarchy.

The second key consideration is that Dankotuwa created and
sustained CL not through cultural interventions, but by a
complex manoeuvring of formal, hierarchical power.
Directive power was used by the CEO to establish CL, as
well as remove those who resisted it. Procedural power was
used to legitimize the CLT through separate KPIs and
incentive/reward mechanisms. Discursive power was used
to sustain CL through narratives and reaffirmations of the
authority, power and the autonomy of the CL. However, at
the same time, the power was also used to counterbalance
the authority and power of CL and ensure the hierarchy was
not defunct or absent. The insertion of the SLT within the
CLT created a unique power and organizational structure.
Escalation pathways were kept open. The CEO used
directive power without hesitation to remove resisters.
These demonstrate that CL emerged not in spite of
hierarchical power, but the repurposing of power. What
emerges is an empirical illustration of the centralization vs
decentralization paradox [20] and the hierarchy vs
empowerment paradox, as well as demonstrating that Zhang
et al's [22] assertion that holding these paradoxes enhances
subordinates’ performance. It also confirms Haugaard's [29]
assertion that directive, procedural and discursive powers
can be used to decentralize authority and power, leading to
conditions that support and often propagate CL. The key
contribution from this research is not that it affirms his
findings, but by offering empirical evidence of how these
power levers can be used.

Thirdly, it is important to acknowledge that though both
directive and procedural powers were used paradoxically
(i.e. to establish and promote CL whilst at the same time
retaining hierarchical control when needed) discursive
power was used exclusively towards propagating the CL

ethos. This finding is theoretically significant. It questions
Luke's [23] description of discursive power as the most
subtle and covert of all power levers. What becomes evident
within Dankotuwa is that discursive power was both overt
and pronounced. The CEO not only affirmed the importance
of CL by word, but backed it up by deed, including removal
of those who resisted the CLT formation. What is
demonstrated is that in CL settings, especially in the
formation of CL within hierarchical, for-profit
organizations, discursive power plays a role that is as
important as directive and procedural powers, and that it is
not in any way subtle or overt.

Finally, the the research establishes the importance of
alignment between the three powers. Dankotuwa
demonstrated a clear alignment between directive,
procedural, and discursive powers. The CEO did not simply
establish the CLT; he leveraged procedural power to ensure
there required scaffolding for the CLT. At the same time,
he, along with the SLT, used discursive power to ensure the
organisation understood the importance of the CL direction
and ensure it was supported. As such, what becomes clear is
that not only does power play a pivotal role in the emergence
of CL, but the alignment of the three power levers is
important.

This research also contributes to the practitioner by offering
a clear path to institutionalize CL without removing
hierarchy altogether. Rather than seeing hierarchy and CL
as two ends of a spectrum, the creation of organizational
designs such as the CLT effectively offers an opportunity
for a new, hybrid organization. It also removes the possible
power struggle between hierarchy and CL that Fletcher &
Kéufer [8] and Gronn [2] warned about. It offers
practitioners insights into how directive, procedural and
discursive powers can be leveraged to create CL and also
ensure its smooth transition into an organizational reality.

FUTURE DIRECTIONS
Given the growing demand for different leadership models
and frameworks in a highly volatile environment plagued
with technological disruptions, studying how CL can be
institutionalized ~ withering  hierarchical,  for-profit
organizations will provide much needed insights to both
theoreticians and practitioners. Though this case study
offers much needed empirical evidence on how CL and
hierarchy can co-exist and how hierarchy can be leveraged
to enable CL emergence, the researcher fully acknowledges
the danger of making broad weeping generalizations based
on one case study. The organization was purposefully
selected because of the existing CLT framework. As such,
conducting a multiple case study may offer insights to
ascertain if the key power levers found within Dankotuwa
remain across other organizations as well, and whether the
lack of alignment between the power levers lead to CL being
absent or less. At the same time, a more longitudinal study
may offer much needed insights into how CL evolved
within the organisation, and the key contributors towards
either the further propagation or decrease in the CLT's role
within the organization. A longitudinal study could also
identify how the CEOs' role changed as the CLT progressed,
or if a CEO transition leads to the abandonment of the CLT
altogether. Similarly, a more in-depth research into how
more lower levels within the organization (especially those
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in the worker grades within the factory setting) felt about the
CLT and the overall implementation of a CL framework
may offer different perspectives to how CL is received
within the organization, and may offer fresh insights about
how CL is perceived across different hierarchical levels.
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Abstract—The rapid advancement of technology and the
proliferation of digital devices have significantly increased the
prevalence of cybercrime, posing a substantial threat to
individuals, businesses, and governments worldwide. In
response, the international community has sought to establish
comprehensive legal frameworks to combat cybercrime
effectively. One such initiative is the Budapest Convention on
Cybercrime, the first international treaty to address crimes
committed via the Internet and other computer networks. Sri
Lanka's decision to embrace the Budapest Convention
underscores the commitment to strengthening its legal
framework and fostering international collaboration in the fight
against cybercrime. This strategic move enhances Sri Lanka's
capability to investigate, prosecute, and prevent cybercrimes
and facilitates seamless cooperation with other nations that
share the same commitment. The qualitative research
undertaken through library-based desk research referring to
primary and secondary sources critically analyzes the impact of
the Budapest Convention on the development of Information
Technology law in Sri Lanka, exploring its implications for the
country's legal landscape and comparing Sri Lanka's approach
to combating cybercrime with India. The Sri Lankan cyber law
has adequately embraced the Budapest Convention, yet a robust
legal regime addressing the concepts like cyber defamation with
the support from the international community is paramount.
Further, this article encapsulates recommendations to bolster
Sri Lanka's cybersecurity measures and legal infrastructure to
ensure a secure digital environment.

Keywords—cybercrimes, Budapest Convention, information
technology law

INTRODUCTION

“The computer is rapidly increasing society’s dependence
upon it, with the result that society becomes progressively
more vulnerable to computer malfunction, whether accidental
or deliberately induced and to computer manipulation and
white-color law-breaking” As Professor Weeramantry
highlighted despite the benefits given to citizens by the
advancement of technology in the digital era, technology has
created a new mechanism to commit crimes in a more
advanced form by investigating new crimes and adopting new
methods of committing old-fashioned crimes. According to
Henson, Reyns and Fisher, cybercrime is an illegal activity
that occurs in the virtual working space [1] and involves the
use of Information and Communications Technology (ICT). It
encompasses a wide range of offences including computer-
related offences, content-related offences, offences against
confidentiality, integrity and availability of data and
information systems. [2] Computer crimes refer to offences
where computer systems or networks are directly targeted,

representing one crime in the broader scope of cybercrimes.
However, computer crimes encompass various illegal
activities conducted through computer systems and digital
networks. The gradual increase in cybercrimes has been a
global challenge for law and the public. [3] The international
community has addressed this issue by introducing several
international instruments. Among them, the Budapest
Convention is an international treaty that seeks to harmonize
national laws on cybercrime, improve national capabilities for
investigating such crimes and increase cooperation on
investigations.

RESEARCH METHODOLOGY

This paper adopted qualitative research paradigm where
researcher utilized an extensive desk research approach,
carefully examining qualitative material taken from primary
and secondary legal sources, laws, regulations, and
precedents, as a limited number of legal texts have been
written on information technology law of Sri Lanka, the field
of cybercrime law remains underdeveloped, evidenced by the
scarcity of judicial decisions. This paper adopted a doctrinal
research methodology where the black letter approach is used
to review the primary and secondary sources. This study
encompasses both applied and doctrinal research, integrating
theoretical frameworks with practical scenarios. It has
undertaken an epistemological analysis through legislative
texts, case law, journal articles, books and various other
publications.

ANALYSIS AND DISCUSSION

The Budapest Convention on Cybercrime

The Budapest Convention on Cybercrime, also known as
the Convention on Cybercrime, is the first international treaty
to address crimes conducted via the Internet and other
computer networks. It was drafted by the Council of Europe
in Strasbourg, France, with significant contributions from
observer states such as Canada, Japan, the Philippines, South
Africa, and the United States. The convention was opened for
signatures in Budapest on November 23, 2001, and came into
force on July 1, 2004.

The primary objectives of the Budapest Convention are to
harmonize national laws related to cybercrime, improve
investigative techniques for dealing with cybercrime, and
enhance international cooperation among nations in the fight
against cybercrime. It allows for sharing experiences and
creating relationships that facilitate cooperation in specific
cases, including emergencies. Numerous countries, including
the United Kingdom, United States, India and Sri Lanka have
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ratified the convention, which continues to be a vital tool in
the global fight against cybercrime.

The convention has undergone updates to address the
evolving nature of cybercrime. A second protocol was added
to criminalize the dissemination of racist and xenophobic
material through computer systems, as well as threats and
insults motivated by racism or xenophobia [4]. The Budapest
Convention remains a cornerstone in the international legal
framework  for  addressing  cybercrime,  promoting
cooperation, and ensuring that national laws are harmonized
to combat this growing threat effectively.

The Sri Lankan Information Technology Legal Regime

Sri Lanka is the first South Asian Country to ratify the
Budapest Convention. It is ranked 69th in the world on the list
of countries’ readiness to defend against cyber threats and
respond to crimes according to the National Cyber Security
Index (NCSI). The law enforcement bodies and the statutory
framework concerning information technology law play a
major role in investigating a wide range of cybercrimes and
punishing the guilty. Hence it is vital to analyze the Sri Lankan
legal framework for combatting cybercrimes. This discussion
inculcates the Sri Lankan legal approach in the statutory
framework and the governing bodies, to combat cybercrimes.

Sri Lankan Legislation on Cyber Crimes

The Sri Lankan legal framework has a series of statutes
that deal with computer crimes from hacking and
unauthorized data breaches to the spread of malicious
software and online frauds.

Computer Crimes Act No.07 of 2007

The Computer Crimes Act [5] is the main legislation
dealing with computer crimes in Sri Lanka. The offence of
‘Computer hacking’ is defined under section 3 as intentional
unauthorized access to any computer or information held in
any computer, liable for 05 years' imprisonment, fine or both.
As per section 04, the prosecution must prove that the accused
intended to commit the offence of computer cracking on
unauthorized access. Section 05 has made it an offence of
unauthorized modification by causing a computer to perform
a function without lawful authority.

Section 06 of the act deals with offences against national
security, economy or public order, causing a computer to
perform a function. Section 07 handles obtaining information
without lawful authority from a computer or a storage medium
of computers, and section 08 deals with the offence of illegal
interception of data. The offence of using illegal devices is
dealt with in section 09. Section 10 of the act has introduced
unauthorized disclosure of information enabling access to a
service, which is an offence.

Section 26 of the Act provides for the admissibility of
expert documents. Section 10 of the Act makes disclosing
information enabling access to a service an offence. The
accused guilty of such offences is liable to a fine,
imprisonment, or both. All these offences must be investigated
by appointing a panel of experts under the Code of Criminal
Procedure [6]. Moreover, the offences committed under the
act are subjected to Extradition Law [7] with exclusive
jurisdiction of the High Court of Colombo.

Cyber Security Draft Bill of 2019

The Cyber Security Bill [8] of Sri Lanka was
implemented to execute a national cyber security strategy in
Sri Lanka. This bill aims to establish the Cyber Security
Regulatory Authority of Sri Lanka, which is intended to be
the apex institution responsible for civilian aspects of
cybersecurity. The National Cyber Security Strategy (2024-
2027) outlines the goals aligned with the bill, emphasizing
enhanced legal and regulatory frameworks, improved
knowledge and awareness, strengthened preparedness, and
increased international cooperation.

Other Legislations

Under section 02 of the Obscene Publication
Ordinance [9], publishing an obscene article electronically is
a criminal offence. Chapter XXXVIII of the Intellectual
Property Act [10] defines the offences and penalties against
violation of Intellectual Property Rights including destruction
of layout designs, falsification of entries in the register,
violation of copyrights, infringement of industrial designs
and patent rights. The Sri Lanka Telecommunications Act
[11] addresses the offence of intrusion. According to section
286B of the Penal Code [12], a person must provide a service
by computer to prevent sexual abuse of a child, and it is an
offence to store or distribute pseudo phonographs. The
general exceptions for defences against computer crimes are
catered in Chapter IV of the Penal Code [13] including
consent, communication made in good faith, and duress.

Authorities aiming to prevent cybercrimes in Sri Lanka

The Sri Lankan legal system is enriched with governing
bodies including the Sri Lanka Computer Emergency
Readiness Team (CERT), Sri Lanka Police Cybercrime Unit,
Information and Communication Technology Agency of Sri
Lanka (ICTA), Information Systems Security Association
(ISSA) AND Information Systems Audit and Control
Association (ISACA). The CERT’s primary mission is to
safeguard the security of Sri Lanka’s cyberspace acting as the
country’s national cyber security focal point. The Sri Lanka
Police Cyber Crime Unit carry out investigations into alleged
incidents of cybercrime and the ICT A oversees implementing
all government-sponsored ICT initiatives. ISSA is the
world’s foremost international organization for social
security institutions, government departments and agencies.

The Influence of the Budapest Convention on Sri Lankan
Legal Landscape

As a country which has successfully ratified the Budapest
Convention, it is required to analyse the extent to which Sri
Lanka has incorporated the principles of the Convention into
its domestic legal arena of cybercrime. It is prudent that the
Sri Lankan has placed a commendable effort in ratifying the
principles of the Budapest Convention to the domestic legal
regime. However, certain provisions need improvements in
the Sri Lankan legal regime in adopting Convention
principles.

To illustrate, article 02 of the Budapest Convention aligns
with section 03 and 04, there are two requirements necessary
to fulfil the criminal offence: infringement of security
measures and intention to obtain computer data connected to
another computer system. Articles 4 and 5 of the Convention
identify data interference and system interference as criminal
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offences resembling section 05. Section 01 of the Convention
has defined two categories of criminal offences, computer-
related forgery (article 07) and computer-related fraud
(article 08) and is followed in section 05. Further section 09
is reflected under article 6(1) of the Convention. Authorized
testing or computer system protection: ethical hacking
defined under article 6(2) is not a criminal offence. A
reservation clause is available under section 6(3) where each
party may reserve the right not to apply paragraph 01 as it
does not contain sale, distribution, or making items available
on sale. However, there is no reservation clause under the
Computer Crimes Act.

Deficiencies of the Budapest Convention on Cybercrime

Although the effort taken by the Budapest Convention in

battling against cybercrimes is visible, there are some
challenges faced by the Convention. Significantly,
cybercrime is a constantly changing area. By the time the
Convention was introduced, botnet attacks, phishing and
terrorist use of the internet were not available Hence, the
Convention does not address such issues. In terms of
procedural instruments like interception of voice-over-1P
(VolP) communication, admissibility of digital evidence, and
procedures to deal with the emerging use of encryption
technology and means of anonymous communication were
not addressed by the Convention. These have led the
Convention to drive towards inefficiency.
Moreover, the fact that the Convention has not provided
proper drafting process to developing countries is highly
criticized. The dynamic nature of cybercrime affects different
countries, especially developing countries. It is said that the
Convention is drafted concerning the convenience of
developed countries, and it lacks adaptability to the
developing countries. Because of the universal nature of the
convention, it is important that the convention meets the
universal needs of the practitioners and be applied to any state
on cybercrime investigation and prosecution around the
globe.

Loopholes in the Sri Lankan IT Law

In the deep analysis of the Sri Lankan legislation dealing
cybercrimes, it is prudent that the approach taken through the
statutory framework and the governing bodies is satisfactory.
However, due to the increasing rate of cybercrimes in Sri
Lanka, it is evident that the responses made by the legal
framework in terms of incorporating the principles of the
convention and the administrative functions of the authorities
are inadequate and require further efficiency to mitigate this
issue.

The Computer Crimes Act has not addressed frequently
committed cyber-crime offences which encompasses a wide
range of digital misconduct including cyber-squatting,
hateful speech and racist remarks, cyber defamation,
cyberbullying, identity theft, gambling online, and child
pornography in Sri Lanka. Moreover, the act has limited itself
to computer crimes which focus on illegal activities involving
computers such as unauthorized access but does not cover
instances of cookies where the information/data is accessed
through legitimate or authorized access and exploited due to
unlawful reasons. As per section 17, Expert evidence

assisting police officers in investigating crimes is limited to
public-sector employees. The CCA does not address the
concept of privacy of cyber security, data protection, and
spam.

The ETA has failed to tackle privacy concerns. Although

the ETA recognizes online transactions, it has not catered to
explicit provisions on consumer protection. The ETA does
not apply to a contract of sale or conveyance of immovable
property through which cybercrimes can be committed.
When handling electronic signatures, the ETA does not
require Certification Service Providers (CSP) to gain a
license before providing certification services, as
accreditation is optional.
The Draft of the Cyber Security Bill aims to safeguard Sri
Lankans within the territory of Sri Lanka rather than within
cyberspace. The definition of cyber security is vague, and it
does not elaborate on its components, as it includes a
collection of actions that make cyberspace safe and secure.
Under section 05, the power to appoint members to the board
lies with the minister, where political influence on the system
is observed. Moreover, the selection of members to the board
is limited to individuals having more than 25 years of
experience. This provision has restricted younger members
from being appointed to the board.

The IP Act has focused less on the IT landscape because
the legislation has not dealt with e-patents, e-trademarks, or
e-designs. Section 07 covers copyright protection of
databases. Nevertheless, the definition of a database is not
comprehensive, as databases are derivative works under
copyrights. Further, the remedies provided for copyright
infringement are inadequate to meet the standards of the
digital world. The Sri Lankan legal system does not contain
specific legislation that deals with the prevention of child
abuse. The spread of transnational cybercrimes is exacerbated
by the lack of effective global standards and cooperation
mechanisms to prosecute and punish offenders.

Though there are a series of governing bodies aiming to
battle against cybercrimes in Sri Lanka, they face various
challenges. The prominent reason is the increasing
complexity of information technology and the less attention
society places on it. The investigation procedure for the crime
is problematic due to the dynamic nature of digital evidence.
In addition, the gathering of evidence is complicated due to
the absence of an appropriate structure for investigations.

Indian Legislation on Cyber Crime

The main legislation that deals with cybercrime offences in
India is the Information Technology Act [14] and the Indian
Penal Code [15]. As per section 43, theft of sensitive
information is an offence. In Syed v. The State of Andhra
Pradesh [16], The court's sentencing powers for violating
section 43 were highlighted. Hacking, which is unauthorized
access to electronic devices, is an offence under section
66(2). Further, section 65 makes hacking websites an offence
and under section 66, acts of cyberbullying are treated as an
offence. The Criminal Law Act [17] has criminalized online
stalking, and it is punishable under the Indian Penal Code.
According to section 72, breaching privacy and
confidentiality is an offence.
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In addition to the legislative framework of India, the
government has taken several measures to prevent
cybercrimes. For reporting and investigating cybercrime
cases, there are cybercrime cells established in the States
[18]. The government has installed IT research and forensic
training laboratories in the capital states to train police and
judiciary [19]. They have conducted cybercrime investigation
training programs for court officials. Moreover, training is
given to police officers and judicial agents.

RECOMMENDATIONS

The Sri Lankan legal framework is making a visible effort
to combat cybercrimes aligning with the Budapest
Convention, but cybercriminals are seeking new techniques
to evade these measures. Hence, amendments to the legal
framework are urgently needed, as the prevailing laws
jeopardize the country’s cyber defences while preventing
effective cybercrime investigations.

Regarding the CCA, the act should consider including the
most frequent cybercrime offences like defamation, child
pornography, online gambling, cyberstalking and
cyberbullying. The act should include a provision prohibiting
misuse of legitimate information where the information
obtained lawfully is used for unlawful purposes. Moreover,
the act should accept the assistance of the private sector
experts by expanding section 17. As the CCA serves as the
main legislation that deals with cybercrimes, comprehensive
provisions on protecting the privacy of individuals are
required.

The ETA demands the recognition of web bugs, cookies,
and net spies under special provisions for being the main
piece of legislation on e-commerce. The act should
concentrate on strengthening consumer protection as there is
a high risk of abusing personal data and the privacy of
individuals. It must ensure that CSPs are accredited and
licensed before operating under the accreditation. Although
ETA addresses all electronic transactions, it must increase the
scope by including instances like contracts of sale and
conveyance of immovable property, through which
cybercrimes can be committed.

The Cyber Security bill requires a proper introduction to
the strategies that are necessary to achieve the aims described
by addressing the protection of cyberspace. Section 5(1) b
should be amended by removing the 25 years’ expertise. The
appointment of the Director General to the Board of Directors
should be based on a standardized procedure. Further, the Bill
should include a dedicated provision for social media
blocking to maintain social media surveillance and
monitoring. Moreover, the Bill should consider the induction
of younger spirits who are capable of innovation to mitigate
these issues.

The IPA should incorporate provisions on e-patents, e-
trademarks and e-designs, making it an offence to duplicate
and pirate software. The act should formulate a
comprehensive definition of digital databases. Further, the act
should work on including provisions for preventing all
copyright infringements in a digitalized environment. In
adhering to the Sri Lankan intellectual property legislative
framework to meet the standards of the digital world, the IPA

must require amendments in both the legislative and judiciary
branches.

The public authorities should consider raising public
awareness through awareness programs on the consequences
of cybercrimes and the process of recognizing and reporting
cybercrime targeting every public sphere. Government
officers must ensure the trust and confidentiality of the
victims throughout the process. Significantly, the authorities
should follow strategies to make the reporting and
investigation procedure more effective and efficient. To
implement these strategies, the government may receive
assistance from international bodies and legal experts.

In addition to the proposed changes to the existing legal
framework, the Sri Lankan legal system should incorporate
cyber defamation laws by reforming the laws on defamation.
The government must focus on conducting public awareness
programs to improve media literacy in three languages. The
awareness programs must include the process of filing a
complaint and motivating the victims to lodge complaints.
The investigation process must be made efficient to minimize
the delay in trial. The Sri Lankan Cyber Security Policy must
be amended by incorporating international cooperation to
conduct investigations

CONCLUSION

In conclusion, the ratification of the Budapest Convention
on Cybercrime marks a significant milestone in Sri Lanka's
efforts to fortify its IT law framework and address the
multifaceted challenges posed by cybercrime. By aligning its
national laws with international standards, Sri Lanka has
demonstrated its commitment to fostering a secure and
trustworthy  digital environment. The convention's
implications have led to enhanced legal provisions, improved
investigative techniques, and strengthened international
cooperation, positioning Sri Lanka as a proactive participant
in the global fight against cybercrime. While notable progress
has been made, continuous efforts are required to keep pace
with the evolving nature of cyber threats. By implementing
the recommended measures, such as strengthening legal
frameworks, enhancing international collaboration, investing
in cybersecurity infrastructure, and raising public awareness,
Sri Lanka can further advance its capability to combat
cybercrime effectively. Ultimately, this commitment to a
secure digital environment will not only protect individuals
and businesses but also contribute to the broader global
digital economy.
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Abstract—The Sri Lankan apparel sector plays a vital role in
the national economy, contributing significantly to export
income and the employment, with a larger portion of women
employed in the industry. However, despite being the key female
employer, the industry reflects underrepresentation of women
leadership across all organizational levels. This study aims to
explore the impact of invisible barriers, referred as the glass
ceiling, on women's leadership gap (WLG), particularly among
operational and tactical-level females in the Sri Lankan apparel
sector. The research specifically examines four primary factors
including individual barriers (IB), family barriers (FB),
organizational barriers (OB), and cultural barriers (CB).
Adopting a quantitative methodology within a deductive
research framework, the study was conducted under two-stage
cluster sampling method. Data collected through an online
questionnaire with a sample of 150 female respondents chosen,
each with minimum four years of experience in the industry.
The study findings indicate that glass ceiling factors have a
significant impact on women’s leadership gap within the
apparel sector, with organizational barriers emerging as the
main obstacle. In addition, cultural, individual and family
barriers also create obstacles for women to take leadership
positions. This study provides valuable insights into the
challenges faced by women in the industry, addressing a key
research gap by examining the impact of the glass ceiling on
operational and tactical-level female employees, with
implications for promoting gender equality in leadership.

Keywords—Apparel Sector, Glass Ceiling,
Operational & Tactical Level, Women

INTRODUCTION

In recent years, women's rights and gender equality have
gained prominence in the workplace where increasing
numbers of women are entering the workforce, yet still their
contribution to leadership positions is less compared to their
contribution to the workforce and compared to men’s
participation in leadership [1-9]. In 21st century the presence
of women in workforce has increased than before especially
in developing country but their contribution on leadership was
extremely low throughout the organizational hierarchy [6].
This is particularly noticeable in the Sri Lankan apparel
industry, where women compromise 75% of the workforce
but hold few leadership roles, this gives rise to a complex
problem regarding the leadership gap for women in the
industry, even though the industry is the major employer with
the highest rate of female workforce participation [1, 4]. The
ready-made garments (RMG) industry is heavily dependent
on the female workers but surprisingly there are very few
females in the leadership positions.

Leadership,

According to scholars, the glass ceiling is a primary cause of
the leadership gap and slower professional advancement of
women [2, 7]. These invisible glass ceiling barriers hurdles,
women from professional advancement, particularly in
Bangladesh, India, and Sri Lanka [1, 10, 11]. Globally,
working women struggle to balance responsibilities and duties
imposed on them by their roles at work and at home [6].
Gender stereotypes and cultural factors linked to gender
inequality in Sri Lanka were emphasized in the UN SDG
report [17]. Cultural surfaces and gender stereotypes that
contribute to gender inequality in Sri Lanka were highlighted
in the UN SDG study [17]. Subsequent research has identified
impediments at the individual, family, organizational, and
social barriers as the primary causes of the glass ceiling [11,
12].

Women's leadership advancement is obstructed by individual
barriers like insufficient skills and negative attitudes,
alongside family responsibilities that disproportionately
burden them compared to men [10]. Organizational barriers,
such as culture, HR policies, and lack of mentorship, further
impede their progress [1, 11]. Cultural perceptions treat men
as natural leaders, while depicting women as domestic helpers
reliant on men [7]. These societal norms, coupled with limited
opportunities and social curricula disparaging female
contributions, significantly hinder women's ability to attain
leadership roles in the workplace [1].

Comprehending the invisible hurdles is crucial for breaking
the glass ceiling, resolving workplace difficulties related to
gender inequality, and creating plans for addressing and
improving policies to prevent such problems [13]. So, the
primary focus of this study was to determine how the glass
ceiling effect affected women's leadership in the Sri Lankan
apparel industry, specifically among women at the tactical and
operational levels. Additionally, the study sought to identify
the primary obstacles that prevent women from taking
leadership positions in the apparel industry, despite having
higher women employment.

THEORETICAL BACKGROUND

Women's ascent to leadership positions is hampered by
personal obstacles such inadequate motivation, a lack of self-
confidence, and a lack of leadership qualities. The glass
ceiling effect persists because of personality stereotypes and a
lack of motivation, which keep women under-represented in
leadership roles despite higher educational enrolment [11].

Women's work advancement is frequently restricted by family
obligations because they are expected to provide most of the
care [10, 11]. They lose time, dedication, and leadership

FP- MT02 -CMT194

100



2" International Conference on Transformative Applied Research (ICTAR 2025)

NSBM Green University, Sri Lanka

possibilities as a result, which greatly widens the female
leadership gap [11].

Due to discriminatory policies, a lack of mentorship, and
unequal opportunities, organizational structures, cultures, and
practices frequently restrict women's career advancement [10,
11]. This creates obstacles that impede leadership
advancement and exacerbate the gender leadership gap [10].

Cultural and societal norms often assign women primary
household roles and view men as natural leaders, limiting
women’s career advancement. These biases and social
expectations create significant barriers to leadership,
contributing to the glass ceiling effect [7].

MATERIALS AND METHODOLOGY

Materials

This study utilized both primary and secondary sources of
data to ensure a comprehensive understanding of research
problem. Primary data were collected using s structured
survey compromising three sections: respondent profile,
identification of glass ceiling barriers, and assess the impact
of these barriers on women’s leadership in Sri Lankan apparel
sector. The theoretical framework and questionnaire
developed through secondary data including academic
literatures, statistical reports published by International Labor
Organization (ILO), Department of Census and Statistics,
Emerald, ResearchGate.

Methodology

This study follows a positivism research philosophy,
focusing on observable social reality that developed through
social belief. A quantitative approach was used to collect data
from a broader sample, enhancing the validity and
generalizability of the findings. The study population
consisted of female workers in large-scale apparel
organizations in Sri Lanka, specifically with a workforce
exceeding 500 employees. The questionnaire was designed
from extensive literature on glass ceiling barriers and
women's leadership, utilizing adapted validated scales to suit
the Sri Lankan apparel sector context. The questionnaire
consisted of three sections: respondent profile (Section-A),
identification of glass ceiling barriers (Section-B), and
assessment of their impact on women'’s leadership (Section-
C) in the Sri Lankan apparel sector.

A two-stage cluster sampling method was used to select
participants. The population was first divided into clusters
based on organizational levels and years of experience. In the
second stage, operational and tactical-level women with a
minimum of 4-year experience were randomly selected. A
total of 150 respondents were included in the study for
achieving strong statistical results in hypothesis testing.

The conceptual framework developed for this study identified
four independent variables including individual barriers (1B),
family barriers (FB), organizational barriers (OB), and
cultural barriers (CB) that are hypothesized to influence the
dependent variable of women’s leadership gap (WLG). For
analysis, IB 1V-1 (independent variable-1), and FB, OB, CB
also considered as 1V-2, 1V3, and 1V-4 accordingly. Based on
this framework, the following hypotheses were formulated to
guide the research:

e H1: The individual barriers create a glass ceiling
effect on the women’s leadership gap.

e H2: The family barriers create a glass ceiling effect
on the women’s leadership gap.

e H3: The organizational barriers create a glass ceiling
effect on the women’s leadership gap.

e H4: The cultural barriers create a glass ceiling effect
on the women’s leadership gap.

e Hb5: All the glass ceiling factors effect on the
women’s leadership gap.

Descriptive analysis was carried out using measures of
central tendency, measures of variability, and frequency
distributions to examine the characteristics and patterns
within the data. A demographic analysis conducted to
understand the respondents’ profile considering their age,
educational background, experience, and job role,
highlighting potential differences in perceptions of the glass
ceiling across groups. To assess the internal consistency of
the model, Cronbach’s Alpha was applied, and low reliability
indicators were excluded. Inferential analysis including
Pearson correlation to assess relationship among variables,
Regression analysis supported by ANOVA and coefficient
tables used to evaluate the influence of glass ceiling factors
on the women’s leadership gap and determined the
acceptability of hypothesis.

RESULTS AND DISCUSSION

The data were collected from 150 participants and analyzed
through SPSS. The descriptive analysis used to analyze the
descriptive data of study participants and regression analysis
used to analyze the relationship between the glass ceiling
factors and women’s leadership gap

Demographic Statistics

The demographic profile of the study sample represents a
diverse range of age, marital statuses, and work experience
relevant to operational and tactical levels. Most respondents
(51.3%) were between 18-28 years, followed by 31.3% in the
29-39 age group, indicating a younger workforce. Among the
150 participants 56.7% were married, 54% don’t have
children currently, and 40.7% had children between 1-3.
Most participants (60.7%) had either a degree/ diploma, and
28% had a master’s qualification. Most of the sample (53.3%)
employed at executive level, with others distributed across
staff (14.7%), senior executive (23.3%), and middle/lower-
level managerial roles (8.7%). 45.3% of the respondents had
4-8y and 41.3% had 1-4y experience in the industry. Notably,
74% of the sample reported to male supervisors, indicating
limited female representation in leadership positions.

Hypotheses Testing Results & Discussion

Pearson correlation analysis was used to assess the strength
and direction of the relationship between the independent
variables and the dependent variable (WLG). All variables
exhibited significantly positive correlation with WLG as
shown in Table.l. Organizational barriers showed the
strongest relationship with WLG (r==0.727), indicating
substantial barriers on women's leadership gap. According to
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the study variables, motivational inequality, lack of
promotions, limited decision-making authority, salary
inequalities, and inequal working responsibilities were the
major organizational barriers that apparel sector operational
and tactical-level females were facing. The study emphasized
the significant positive impact of the individual barriers on
women leadership gap proving the prior study results done by
scholars [10]. However, according to scholars, Pearson

correlation value lower than 0.5 indicates a weak relationship
Table 12. Pearson correlation results

Correlations

Me Me Me Me Me
an_ an_ an_ an_ an_
V1 V2 V3 V4 DV
Mea  Pearson 1 -026 387, 193 495
n_IB Correlation
Sig. (2- 751 000 018  .000
tailed)
N 150 150 150 150 150
Mea  Pearson -026 1 320, 442 412)
n_FB Correlation
Sig. (2- 751 000 000  .000
tailed)
N 150 150 150 150 150
Mea Pearson .387: .320: 1 .546: .727:
n_ Correlation
OB Sig. (2- .000 .000 .000 .000
tailed)
N 150 150 150 150 150
Mea  Pearson 193" 442 546 1 571
n_ Correlation
cB Sig. (2- .018 .000 .000 .000
tailed)
N 150 150 150 150 150
Mea Pearson 495" 412" 727 571" 1
n_ Correlation " " " "
WL Sig. (2- .000 .000 .000 .000
G tailed)
N 150 150 150 150 150

**_Correlation is significant at the 0.01 level (2-tailed).

*. Correlation is significant at the 0.05 level (2-tailed).

among the variables [14-18]. Upon that r= 0.495 indicates
that 1B are having a positive weak relationship on WLG. It is
difficult to measure the IB as individuals being unaware of
their biases and reluctance to admit their flaws [15]. And, as
the study sample consist of females who have minimum 4-
year experience also can result to reduce the correlation of IB
on WLG, as women can overcome IB through resilience,
support network, and experience [3, 14]. The family barriers
also show a significant positive impact on WLG, indicating a
positive weak relationship. Further, according to scholars
recent social and economic changes such as flexible working
hours, hybrid working methods has resulted to lower the
family barriers females are facing by giving them more time
to spend with the family by offering work from home

working methods [5]. Cultural barriers are showing a positive
moderate impact on the WLG indicating that societal
expectations towards women, language barriers, and gender
stereotypes are creating obstacles for females to take up
leadership positions in the workplace. As all the variables are
indicating a significant positive impact while having the P
value lower than 0.05 indicates, the study is significant and
all the hypothesis of H1, H2, H3, and H4 can be accepted.

Multiple regression was used to determine the overall impact
of four glass ceiling factors on the women's leadership gap.
The regression model indicates a strong positive relationship
between 1Vs and DV representing 0.810 (81%) overall
relationship. Also, study analysis summarized in Table.2
shows that variations in women’ leadership gap can be
explained by the glass ceiling factors about 65.6%. The
p=0.001, being less than 0.05 indicates that study is
statistically significant, hence H5 can be accepted and
demonstrating a good overall good model fit.

The ANOVA table helps determine whether regression
model is statistically significant in predicting the outcome.
Based on the regression analysis the model can be derived as;

DV = Bo + B1IV1 + B1IV2 + B1IV3 + B1IV4 €))

The ANOVA test in Table.3 shows a p-value of 0.001 which
is below the 0.05 significance level, indicating a statistically
significant result. Therefore, the null hypothesis (HO) is
rejected confirming that at least one glass ceiling factor (H1)
significantly impacts the women's leadership gap in Sri
Lankan apparel sector.

The regression coefficients in Table.4 confirm that all four
independent variables have a significant positive effect on the
dependent variable. The highest beta coefficient for
organizational barriers (3=0.350) suggests that organizational
barriers are the most impactful variable to the women’s
leadership gap in the Sri Lankan apparel sector.

According to these study findings taken from Table.4 results,
all hypotheses confirmed the influence of each barrier on the
women’s leadership gap as shown in Table.5. These findings
align with prior literature and underline the need for structural
reforms and inclusive leadership practices to enable greater
female representation in decision-making roles [5, 10].

Research Equation

The study results can derive the women leadership gap and
glass ceiling relationship of equation through the regression
model based on Table.4 as;
WLG= 0.623+ 0.158 IB+ 0.139 FB+ 0.350 OB+
0.133CB 2

Based on the above derived model, if no glass ceiling barrier,
WLG would be 0.623. And if the adaptation of each variable
as IB, FB, OB, CB by 1, women leadership gap would be
changed by 0.158, 0.139, 0.350, and 0.133 accordingly.
Further, all the p-values for variables are not greater than
0.05, which shows the significant impact of each variable on
women leadership gap. This equation express how WLG
affected by each glass ceiling factors within the Sri Lankan
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apparel sector considering the operational and tactical level
females.

Table 2. Regression model summary results

Model Summary

Adjusted R Std. Error of the
Model R R Square Square Estimate
1 8108 .656 647 .21268

a. Predictors: (Constant), Mean_IV4, Mean_IV1, Mean_IV2, Mean_IV
Table 3. ANOVA Table results

ANOVA?
Model Sum of df Mean F Sig.
Squares Square
1 Regression 12.530 4 3.133  69.255 .001°
Residual 6.559 145 .045
Total 19.089 149

a. Dependent Variable: Mean_DV
b. Predictors: (Constant), Mean_IV4, Mean_IV1, Mean_IV2, Mean_IV3

Table 4. Coefficient results

Coefficients®
Standardized
Unstandardized Coefficients
Coefficients .
Model t Sig.
B Std. Beta
Error
1 (Constant)  .623 173 3.595 .001
Mean_IV 158 .029 290 5.403 .001
1
Mean_IV 139 .040 194 3.500 .001
2
Mean_IV .350 .048 453 7.229 .001
3
Mean_IV 133 .045 182 2.953 .004
4
a. Dependent Variable: Mean_DV
Table 5. Hypothesis results
Hypothesis Sig. Value Accepted/
Rejected
H1-The individual barriers create a 0.001 Accepted
glass ceiling effect on the women’s
leadership gap.
H2-The family barriers create a glass 0.001 Accepted
ceiling effect on the women’s
leadership gap.
H3-The organizational barriers 0.001 Accepted
create a glass ceiling effect on the
women’s leadership gap.
H4-The cultural barriers create a 0.004 Accepted
glass ceiling effect on the women’s
leadership gap.
H5-The glass ceiling factors affect 0.001 Accepted

women’s leadership gap.

CONCLUSION

The significance of this study relied on exploring the glass
ceiling effect on women's leadership in the Sri Lankan apparel
sector specifically among the operational and tactical levels,
thereby drawing attention to gender disparity and advancing
women's empowerment. Overall, this study shown that the
glass ceiling factors have a substantial positive association
with the WLG, reflecting an 81% relationship and showed that
65.6% variation of the women leadership is accounted by the
glass ceiling factors. The results of the study indicate that
organizational barriers have a greater impact on women
assuming leadership roles than other glass ceiling barriers,
indicating that organizations should create strategies to
support female leadership.

The findings of this study emphasize the importance of
addressing invisible barriers within the industry to minimize
the perception of gender-based discrimination. To promote
gender equality and women break glass ceiling, organizations
should implement measures such as developing gender
equality policies, conducting mentoring programs, and raising
social awareness [10, 11]. Additionally, holding managers
accountable for promoting and developing women leaders,
fostering an inclusive work environment, and establishing
confidential reporting mechanisms for harassment and
discrimination are vital strategies to reduce the glass ceiling
effect on women’s leadership gap [11].

REFERENCES

[1] A. Islam and A. H. Jantan, “The Glass Ceiling: Career Barriers for
Female Employees in the Ready Made Garments (RMG) Industry of
Bangladesh,” SSRN, vol. 16, no. 3, pp. 1-11, Jan. 2018.

[2] A. Strém and J. Burvall, “Does the perception of the glass ceiling
influence female students’ ambitions towards top leadership
positions?” May. 2018. Auvailable: http://www.diva-
portal.org/smash/get/diva2:1214970/FULLTEXTO02

[3] C.Linda and E. Alice, “Gender and leadership,” ResearchGate, 2011.
https://www.researchgate.net/publication/284026493_Gender_and_le
adership

[4] Department of Census and Statistics, “Economic Census 2013/14
FINAL REPORT FOR FORMAL INDUSTRIES,” 2017. Available:
http://www.statistics.gov.lk/Economic/FinalReport_Formallndustries.
pdf, Accessed: Jan. 05, 2023.

[5] H. Chung, H. Birkett, S. Forbes, and H. Seo, “Covid-19, flexible
working, and implications for gender equality in the United Kingdom,”
Gend. Soc, vol. 35, no. 2, pp. 218-232, Mar. 2021.

[6] H. Gunatilaka, “An analysis on the impact of gender roles on female
managerial level employees: an investigation of the garment industry
in Sri Lanka, 2019, Auvailable:
https://www.rsisinternational.org/journals/ijriss/Digital-
Library/volume-3-issue-9/231-238.pdf.

[7] K.A.P.S.T. Kuruppuarachchi and H. A. K. N. S. Surangi, “The Glass
Ceiling and Women Career Advancement: A Study Based on Ready —
Made Garment Industry in Sri Lanka,” KJM, vol. 8, no. 2, pp. 18, Jan.
2020.

[8] L. A. DeChurch, N. J. Hiller, T. Murase, D. Doty, and E. Salas,
“Leadership across levels: levels of leaders and their levels of impact,”
Leadersh. Q, vol. 21, no. 6, pp. 1069-1085, Dec. 2010.

[9] L. Clevenger and N. Singh, “Exploring Barriers That Lead to the Glass
Ceiling Effect for Women in the U.S. Hospitality Industry,” J. Hum.
Resour. Hosp. Tour, vol. 12, no. 4, pp. 376-399, Oct. 2013.

FP- MT02 -CMT194

103



2" International Conference on Transformative Applied Research (ICTAR 2025)

NSBM Green University, Sri Lanka

[10]

[11]

[12]

[13]

[14]

L. C. Edirisinghe, “Developing a conceptual model: individual and
organizational barrier on glass ceiling effect (sri lankan apparel
industry),” Int. J. Sci. Res, vol. 7, no. 7, 2017. Available:
https://www.ijsrp.org/research-paper-0717/ijsrp-p6759.pdf, Accessed:
Apr. 25, 2023.

P. M. Bombuwela and A. C. De Alwis, “Effects of Glass Ceiling on
Women Career Development in Private Sector Organizations — Case of
Sri Lanka,” J. Compet, vol. 5, no. 2, pp. 3-19, Jun. 2013.

P. Smith, N. Crittenden, and P. Caputi, “Measuring women’s beliefs
about glass ceilings: development of the Career Pathways Survey,”:
Gend. Manag., vol. 27, no. 2, pp. 68-80, Mar. 2012.

R. H. Chernesky, “Examining the Glass Ceiling,” Admin. Soc. Work,
vol. 27, no. 2, pp. 13-18, Jul. 2003.

R. J. Ely, H. Ibarra, and D. M. Kolb, “Taking Gender into Account:
Theory and Design for Women’s Leadership Development Programs,”
Acad. Manag. Learn. Educ, vol. 10, no. 3, pp. 474-493, 2011.

[15]

[16]

(17]

(18]

Sri Lanka Export Development Board, “Export Performance Report|Sri
Lankan Exporters Performance | EDB,” wwuw.srilankabusiness.com,
Apr. 2023. https://www.srilankabusiness.com/buyers/export-
performance-report.html

S. Akter et al., “The Impact of the Fourth Industrial Revolution on
Female Workers in the Ready-made Garments and Textile Industry,
Bangladesh,” Int. J. Community Soc. Dev, Aug. 2024.

UN Women, “GENDER DISPARITIES AND LABOUR MARKET
CHALLENGES: THE DEMAND FOR WOMEN WORKERS IN SRI
LANKA,” asiapacific.unwomen.org, 2022.
https://asiapacific.unwomen.org/sites/default/files/2022-03/1k-
Gender-Disparities-and-Labour-Market-Challenges_Full-Report.pdf

Zach, “What Is a Confounding Variable (Definition & Example).
Statology. - References - Scientific Research Publishing,” Scirp.org,
2021.
https://www.scirp.org/reference/referencespapers?referenceid=32822
24

FP- MT02 -CMT194

104



2" International Conference on Transformative Applied Research (ICTAR 2025)

NSBM Green University, Sri Lanka

Exploring the Drivers of Purchase Intention for Active
wear among Plus-Size Consumers in Sri Lanka

M. D. M. Perera* and K. Peiris
Department of Marketing and Tourism Management, NSBM Green University, Sri Lanka
Corresponding Author E-mail: mithushi@sarex.lk

Abstract—This study focuses on exploring the purchase
intentions of activewear among plus size consumers in Sri
Lanka by using the theory of planned behavior. It is imperative
that brands understand the behavioral and psychological
factors driving. The primary objective of this research was to
find how the variables past purchase behavior, attitude,
subjective norm, perceived behavioral control, while also
examining the moderating role of price sensitivity. This study
used a deductive and quantitative approach. Further, data was
collected up to 300 plus size consumers via a standardized
survey. The first part of the analysis was conducted on the
software SPSS and further continued with Partial Least
Squares Structural Equation Modeling (PLS-SEM). The
results illustrated that attitude and perceived behavioral
control significantly influenced purchase intention, while
subjective norm, past purchase behavior shoed a negative
result, further, the moderating effect of price sensitivity to
subjective norm illustrated a weaker effect. Moreover,
recommendations to marketers and apparel brands were
presented, which helps in meeting the needs of plus size
consumers. This study contributed to the confined academic
literature on plus size consumers’ behaviors in Sri Lanka.

Keywords— Plus-size consumers, Purchase intention,
Activewear, Theory of Planned Behavior, Price sensitivity
Introduction (Heading 1)

INTRODUCTION

The worldwide activewear industry is experiencing a huge
growth, reaching a valuation of USD 406.83 billion in 2024
and projected to grow at a CAGR of 9.0% to USD 677.26
billion by 2030 [1]. This increase is solely because of health
conscious the mainstreaming of athleisure fashion [2]. Well
reputed brands such as Nike, Adidas, and Lululemon have
increased their size ranges, recognizing the market potential
of plus-size consumers [3, 4]. In Sri Lanka, 39.4% are
overweight [5]; despite a significant portion being plus size
there is a limitation in the availability of plus-size activewear.
Sri Lankan brands such as Carnage, FOA, and Astroid have
entered the market, but inclusivity is still lacking.

This indicated a clear performance gap: even though demands
exist, the strategic attention and supply lie low. Further, an
empirical gap remains. The research which are currently
available are mostly based on western contexts [6], with very
less conducted in Sri Lanka [7].

This research uses an extended form of the Theory of Planned
Behavior to fill these gaps [8], including past purchase
behavior. Further uses price sensitivity as a moderating

element. This is relevant in the Sri Lankan context as
economic pressure impacts consumers’ choices [9]. This
studies goal is to understand what drives plus-size
consumers’ purchase intention for activewear in Sri Lanka. It
provides academic literature by applying Theory of Planned
Behavior to a non- western market to offer recommendations
for brands to cater into this untapped segment [10].
Societally, this research supports the push for inclusive
fashion that empowers various types of bodies and
encourages active, body-positive lifestyles [11, 12].

MATERIALS AND METHODOLOGY

An extended version of theory of planned behavior is used
[6], while integrating the concepts of theory of planned
behavior to understand the intentions of purchasing
activewear among plus size consumers in Sri Lanka. This
research explores the relationships between the independent
and dependent variable and analyzed the moderating effect of
price sensitivity.

Purchase Intention

A consumers plan or decision to purchase a specific product
of service is called as purchase intention [13].
It is a significant behavior predictor and is influenced by
consumer perception, attitudes, and experiences [14]. Both
internal and external factors jointly shape purchase behavior
[15]. In terms of activewear, particularly for plus size
consumers, aspects like fit, design inclusivity, product, and
availability significantly affect intention to purchase [11, 16].
According to research, it confirms that marketers can
leverage purchase intentions to forecast consumer behavior
[17,18].

Past Purchase Behavior and Its Link to Attitude

A consumer’s prior experience with products or a brand is
called past purchase behavior, which strongly impacts future
decisions [19]. The model RFM (Recency, Frequency,
Monetary) is used to measure consumers’ behaviors [20].
According to previous studies, prior positive experiences
result in satisfaction, loyalty, and creating psychological
attachment to a brand [20, 21]. According to research
conducted by [6]. Factors such as comfort, fit and durability
increase the likelihood of repurchasing. In the context of plus
size consumers, if they are dissatisfied with the fit, it acts as
a barrier to repeat purchases [22]. If the consumer has a
positive experience with the purchase, it would lead to a
positive attitude thus resulting in an increase in purchase
intention. Hence, the following hypothesis is proposed:
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Hypothesis 1: Past purchase behavior of activewear has a
significant influence on plus-size consumers' attitude toward
activewear.

Attitude and Purchase Intention

Attitude is a psychological construct that refers to an
individual's favorable or unfavorable evaluation of
performing a specific behavior [8]. It comprises cognitive,
affective, and behavioral [23, 24]. Attitude plays a significant
role in shaping consumer evaluations on activewear in terms
of comfort, good appearance, fabric quality, and brand
reputation [6]. Previous research illustrates that a positive
attitude has an influence on purchase intention [25, 26]. In the
context of plus-size consumers, attitude is molded by
inclusivity, size availability, and the brands values around
body positivity [6, 27]. Henceforth, the following hypothesis
could be built:

Hypothesis 2: Attitude has an influence on purchase
intention for activewear among plus-size consumers
Subjective Norm and Purchase Intention

Subjective norm refers to the perceived social pressure to
perform or not perform a particular behavior [8]. Consumers
are influenced by family, peers, and society and are strongly
shaped by social media trends [28, 29]. In fashion and
activewear, societal approval, peer recommendation and
influencer marketing significantly influence consumer
decisions [9, 30]. Plus, size consumers tend to purchase
products when they see inclusive representation in marketing,
as it makes them feel socially accepted [31]. However,
societal stigma may still suppress intention if consumers feel
excluded or judged [32]. Therefore, the following hypothesis
is proposed:

H3: Subjective norm has an influence on purchase intention
for active wear among plus size consumers.

Perceived Behavioral Control and Purchase Intention

Perceived Behavioral Control (PBC) describes an
individual’s belief in their ability to perform a behavior,
influenced by factors such as accessibility, affordability, and
self-efficacy [8, 33]. PBC is important in buying decisions
when there are limits like size availability and price [34, 35].
According to previous studies, high PBC results in a higher
purchase intention [6, 25]. For plus-size consumers, brands
that provide inclusive sizing and user-friendly shopping
experiences help increase their PBC and likelihood to
purchase [36, 37]. Based on the findings a proposed
hypothesis will be as below:

Hypothesis 4: Perceived behavioral control has an influence
on purchase intention for activewear among plus-size
consumers.

Price Sensitivity as a Moderator
The degree to which a change in price influences consumers'
purchasing decisions is known as price sensitivity [38]. It can
moderate the relationship between purchase intention and

subjective norms. While less price-sensitive consumers are
more likely to be swayed by peer pressure or brand image,
highly price-sensitive consumers frequently put cost ahead of
social approval [9, 39]. Given financial limitations and the
higher expenses of inclusive sportswear, price sensitivity is
especially crucial in Sri Lanka [36, 40]. When affordability
becomes a barrier, plus-size consumers' highly price
sensitivity may reduce the impact of subjective norms.
Therefore, the following hypothesis is proposed:

Hypothesis 5: The moderating relationship of price
sensitivity has an influence on subjective norm and purchase
intention.

Past purchase Ll

behavior
Attitude -

Hs

Price sensitivity

Conceptual framework (Source: Author)

Methodology
Sampling and Sampling Techniques

This chapter presents the methodology adopted to investigate
the explore the drivers of purchase intention for activewear
among plus-size consumers in Sri Lanka. The research design
is structured according to the research onion which directs the
development from philosophical assumptions to data analysis
techniques [41]. This research applied a quantitative, cross-
sectional research design under the positivist framework and
followed a deductive approach extracted from Theory of
Planned Behavior to test hypotheses [9, 10]. Primary and
secondary sources were used to collect data. Primary data was
collected via an online survey, focusing on consumers with
prior experience or interest in plus size activewear. Social
media was used to distribute the survey, leveraging Sri
Lanka’s high digital engagement [12]. Further Secondary
Data was extracted through academic journal articles, market
reports, and other literature [12].

Moreover, a non-probability purposive sampling method was
used, the sample contained plus-size shoppers in Sri Lanka
who wear the size UK 12 and above and is between the ages
of 20-55. The targeted sample size was 300 respondents was
in line with Morgans table.

Finally, the software which was used for conducting the
analysis is Partial Least Squares Structural Equation
Modeling (PLS-SEM). This software is ideal for complex
models. Further, validity and reliability and hypothesis were
tested on this software tool. Moreover, SPSS was used to
perform descriptive statistics and remove common outliers.
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Measurement
Data was collected using an online survey, which consisted
of items from past validated studies ensuring validity and
reliability. A five-point Likert scale, spanning from strongly
disagree to strongly agree was used in the survey to measure
each construct [25, 26]. The Variable Purchase intention was
measured using items derived from [6]. Further Subjective
Norm was measured with items adapted from [10, 31],
analyzing perceived social pressure. Perceived Behavioral
Control (PBC) was measured by adapting from [25, 37]. Past
Purchase Behavior was measured using items from [20, 26],
centered on previous experience and satisfaction. Lastly, the
variable Price Sensitivity was evaluated using items from [9].

RESULTS AND DISCUSSION
Sample Collection

This chapter exhibits the findings of the study based on the
data collected through the survey distributed to plus-size
consumers in Sri Lanka. According to the demographic
analysis, it revealed that the sample was predominantly made
up of female respondents aged between 20 to 40, with most
of whom reported wearing clothing sizes between UK 14 —
UK 16. Most respondents stated high levels of body
inclusivity in fashion and were highly engaged with active
wear. These demographic details provide a strong framework
for analyzing the behavioral patterns among the study group.

Table 13: Demographic and Descriptive Profile
Source: Survey data

Frequency Percent
Gender Male 111 38.4
Female 178 61.6
20-30 85 294
AGE 31-40 109 37.7
41-50 67 232
51-55 28 9.7
Employed 184 63.7
Unemployed 19 6.6
Student 45 15.6
Employment Self Employed 41 14.2
Below LKR 50,000 57 19.7
LKR 50,001-100,000 66 228
LKR 100,001-150,000 115 39.8
Income Above LKR 150,000 51 17.6
M - UK 12 91 315
L-UK 14 109 37.7
Size XL - UK 16 89 30.8

The results of the initial data cleaning, including the tests for
multicollinearity and normality, illustrated acceptable level
of statistical assumptions for testing the model (data not
shown). PLS-SEM was used to validate the

measurement modelas it is ideal for complex
models [42]. Cronbach’s alpha and composite reliability
values surpassed the threshold, which indicated good internal
consistency. For Cronbach Alpha, all the constructs
surpassed the threshold of 0.5 [43] with values spanning from
0.534 (PI) to 0.847 (SN). Composite Reliability values
surpassed the threshold 0.5 [44], with Attitude (0.856),
Subjective Norm (0.897), and Past Purchase Behavior
(0.825) showing particularly strong scores [42]. Moreover,
the validity of this research was tested using Convergent
Validity and Discriminant Validity. Convergent Validity
was measured using Average Variance Extracted, with the
threshold being 0.50 [45], most of the variables were in the
acceptable range, including Attitude (0.598), Subjective
Norm (0.686), and Purchase Intention (0.517). The constructs
Perceived Behavioral Control indicated a value of 0.498 and
Price Sensitivity was at 0.425; they were still accepted as
their CR value was strong [46]. Cross Loadings, HTMT and
the Fornell-Larker criteria also supported Discriminant
Validity.

Table 14 Reliability and Convergent Validity
Source: Survey data

Composite Average
Cronbach reliability Composite variance
's alpha (rho_a) reliability (rho_c)  extracted (AVE)
0.777 0.781 0.856 0.598
0.73 0.774 0.825 0.617
0.678 0.702 0.797 0.498
0.534 0.537 0.762 0.517
0.583 0.631 0.742 0.425
0.847 0.849 0.897 0.686

Moreover, the models explanatory and predictive power
was determined by the R2,  where 0.26 is considered
moderate [47]. The value for purchase
intention (0.302) showed a moderate explanatory
power, whereas Attitude (0.019) indicated a weak
explanatory power. Which indicates that a

reasonable proportion of variance in the dependent variable
was explained by the independent variables (data not
shown). f2was measured with the values ranging from 0.02,
0.15, and 0.35 represents small, medium, and large effects,
respectively [47] (data not shown). The construct Price
Sensitivity illustrated the strongest effect on Purchase
Intention (0.124), Similarly Attitude (0.066) and Perceived
Behavioral Control (0.016) showed a strong effect.
Subjective Norm (0.000) illustrated an insignificant effect.
Lastly, Q?, where values > 0 show significance [42], the
constructs Purchase Intention and Perceived Behavioral
Control illustrated a positive value, which indicates that the
model can predict these outcomes well (data not shown).

Sample Analysis

The proposed relationships of the  hypothesis
were validated by the structural model analysis. P value
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below 0.05 is considered not accepted [43]. The constructs
of Attitude (p=0000) and

perceived Behavioral Control (p=0.046), showed a positive
influence on purchase intention, confirming H2 and
H4. Which indicates that favorable attitude and the control
consumers have towards their purchase towards plus size
activewear leads to a positive influence in purchase
intention [6, 8].

However, Subjective Norm (p=0.771) did

not demonstrate a significant direct impact on purchase
intention. This indicates that plus size consumers do not get
triggered by  social pressure or perceived
expectations when purchasing activewear. This finding
contradicts previous research that emphasizes the
importance of social norms in consumers [49]. Furthermore,
Hypothesis 1, Past Purchase Behavior (p=0.116) was found
to negatively influence attitude.
This indicates that experience does not influence a plus
size consumers purchase intent [6].

Table 15 Analysis of Hypothesis
Source: Survey data

Origin T

al Sample  Standard  statistics

sample mean deviation  (JO/STDE

(®)) (M) (STDEV) V) P values
A -
>
Pl 0.315 0.313 0.07 4.506 0
PB
->
A 0.13 0.142 0.083 1.574 0.116
PB
C-
>
PI 0.116 0.121 0.058 1.992 0.046
SN
->
PI -0.023 -0.014 0.078 0.291 0.771

In terms of moderation, the effect of price sensitivity
(p=0.771) on the relationship between subjective
norm and purchase intention was rejected as it was
weak and statistically insignificant. These results
indicated that social influence does not significantly
influence purchasing behavior [49].

Table 16: Analysis of the Moderators
Source: Survey data

PSXxSN->Pl -0.029 -0.02 0.062 0.461

CONCLUSION

This research explored the factors influencing purchase
intention for activewear among plus-size consumers in Sri
Lanka through the lens of the Theory of Planned Behavior,
extended with past purchase behavior and price sensitivity.
The findings revealed that attitude and perceived behavioral
control are the strongest predictors of purchase intention [25],
[26]. Elements such as inclusive sizing, comfortable product

design, and body-positive brand messaging were found to
shape positive attitudes towards activewear brands [50].
Strengthening perceived behavioral control through
improved product availability, accurate sizing, and fair
pricing further increased consumers’ purchase intentions
[35].

The study also found that past purchase behavior negatively
influenced  attitude, suggesting that contemporary
perceptions of inclusivity, design, and brand representation
may have a stronger effect on consumer evaluations than
previous purchasing experiences [50]. Moreover, subjective
norm was shown to negatively influence purchase intention,
indicating that plus-size consumers in this context may rely
more on personal attitudes and internal motivations than on
social pressure [10].

Overall, the study establishes that brands targeting plus-size
consumers in the activewear category must go beyond basic
marketing practices. They should emphasize inclusive
product strategies, superior quality, and initiatives that
empower consumers to feel confident and valued. Such
efforts will support stronger market penetration and promote
long-term customer relationships.
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Abstract—This study explores how perceived product
quality and consumer trust influence purchase intention in Sri
Lanka’s online clothing platforms. With the rise of digital
shopping after the pandemic and increased competition in e-
commerce, the research investigates the mediating role of
perceived product quality and the moderating effect of
consumer trust. Based on the Elaboration Likelihood Model
and previous research, four variables quantity of reviews,
source credibility, review usefulness, and brand experience
were examined through a structured questionnaire completed
by 300 respondents. Structural equation modelling was
conducted using SmartPLS, while SPSS was used for
descriptive analysis. The results show that review usefulness,
source credibility, and brand experience significantly boost
perceived product quality, whereas the quantity of reviews has
a less pronounced impact. While perceived product quality
strongly influences purchase intention, the results revealed that
consumer trust does not significantly moderate the relationship
between product quality and purchase intention, contrary to
expectations. These findings contribute to the theoretical
understanding by integrating trust and review factors into
models of online buying behavior. They also offer practical
insights for e-commerce businesses looking to enhance
customer loyalty through strategies emphasizing quality
signalling and credibility building.

Keywords—brand experience, consumer trust, online
reviews, perceived product quality, purchase intention.

INTRODUCTION

Sri Lanka’s online clothing industry is experiencing rapid
growth, especially among young consumers aged 18 to 40.
This expansion is driven by increased internet access, mobile
device usage, and the popularity of convenient e-commerce
platforms that offer a wide variety of products at competitive
prices. However, a major challenge in this digital environment
is the lack of physical interaction with products, making it
difficult for consumers to assess attributes like fabric quality,
fit, and authenticity. As a result, shoppers depend heavily on
indirect indicators such as product reviews, brand reputation,
and peer recommendations [1]

Trust plays a crucial role in this context. The presence of fake
or manipulated reviews [2] adds to consumer uncertainty,
complicating the assessment of product quality. Previous
studies emphasize that perceived product quality significantly
influences purchase intentions, often based on heuristic cues
like review volume and credibility [3, 4] also found that
review usefulness and overall brand experience directly
impact trust in online sellers.

Despite global e-commerce insights, Sri Lankan consumers
remain cautious about digital transactions. Building trust,

ensuring transparency, and providing reliable user-generated
content are essential for fostering long-term engagement.
Understanding the interaction between quality perceptions
and trust is vital for local retailers to reduce cart abandonment
and boost customer loyalty.

The rise of digital retail has transformed Sri Lanka’s clothing
market, especially among tech-savvy young adults. Despite
the convenience and broader access of online platforms,
concerns about product quality and seller trustworthiness
remain key drivers of purchase intention. While international
research has looked at these factors separately, their combined
influence, particularly through digital cues like reviews and
brand signals, has not been thoroughly examined in Sri
Lanka’s context.

Research indicates that consumers rely on online cues such as
review quantity, usefulness, and source reliability to assess
product quality without direct contact [1, 4]. These cues are
processed either heuristically or systematically depending on
the situation [3]. However, most studies focus on Western and
East Asian markets, potentially missing cultural and
behavioral nuances relevant to South Asian economies.

In Sri Lanka, limited digital literacy, infrastructure issues, and
misinformation further complicate trust in online shopping.
This study explores how review usefulness, source credibility,
review quantity, and brand experience influence perceived
quality, and how consumer trust moderates the link between
perceived quality and purchase intention, filling a vital
research gap.

The study aims to examine how online review-related factors
such as review volume, helpfulness, source credibility, and
brand experience shape consumers' perception of product
quality in Sri Lanka’s online clothing market. It also
investigates the moderating role of consumer trust in the
relationship between perceived product quality and purchase
intention.

Research Questions

1. What impact does the quantity of reviews have on
how consumers in Sri Lanka perceive the quality of
products on online clothing platforms?

2. \What effect does the trustworthiness of the review
source have on the perception of product quality
within Sri Lanka's online clothing market?
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3. What impact does the usefulness of reviews have on
perceived product quality in Sri Lanka’s online
clothing sector?

4. What role does brand experience play in shaping
product quality perceptions?

5. What effect does perceive product quality have on
consumers' purchase decisions?

6. What is the impact does consumer trust impact on the
relationship between perceived product quality and
purchase intention in Sri Lanka's online clothing
market?

This study is valuable to both academia and business. It
provides online clothing retailers in Sri Lanka with insights
into how digital cues like reviews and brand identity influence
consumer trust and perceived quality. This study uniquely
extends the Elaboration Likelihood Model to the Sri Lankan
online clothing sector by integrating specific review-based
cues and brand experience to explain perceived product
quality. Furthermore, it advances existing literature by testing
consumer trust as a novel moderator that conditions the
relationship between perceived quality and purchase
intention, rather than treating it solely as a mediator.
Businesses can use this information to improve review
credibility and brand storytelling. Academically, it addresses
a gap in understanding digital consumer behavior in
developing South Asian contexts by examining the mediating
role of product quality and the moderating role of trust. The
findings support the development of culturally relevant, trust-
based e-commerce strategies for Sri Lanka’s growing online
clothing market. This study is structured as below. Authors
first explain the study’s purpose. Then, they conduct a
comprehensive literature review and introduce hypotheses to
be tested. Next, they introduce the methods. With the
appropriate methods set, authors test all the hypotheses in the
third step. Finally, they discuss the findings and present them
along with the references.

MATERIALS AND METHODOLOGY

Literature Review and Hypotheses Development
Purchase Intention (PI)

Purchase intention (PI) reflects a consumer’s inclination to
buy a product, influenced by perceptions, experiences, and
trust. In online clothing retail, P1 is shaped by how consumers
interpret cues without physical product interaction. Perceived
Product Quality (PPQ) is a key Pl predictor. When consumers
see a product as high-quality based on review quantity, source
credibility, content usefulness, and brand experience, they are
more likely to purchase [1, 4]. The Stimulus-Organism-
Response (SOR) model views Pl as the "response" after
consumers evaluate stimuli [5]. In this study, independent
variables (Review Quantity, Source Credibility, Review
Usefulness, and Brand Experience) are stimuli; PPQ is the
internal evaluator; and PI is the response indicating the
effectiveness of these cues in driving consumer behavior.
Rosillo-Diaz et al note that aligning online cues with
consumer expectations increases the likelihood of reducing

uncertainty and converting interest into purchases [3]. This
makes Pl a crucial indicator for e-commerce platforms
aiming to optimize review strategies and brand
communication. This study recognizes Pl as the ultimate
behavioral outcome, shaped by review-related stimuli,
quality evaluations, and consumer trust.

Quantity of Reviews (QR)

The number of online reviews (QR) significantly influences
how consumers make decisions on e-commerce sites.
Because they can't physically inspect a product, shoppers
often see a high volume of reviews as a sign of popularity and
trustworthiness [6]. This aligns with the idea that people use
mental shortcuts to make quick judgments based on quantity
rather than deep analysis [7]. In fashion e-commerce, where
product interaction is limited to visuals and descriptions, the
number of reviews becomes a stand-in for collective
experience and validation [8]. Studies show that products
with more reviews are seen as more reliable and of higher
quality, as consumers assume high engagement means
broader acceptance and satisfaction [9]. Therefore, this study
proposes

H1: Quantity of reviews positively impacts perceived
product quality.

Source Credibility (SC)

In the realm of e-commerce, source credibility (SC) is
paramount in influencing how consumers perceive
information quality and trustworthiness. The credibility of
these sources — specifically, the reviewers or the platforms
hosting the reviews — acts as a systematic cue, prompting
consumers to engage in deeper cognitive processing to
determine the information's reliability [3]. The Heuristic-
Systematic Model categorizes source credibility under
systematic  processing, which involves higher-order
reasoning and careful evaluation of the presented information
[10, 3]. Consumers are more inclined to view a review as
informative and valuable when they perceive the source as
knowledgeable, unbiased, and authentic. This perception
significantly boosts their confidence in the product’s
perceived quality [4]. Flanagin et al highlight that, unlike
traditional word-of-mouth, online platforms often feature
reviews from anonymous individuals, increasing consumers'
dependence on visible credibility cues such as reviewer
ratings, verified purchases, and content consistency [2].
When the source is considered credible, consumers are more
likely to interpret the review as truthful and reflective of
actual product performance, thereby elevating the perceived
product quality and diminishing perceived risk [3]. Given its
proven influence, the study advances

H2: Source credibility positively impacts perceived
product quality.

Review Usefulness (RU)
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consumers make effective purchasing decisions. Reviews
that are detailed, well structured, and relevant to the product’s
attributes are more likely to be perceived as useful, thus
enhancing the consumer’s confidence in their decision-
making process [4]. According to [3], perceived review
usefulness has a direct influence on PPQ, serving as a
credible stimulus that stimulates cognitive evaluations within
the SOR framework. Moreover, useful reviews may not only
provide factual information but also shape expectations and
perceived value, which further reinforces their impact on
quality perception [11]. Flanagin et al also support this view,
suggesting that consumers tend to privilege review content
that is logically structured, clearly presented, and perceived
as helpful over reviews that are generic, overly promotional,
or emotionally charged [2]. The perceived usefulness of a
review thus becomes a crucial systematic cue in online
decision-making environments, guiding consumers through
the complexities of online purchasing [12]. Based on this
rationale, the following hypothesis is proposed:

H3: Review usefulness positively influences perceived
product quality.

Brand Experience (BE)

Brand Experience (BE) is a consumer's internal response to
brand stimuli, encompassing emotional, sensory, and
cognitive impressions formed through brand interactions. In
online clothing, BE is crucial because physical product
interaction is absent. It shapes expectations regarding
reliability, quality, and consistency [1]. Positive brand
feelings from past experiences or digital engagement led
consumers to infer high product quality [13]. The BE-PPQ
relationship is vital in fashion e-commerce, where consumers
use past experiences to manage risk and a consistent,
favorable BE builds trust by associating the product with
emotional reassurance and functional credibility [4].
Experiential cues differentiate retailers, guiding quality
expectations and purchase decisions. According to SOR
theory, BE is a stimulus affecting cognitive and emotional
processing, shaping quality perceptions, and purchase
intention [5]. Therefore, this study hypothesizes: Therefore,

H4: Brand experience positively impacts perceived
product quality.

Perceived Product Quality (PPQ)

Perceived Product Quality (PPQ) is a consumer's subjective
evaluation of a product's excellence, based on online cues. In
clothing e-commerce, where physical inspection is
impossible, consumers rely on cues like reviews, brand
familiarity, and digital presentation to assess quality [1, 3].
Online review components like quantity, source credibility,
and usefulness significantly shape PPQ. Consumers associate
numerous reviews with popularity, assuming better quality.
Credible, informative reviews also enhance product
assessment [2, 3]. Positive brand experiences, engaging
content, and brand reputation further enhance perceived

quality before purchasing [4, 1]. In the SOR framework, PPQ
functions as the organism, capturing internal cognitive
processing in response to external stimuli (e.g., reviews,
brand cues). These evaluations influence purchase intention
[5]. PPQ bridges the gap between online encounters and
behavioral responses. In fashion e-commerce, where the risk
is high, PPQ mitigates risk. High perceived quality often
increases purchase confidence, encouraging transactions [3].
Thus, the following hypothesis is proposed:

H5: Perceived product quality positively influences
purchase intention.

Consumer Trust (CT)

Consumer trust (CT) is essential in online purchasing,
particularly where physical product inspection is impossible.
In digital environments, especially online clothing, trust
provides psychological assurance, reducing perceived risk
and uncertainty [4]. A consumer perceiving a high-quality
product might hesitate to buy if they distrust the seller,
platform, or transaction environment [2]. Conversely, with
high trust, consumers are more likely to act on positive
quality perceptions and complete a purchase. [3] highlight
that trust in digital retail is heavily influenced by review
platform integrity, consistent brand behavior, and transparent
communication. Consumers often seek indicators like
verified purchase tags, brand responsiveness, and clear return
policies as signals of trustworthiness [14]. Within the SOR
framework, consumer trust moderates the transition from
internal evaluation (organism: PPQ) to behavioral response
(PI) [5]. Therefore, the following hypothesis is proposed:

H6: Consumer trust positively moderates the
relationship between perceived product quality and
purchase intention.

Stimulus-Organism-Response (SOR) Model

This study adopts the Stimulus-Organism-Response (SOR)
model, a framework for understanding how external cues
(stimuli) affect internal cognitive states (organism), leading
to behavioural outcomes (responses). Initially used in
environmental psychology, the SOR model has been
expanded to digital contexts, where consumer behaviour is
influenced by informational stimuli, particularly where
physical interaction is limited [5]. In this research, the stimuli
(S) are defined as Quantity of Reviews (QR), Source
Credibility (SC), Review Usefulness (RU), and Brand
Experience (BE), all of which are crucial online cues that
consumers use to assess products without physical
inspection. Similar to [5] findings in virtual environments,
where users rely on informational and emotional cues to
make decisions, consumers in the online clothing sector also
depend heavily on the quality and credibility of online
information. The organism (O) in this model represents the
consumer's internal evaluation, specifically Perceived
Product Quality (PPQ). According to [5], internal states can
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include cognitive responses such as perceived usefulness or
value. In online fashion retail, PPQ plays a similar role, as
consumers judge clothing quality based on their
interpretation of reviews and branding. Empirical studies
support this: review credibility, volume, and usefulness have
all been shown to significantly influence PPQ in e-commerce
[3, 4]. The response (R) refers to the behavioural outcome,
which is Purchase Intention (PI). Studies by Thomas et al and
Flanagin et al confirm that PPQ and trust are key antecedents
of purchase intention in online settings [1, 2]. Furthermore,
following Kim et al extended SOR framework, this study
introduces Consumer Trust (CT) as a moderating variable [5].
Flanagin et al and Rosillo-Diaz et al similarly highlight the
importance of trust in enabling consumers to confidently act
on their quality assessments [2, 3].

Fig. 2. Conceptual Framework
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Methodology

This study adopts a positivist research philosophy
emphasizing  objective  observation and  statistical
generalization to examine consumer behavior patterns [3, 4].
A deductive approach is employed to test theory-driven
hypotheses grounded in the Stimulus-Organism-Response
(SOR) model [5]. The research uses a cross-sectional survey
design, targeting Sri Lankan consumers aged 18-40 who
have previously purchased clothing online.

A non-probability purposive sampling method was used to
recruit respondents through social media and online
communities. This approach, common in e-commerce
studies, facilitated access to digitally active consumers, and it
will be helpful to generalize the findings [1, 2]. A total of 300
responses were collected, aligning with PLS-SEM sample
size guidelines, allowing for robust analysis of mediation and
moderation effects using SmartPLS 4.0. Data were collected
throughout four months between January 2025 to April 2025
using online platforms, email, and physical questionnaires.

Primary data was collected via a structured, self-administered
questionnaire using Google Forms. Respondents answered
closed-ended questions on a 7-point Likert scale, measuring
constructs such as Quantity of Reviews (QR), Source
Credibility (SC), Review Usefulness (RU), Brand Experience
(BE), Perceived Product Quality (PPQ), Consumer Trust
(CT), and Purchase Intention (PI). Items were adapted from

validated sources [2, 10, 15, 16] to ensure reliability and
content validity. Literature on Methodology from prior
literature informed the theoretical framework, construct
definitions, and survey item development, grounding the
study in empirically supported models [3, 5]. Data were also
tested for common method bias using Harman’s single factor
test and indicated no common method bias.

All variables were operationalized using multi-item
measures. For example, QR was measured using items like
“Many customers have posted online reviews about the
online clothing platform” [10], and SC was based on reviewer
expertise and trustworthiness [15]. Full construct items and
hypothesized relationships are detailed in Figure 1.

RESULTS AND DISCUSSION

Data Analysis

Demographic Analysis and Data Preparation

Data was collected from 236 valid respondents aged 18 to 40,
representing the target population. The sample mainly
consisted of young adults, with 38% in the 23-27 age group
and 30% aged 18-22. Females comprised 57%, aligning with
previous research indicating female dominance in online
fashion shopping [1]. Most respondents were from urban
areas such as Colombo, Kandy, and Galle, reflecting the high
digital penetration and increasing e-commerce activity in
metropolitan Sri Lanka [2].

Normality tests using skewness and kurtosis were performed
to assess data suitability for structural modeling. Most
constructs showed negative skewness, indicating higher
agreement levels, especially for review quantity (QR) and
perceived product quality (PPQ). Despite deviations from
perfect normality, given its non-parametric nature, the dataset
was considered appropriate for PLS-SEM analysis [17].

Pearson correlation tests in SPSS showed significant positive
relationships among all main constructs at the 0.01 level.
Brand Experience (BE) was strongly correlated with both
PPQ (r = 0.695) and CT (r = 0.699), highlighting its impact
on quality perceptions and trust. Source Credibility (SC) and
Review Usefulness (RU) also had moderate correlations with
PPQ, emphasizing the importance of credible, informative
reviews in consumer evaluations [1, 3]. These results support
the first research question on how QR, SC, RU, and BE
influence perceived product quality in Sri Lanka’s online
clothing sector.

Measurement Model Assessment

The measurement model (depicted in figure 2) was assessed
in SmartPLS to test construct reliability and validity. Items
with outer loadings below 0.7, such as BE1 and QR3, were
systematically removed to improve reliability. The refined
model (Table 2) shown below showed that all remaining
items had strong outer loadings (> 0.7), confirming indicator
reliability (Hair et al., 2021). Table 01 indicates construct
Reliability and Validity and Table 02 indicates construct
discriminant validity.
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