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About ICMI

The International Conference on Multidisciplinary Innovations (ICMI-2025) is a premier
virtual event scheduled for May 2-3, 2025, organized by NERD Publication. This conference
aims to bring together researchers, academicians, professionals, and industry experts to present
and discuss innovative research across various disciplines. The event serves as a dynamic
platform for scholars and innovators to engage in thought-provoking discussions, fostering
collaboration and knowledge exchange across multiple fields

ICMI-2025 aims to provide a platform for researchers, academicians, industry professionals,
and students to discuss cutting-edge developments, emerging trends, and novel approaches
across various disciplines. This conference seeks to foster multidisciplinary collaboration,
bridging gaps between Engineering, Science, Technology, Medicine, Social Sciences,
Management, Education, and Environmental Studies to address complex global challenges.
ICMI-2025 is an opportunity to present original research, exchange ideas, and engage in fruitful
discussions that advance knowledge and innovation in multiple fields. The conference will
feature keynote addresses, panel discussions, technical paper presentations, and networking
opportunities to facilitate academic and professional collaborations.

Conference Themes & Tracks
ICMI-2025 encompasses a diverse range of topics organized into four major tracks, each
containing several subthemes:
1. ENGINEERING & TECHNOLOGY
o Emerging Technologies
= Aurtificial Intelligence & Machine Learning
= Cyber-Physical Systems
= Robotics and Automation
= Smart Manufacturing & Industry 4.0
= Digital Twin Technologies
= Virtual & Augmented Reality in Engineering
o Sustainable Engineering & Innovations
Renewable Energy Systems
Green Technologies
Energy-efficient Smart Cities
= Waste Management & Circular Economy
= \Water Resource Management
o Computing & Data Science
= Big Data Analytics
= Cloud, Edge & High-Performance Computing
= Blockchain & Cryptographic Security
= Internet of Things (IoT)
= Quantum Computing & Future Networks
2. MEDICAL, HEALTH & LIFE SCIENCES
o Biomedical Engineering & Healthcare Technologies
= Medical Imaging & Diagnostic Tools
= Telemedicine & Digital Health Solutions
= Wearable Health Monitoring Systems
= Al in Healthcare & Drug Discovery



= Personalized Medicine & Genomics
o Public Health & Epidemiology
= Global Health & Disease Prevention
= Pandemics & Infectious Disease Control
= Health Policy & Management
= Mental Health & Well-being
= Healthcare Systems & Supply Chain
o Pharmaceutical & Biotechnology Advances
= Nanomedicine & Drug Delivery Systems
= Biopharmaceutical Research
= Synthetic Biology & Genetic Engineering
= Cancer Research & Immunotherapy
3. SOCIAL SCIENCES, MANAGEMENT & EDUCATION
o Business, Economics & Management
= Entrepreneurship & Innovation
= Digital Economy & E-commerce
= Sustainable Business Models
= Leadership & Organizational Behavior
= Supply Chain & Logistics Management
o Education & Pedagogical Innovations
Digital Learning & EdTech
STEM Education & Training
Blended & Remote Learning Strategies
Al & Gamification in Education
o Society, Culture & Ethics
= Human Rights & Global Ethics
= Gender Studies & Workplace Diversity
= Political Science & International Relations
= Media & Communication Studies
= Legal Studies & Policy Research
4. ENVIRONMENTAL & NATURAL SCIENCES
o Climate Change & Sustainability
= Carbon Neutrality & Green Policies
= Biodiversity & Ecosystem Conservation
= Disaster Resilience & Risk Reduction
= Renewable Energy Transition
o Applied & Natural Sciences
= Materials Science & Nanotechnology
= Environmental Chemistry & Toxicology
= Advances in Physics & Mathematics
= Space Science & Astrobiology
We look forward to your innovative contributions and active participation in ICMI-2025.
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Keynote Speakers

Dr. Shahida Taher

Associate professor

Life and Earth Science group,
National University, Bangladesh

Title: Child Development and Social Relationships

Abstract: Social belief is extensive. People have been living in society since ancient times.
Society is mainly a special organization. It is made up of different individuals and groups. It is
the sum of human relationships. The society originated and evolved through cooperation.
Human-to-human interaction creates social relationships. So we can say that society is formed
when people live in a place bound by mutual relations, exchange of ideas, and interaction. As
a result of living together, people develop and cherish their traditions, culture, customs,
lifestyle, positive attitude, and ways of life from generation to generation. Humans have been
living socially since the dawn of civilization. Various types of families have been formed in
society due to culture, society, clan, etc. With the development of civilization, there has been
a change in the structure and size of the family. For example, based on power levels, based on
marital residence, based on descent and inheritance of property, based on size, based on number
of wives, and based on spouse selection. It is the family that leads human life fairly and
beautifully and brings about the desired development of human society. Childbearing is an
important function of the family to ensure the protection of offspring, future security, and the
proper use to maintain human civilization and creation. As long as the child is independent, the
family and the parents fulfill all the responsibilities of the child.

Children are the foundation of the world’s future. For every country, the most important and
valuable thing is its human resources. Family bonding plays an important role in the overall
development of the child. A child’s first environment is the family. Therefore, family ties have
a special influence on the development and personality formation of the child. Family bonding
refers to attachment between parents, siblings, and other family members. Faith, trust, and love
for each other strengthen this relationship, as a result, happiness prevails in the family. And if
there is a lack of mutual trust, respect, and affection, relationships become loose, and family
bonds become difficult to maintain. Although the social environment, such as school,
playground, relatives, neighborhood, etc., influences the child’s development.

Due to globalization, many negative things, subcultures, are consuming our children. Only
family ties can protect the child from this bad culture and make him or her healthy personality.



The philosophy and the idea are that proper care and guidance can ensure proper development
in every stage of our lives. In very early childhood, the mutual bond between parents and
children begins through the fulfillment of basic needs and attachment. Breastfeeding, cuddling
with care, attention to the child, mutual exchange, the mother’s smile, and voice form a close
bond between the mother and the child. Gradually child becomes addicted to the mother, wants
to be close to her. In every case of hunger, discomfort, etc., the child cries and asks the mother
for food. As children grow up, they look up to family, especially parents, as role models. Imitate
them. At this time, if the child gets enough affection and love from the parents, then the child
gains self-confidence. The democratic attitude of parents in child management enables the child
to maintain control over himself and trust the parents. The Child psychologist Hurlock
mentions the three ‘A’s in parentchild relationship development. Affection + Acceptance +
Achievement = Happy Child. Parents’ affection, love give recognition to the child, i.e., make
the child more accepting. This recognition, acceptance help the child achieve success. So three
A's make the child happy. And this happiness, sweetness the bond between parents and
children.

Many factors play a role in strengthening the parent-child bond. For example, giving time to
the child, fulfilling the child basic and needs with care, dealing with the various problems of
the child through compromise, showing loving behavior towards the child, behaving in a
friendly manner with the child, respecting the child’s hobbies, wishes and personality, not
creating pressure in any matter, providing freedom as needed. The age gap between siblings
affects mutual bonding. Behaviors such as playing together, sharing, and helping each other
strengthen sibling relationships. The behavior of grandparents and other members of the family
affects the child’s development. A trustful, harmonious close relationship between all the
family members strengthens the family bond, maintains happiness and peace in the family, and
gives a healthy, peaceful, and dynamic family life. Children who grow up in such families are
happy, prosperous, and their lives are successful. Children are active, enterprising, and
sociable. When the family bond is strong, the qualities that the child acquires are confidence
and security are strong, self-reliant, success in leadership; A friendly attitude is formed; Can
assert his rights, is brave; possesses a constructive and creative attitude; Talent develops; Good
qualities and good personality; learns manners. Therefore, efforts, interest, and awareness of
all are necessary to strengthen mutual bonds between family members to develop human
qualities.

Dr. V. Lakshmi Prasanna

Professor

Gokaraju Rangaraju Institute of Engineering and
Technology, Hyderabad

Title: Education and Learning Technologies

Abstract: The rapid advancement of technology is transforming education, significantly
influencing teaching practices, learning methods, and curriculum design. This keynote address
on "Education and Learning Technologies" will explore four major dimensions: e-learning
methods and digital education; innovative teaching practices and pedagogy; special education
and inclusive education; and educational policy and curriculum development.

The address will discuss the impact of e-learning platforms, Al-driven self-learning systems,
personalized digital environments, and immersive technologies such as Virtual Reality (VR)



and Augmented Reality (AR) on enhancing student engagement and improving access to
education. It will also examine the implications of these technologies for student-centered
pedagogies, inquiry-based learning, flipped classrooms, project-based learning, and problem-
based education, with particular emphasis on fostering creativity, critical thinking, and
collaboration. The importance of Universal Design for Learning (UDL) will be highlighted,
focusing on how empathy-driven policies, assistive technologies, and inclusive pedagogical
approaches can promote equity in education. Additionally, the keynote will emphasize the need
for dynamic and future-ready educational policies and curriculum frameworks that incorporate
digital literacy, global citizenship, and the development of essential future skills.

By envisioning a flexible, inclusive, and adaptable education system, this keynote will issue a
rallying call to educators, policymakers, and stakeholders to embrace technological innovation
while preserving the humanistic principles that form the foundation of meaningful learning
experiences.

3. Shyamsunder

Department of Mathematics

SRM University

Delhi-NCR, Sonepat, Haryana, India

Title: Shaping Tomorrow: Innovative Mathematical Models for Science, Health, and
Society

Abstract:

Mathematical modeling is crucial in translating theoretical knowledge into practical tools for
solving complex real-world problems. This abstract presents a comprehensive overview of
mathematical modeling, from its fundamental motivation and systematic process to its
impactful applications across various domains. The modeling process involves formulation,
analysis, validation, and interpretation, essential to developing meaningful models.

Particular emphasis is given to applied modeling in epidemiology, population dynamics,
medicine, and pharmacology. Examples include the calcium buffer model in neurobiology, the
human liver pharmacokinetics model, and economic forecasting frameworks. When properly
constructed, these models demonstrate how mathematical structures provide insight into
biological systems and societal dynamics.

Additionally, the abstract highlights the limitations and challenges faced in modeling real-
world systems, such as data uncertainty, model simplification, and computational complexity.
The work aims to inspire students and researchers to explore mathematical modeling as a
powerful interdisciplinary bridge between theory and real-world impact.

Session Chairs

1. Dr Anjali Singh
School of Leadership and Management,
Manav Rachna International Institute of Research and Studies,
Faridabad.

2. Dr Atul Agnihotri
Associate Professor
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Preface

The International Conference on Multidisciplinary Innovations (ICMI-2025) is
envisioned as a dynamic platform for fostering innovation, collaboration, and scholarly
exchange across a wide array of academic and professional disciplines. As global challenges
grow increasingly complex and interconnected, the significance of interdisciplinary dialogue
has never been more critical. ICMI-2025 brings together thought leaders, researchers, and
practitioners from diverse domains to explore transformative ideas, share cutting-edge
research, and drive meaningful change.

In an era defined by rapid technological progress, innovations in artificial intelligence, big data,
cybersecurity, and immersive technologies like AR/VR are revolutionizing how industries
operate and societies function. These advancements are not only enhancing efficiency and
connectivity but are also creating new paradigms in how we approach education, healthcare,
business, and governance.

In the medical and life sciences, the convergence of biotechnology, digital health, and Al-
driven diagnostics is redefining patient care and medical research. From telemedicine and
genomics to mental health solutions and personalized treatment protocols, cross-disciplinary
collaboration is paving the way for inclusive, accessible, and high-impact healthcare systems.
Environmental sustainability and climate resilience remain central to global priorities.
Emerging solutions in renewable energy, smart infrastructure, and ecological modeling are
empowering communities and industries to pursue sustainable growth. Technologies like 10T-
based environmental monitoring and Al-assisted climate forecasting play a pivotal role in
shaping greener, smarter futures.

Social sciences, education, and management disciplines continue to provide critical insights
into human behavior, governance, and cultural evolution. As digital tools reshape
communication, learning, and leadership, innovative approaches in these fields are contributing
to more equitable, informed, and adaptive societies.

Engineering, computer science, and applied sciences stand at the frontier of invention—
transforming ideas into impactful solutions. The integration of intelligent systems, advanced
simulations, robotics, and material science is accelerating industrial evolution and addressing
real-world challenges through scalable, data-driven approaches.

ICMI-2025 proudly stands as a confluence of diverse perspectives, fostering a spirit of
innovation that transcends traditional academic boundaries. By uniting voices from across
sectors, this conference aims to spark new ideas, inspire collaborative action, and lay the
groundwork for a more resilient, inclusive, and forward-thinking global research community.
We extend our heartfelt appreciation to all contributors, speakers, reviewers, and participants
who have joined us in this endeavor. Your insights and efforts are the cornerstone of this
event’s success.

Welcome to ICMI-2025 — where ideas converge, disciplines collaborate, and innovations
emerge.
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Paper No: 1

Dr. Champa Ramkrishna Parab

Associate Professor, Department of Commerce

MES Vasant Joshi College of Arts and Commerce, Zuarinagar, Goa
champaparab@gmail.com

Digital Transformation in Business and E-Commerce

Abstract

The digital revolution of business and e-commerce has largely redefined market forces, operational
effectiveness, and customer behavior. The e-commerce industry in India has seen tremendous growth,
led by the increase in internet and smartphone penetration, digital payments, and government initiatives
like Digital India and Startup India. This research looks into the growth of India's e-commerce market
size and revenue, specifically 2014 to 2030 trends. The research also looks at the link between digital
payment adoption and growth of the e-commerce industry using the Payment and Settlement Systems
Statistics (RBI Bulletin, October 2024). The research also assesses the impact of government
interventions on the development of digital transformation in the industry. Though growing
exponentially, India's e-commerce business is confronted by regulatory uncertainties, cybersecurity
threats, logistical inefficacies, and rising market competition. Based on a mix of market analysis and
empirical data examination, this research offers an expansive insight into the changing e-commerce

landscape of India and provides inferences regarding methods for its sustained growth.

Keywords: Digital transformation, e-commerce growth, India, digital payments, government initiatives,
fintech, market trends.
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INTRODUCTION

The explosive growth of digital technology has radically changed the way businesses operate in different
industries, with e-commerce being one of the main agents of this digital revolution. India, with a massive
population of over 1.4 billion and a consistently expanding digital infrastructure, has experienced a
revolution in consumer trends, business models, and market forces. The growth of e-commerce in India
has been given a boost by a number of factors including rising internet penetration, growth in mobile
technology, better logistics, and shifts in consumer behavior, particularly post-COVID-19 pandemic.
The Indian e-commerce sector has grown exponentially, supported by initiatives from the government
such as Digital India, Startup India, and positive foreign direct investment (FDI) policies. With the online
shopper base set to grow to 427 million by 2027, the sector is set to be valued at more than $300 billion
by 2030. The expansion is also supported by increasing disposable incomes, urbanization, and the spread
of digital payment systems, which have improved transactional efficiency and consumer confidence in
online channels.

India's e-commerce landscape is extremely diverse in its structure, incorporating business-to-consumer
(B2C), business-to-business (B2B), and direct-to-consumer (D2C) models. Market leaders like Amazon
India, Flipkart, Myntra, and Nykaa have a strong hold on the market, with artificial intelligence (Al),
machine learning (ML), big data analytics, and cloud computing used to personalize user experiences and
automate supply chain management. Apart from this, the boom in social commerce and mobile commerce
has further supported digital buying trends in transforming conventional retail paradigms.

The Drivers of Growth of E-Commerce in India

Internet and Smartphone Penetration: India boasts one of the largest numbers of internet users globally,
with growing smartphone penetration driving e-commerce expansion. Low-cost data plans and the rollout
of 4G and 5G networks have ensured online shopping reaches even rural areas.

Digital Payment Revolution: With the launch of the Unified Payments Interface (UPI), mobile wallets,
and digital banking, the use of cash transactions has come down, enabling online shopping to become
hassle-free. The growing acceptance of digital payments has further accelerated e-commerce adoption.
Government Initiatives and Policies: The Indian government has come up with a number of policies that
favor digital commerce. The Digital India campaign focuses on making internet access more accessible,
and FDI in e-commerce policies enable foreign businesses to invest and extend their business operations

in India.
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Emergence of Social Commerce and Influencer Marketing: Social media sites like Instagram, Facebook,
and WhatsApp are emerging as principal platforms for online retail. Independent sellers and small
businesses use social media to access a wider consumer base, thus developing a blended shopping
experience.

Advancements in Supply Chain and Logistics: Delhivery, Ecom Express, and India Post have enhanced
last-mile delivery capacity, enabling quicker and more effective order fulfillment. This has helped in
building a high level of consumer confidence in online shopping.

Challenges Confronting the E-Commerce Industry

India's ecommerce industry, as fast-growing as it is, is confronted with a number of challenges that pose
obstacles to its smooth growth. Regulatory ambiguity is one major issue, with changing laws pertaining
to data privacy, FDI policies, and tax policies posing obstacles for domestic as well as foreign companies.
Cybersecurity attacks also loom large as more transactions are made online, leaving businesses and
consumers vulnerable to cyber fraud, data theft, and phishing, which require stringent security protocols.
Moreover, there are logistical and infrastructural issues, with urban locations enjoying streamlined e-
commerce logistics but rural areas experiencing delivery delays and poor infrastructure. The industry also
faces stiff competition and market saturation, which creates price wars, deep discounting, and customer
retention issues. In addition, consumer confidence is affected by return policies, as consumers expect
hassle-free and easy refund processes just like in conventional retail. These challenges need to be
addressed for the sustainable development of India's e-commerce sector.

LITERATURE REVIEW

The technological revolution of e-commerce has profoundly transformed business operations, supply
chain management, and customer behavior. Al Mashalah et al. (2022) examined how digital
transformation affected supply chains, with a focus on the ways in which e-commerce has reshaped
traditional business processes and enhanced operational effectiveness. Sharma et al. (2023) also
emphasized that the infusion of technology into e-commerce has resulted in strategic business
developments that have allowed firms to increase market competitiveness. Yang et al. (2023) also
researched cross-border e-commerce and found that digital transformation capabilities act as an important
intermediary in enhancing enterprise performance through decision-making based on data. The use of
business intelligence in e-commerce has also been one of the focus areas.

Pan et al. (2021) explained how disrupting conventional e-commerce models with smart technology has
driven the development of the digital economy. Gong (2023) also examined digital transformation in
retail and e-commerce supply chains, noting that enhanced distribution logistics have optimized

operations and improved consumer satisfaction. Adeniran et al. (2024) examined the environmental effect
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of digital transformation on e-commerce logistics, highlighting how advanced technologies streamline
supply chains with minimized environmental effects. At a larger level, Patel and McCarthy (2000) gave
initial insights into digital business change, emphasizing the long-term dedication required for e-business
adoption. Chaffey et al. (2019) took this further by identifying the influence of government policies,
technological innovation, and internet regulation on international e-commerce. Khahro et al. (2021), in
turn, evaluated the potential advantages of digital transformation in the construction sector, proving its
viability beyond conventional retail industries. Even with all its benefits, digital transformation poses
challenges like regulatory uncertainties, cybersecurity threats, and competition in the market.
Goyal (2017) contended that successful e-commerce strategies need to be holistic in their approach,
considering digital transformation as an important business concern instead of just an IT activity. Sidiq
et al. (2024), who emphasized that there is a need for effective cybersecurity controls and regulation to
facilitate sustainable growth in e-commerce. Overall, the literature indicates that while digital
transformation has revolutionized e-commerce, businesses must strategically navigate emerging
challenges to maximize its benefits
RESEARCH METHODOLOGY
RESEARCH OBJECTIVES
1. To analyze the market size and revenue growth of India's e-commerce sector.
2. Toexamine India's e-commerce market growth trends from 2014 to 2030.
3. To assess the correlation between digital payment adoption and e-commerce sector growth.
4. To evaluate the role of government initiatives in leading digital transformation in India's e-
commerce industry.
5. To study key payment and settlement system trends influencing e-commerce transactions.
RESEARCH QUESTIONS
1. How has India's e-commerce market size and revenue evolved over the years?
2. What are the key trends and projections for India's e-commerce market growth from 2014 to
20307
3. What is the relationship between digital payment adoption and e-commerce sector expansion in
India?
4. How have government policies and initiatives contributed to the digital transformation of India’s
e-commerce industry?
5. What role do payment and settlement system developments play in shaping India's e-commerce

ecosystem?
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DATA ANALYSIS AND INTERPRETATION
1. E-Commerce Market Size

Indian E-commerce Market (US$ billion)

325

163
145
123
102

2021 2022 2023 2024 2025F 2026F 2030F

Source: News articles, F- Forecasted

The Indian online grocery market is predicted to be US$ 26.93 billion by 2027 from US$ 3.95 billion in
FY?21, growing at a rate of 33% CAGR. India’s digital economy as a consumer is likely to reach the size
of a US$ 1 trillion economy by 2030, up from US$ 537.5 billion in 2020, due to the high adoption of
digital services like e-commerce and edtech in India. The Indian e-commerce sector is estimated to
become worth US$ 325 billion by the year 2030, with vast growth. Third-party logistics players are
expected to handle about 17 billion shipments in the next seven years. India's online shopping space
generated around US$ 14 billion in Gross Merchandise Value (GMV) during the 2024 festive season,
which saw an increase of 12% compared to the last year. India's online retail space is estimated to reach
more than US$ 160 billion by 2028, fuelled by robust post-pandemic growth and massive scope for
expansion, since present online consumption constitutes only 5-6% of the entire retail consumption versus
much larger proportions in the US and China. The India Quick E-Commerce (Quick Commerce) market
is expected to grow exponentially, reaching US$ 19,932.5 million with growing internet and smartphone
penetration, ease of quick delivery, and faster adoption during the COVID-19 period, with varied product
categories and order value segments to meet changing consumer behavior, and the dominance of urban
cities offering tremendous opportunities for retailers and major players to tap into the fast-growing

market.
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In FY23, the e-commerce Gross Merchandise Value (GMV) was US$ 60 billion, up 22% compared to
the last year. In FY22, the e-commerce GMV was US$ 49 billion. India's Business-to-Business (B2B)
online platform would be a US$ 200 billion opportunity in 2030. The Indian e-commerce sector is
expected to expand from US$ 123 billion in 2024 to US$ 292.3 billion in 2028, with a compound annual
growth rate (CAGR) of 18.7%. During April-June 2024, the Unified Payments Interface (UPI) enabled a
total of 2,762 crore transactions, with the platform handling more than Rs. 44 lakh crore (US$ 525.5
billion) in value. In 2023, social commerce drastically revolutionized Indian retail and e-commerce, with
estimates showing a 31% CAGR growth to US$ 37 billion by 2025. As per a Deloitte India Report, since
India is heading towards the third-largest consumer market, the size of the online retail market in the
country is projected to be US$ 325 billion by 2030 from US$ 70 billion in 2022 primarily because of the
fast growth of e-commerce in tier-2 and tier-3 cities. The Indian e-commerce sector showed immense
resilience and diversification in the fiscal year 2023 (FY23) with a healthy 26.2% rise in order volumes.
This expansion was mainly influenced by a 31.1% increase in demand from tier-1 cities, as work-from-
office settings returned after the pandemic-related break. In FY24, technology and e-commerce giants
Google, Meta, Amazon, and Flipkart earned more than Rs. 60,000 crore (US$ 7.19 billion) from
advertising revenue, an increase of 9% from Rs. 55,053 crore (US$ 6.60 billion) in FY23.The share of
the e-commerce market of Tier-3 cities increased from 34.2% in 2021 to 41.5% in 2022, data reveals.India
can increase its contribution to the global B2C e-commerce market, which is expected to grow to US$ 8
trillion by 2030. With existing e-commerce exports standing at US$ 2 billion, there is a lot of scope for
expansion, especially in high-demand items. The B2C E-commerce would continue growing steadily in
the forecast period, posting a CAGR of 8.68% for 2023-27. India's e-B2B market is likely to reach the
GMV of US$ 100 billion by 2030, as per the latest report from RedSeer. Following China and the US,
India boasted the third-largest online buyer base of 150 million in FY21 and is likely to be 350 million
by FY26. Indian consumers are increasingly adopting 5G smartphones even before the rollout of the next-
gen mobile broadband technology in the country. Smartphone shipments reached 169 million in 2021
with 5G shipments registering a growth of 555% year-on-year over 2020. Indian consumers are
increasingly adopting 5G smartphones even before the rollout of the next-gen mobile broadband
technology in the country. Smartphone shipments hit 150 million units and 5G smartphone shipments
have gone over four million in 2020 due to strong consumer demand after the lockdown. India's internet
users are anticipated to grow to 900 million by 2025 from ~622 million internet users in 2020, growing
at a CAGR of 45% through 2025, as per a report released by IAMAI and Kantar Research. During the
initial week of 2023 festive period, Indian e-commerce websites recorded sales valued at US$ 5.67 billion
Gross Merchandise Value (GMV).
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2. REVENUE GROWTH OF INDIA'S E-COMMERCE SECTOR

54.5%

18.7%
15.8%

16.4%

11.6%

Details: India; 2018 to 2029

The revenue growth of India's e-commerce sector has seen remarkable volatility between 2018 and 2029.
From 2018 to 2020, the industry saw rapid growth, growing from 33.8% to a high of 54.5% in 2020, led
mainly by the COVID-19 pandemic, which hastened digitalization and online purchases. But after the
pandemic, the market dipped sharply, with growth falling to 3.3% in 2021 and further to 0.7% in 2022,

reflecting market corrections, slack demand, and supply chain issues. A recovery phase set in during 2023
at 4.4% growth, followed by a more robust revival in 2024 (15.8%) and 2025 (18.7%), led by higher

consumer confidence, digital infrastructure growth, and greater e-commerce penetration in tier-11 and

tier-111 cities. From 2025 onwards, the growth rate stabilizes, with moderate rates of 16.4% in 2026,
11.6% in 2027, 6.9% in 2028, and 4.3% in 2029, reflecting market maturity. This pattern implies that

although e-commerce will keep growing, companies need to concentrate on operational efficiency,

customer retention, and technological advancements to maintain long-term growth.

3. India's E-commerce Market Growth (2014-2030)

84
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Year | Market Size (in Billion USD) | Growth Phase
2014 | 14 Initial Stage

2015 | 20 Steady Growth
2017 | 39 Rapid Expansion
2018 | 21.9 Market Adjustment
2020 | 30 Recovery

2021 | 67 Strong Growth
2022 | 84 Continued Expansion
2023 | 102 Market Boom
2024 | 123 Peak Growth

2025 | 145 Future Projection
2026 | 163 Sustained Growth
2030 | 300 Market Maturity

The online shopping industry in India has displayed a remarkable growth trend between 2014 and 2030,
led by growing internet penetration, digital payment uptake, and evolving consumption habits. The chart
shows the exponential rise of the industry, from a mere $14 billion in 2014 to an estimated $123 billion
in 2024. The industry has grown very fast over the years, with key milestones in 2017 ($39 billion) and
2021 ($67 billion), which reflects a solid consumer move towards online shopping. Following a short dip
in 2018, most likely attributable to regulatory pressures or economic circumstances, the business revived
and maintained constant growth. The expansion from 2020 to 2024 was especially dramatic, with the
industry nearly doubling in revenue from $67 billion in 2021 to $123 billion in 2024. Smartphones' rising
affordability, high penetration of low-cost internet data, and initiatives such as Digital India and ONDC
(Open Network for Digital Commerce) from the government have all contributed to fueling this digital
revolution. From the perspective of future outlooks, the industry will keep growing at a strong pace,
reaching $145 billion in 2025 and rising further to $163 billion in 2026. As for 2030, India's e-commerce
market is estimated to reach a remarkable $300 billion, evidencing a massive shift in retail.

This expansion will be driven primarily by growing adoption of online shopping in Tier 1l and Tier 111
cities, expanding middle-class consumer base, and ongoing innovation in logistics and supply chain
management. Furthermore, the entry of big e-commerce players such as Amazon, Flipkart, and upcoming
startups has also led to heightened competition, which resulted in improved pricing, improved customer

experience, and improved product assortment. Electronics and clothing are the most prevalent categories,
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significantly driving total online sales. Further, digital payments have transformed consumer behavior,
ensuring transactions are seamless as well as secure. The launch of UPI (Unified Payments Interface),
digital wallets, and BNPL (Buy Now, Pay Later) services has led to more users using online shopping
platforms.

The COVID-19 pandemic also served as a trigger for e-commerce expansion, forcing more consumers
and businesses towards online platforms. As India further digitalizes its economy, e-commerce will be
pivotal in defining the retail landscape of the country, opening up new business opportunities, and driving
overall economic growth. With positive policies, growing internet penetration, and a developing
consumer base, India is poised to be among the largest and most vibrant e-commerce markets globally
by the end of the decade.

4. Assessing the correlation between digital payment uptake and e-commerce growth in India

India’s e-commerce sector has witnessed unprecedented growth, largely fueled by the widespread
adoption of digital payment solutions. Over the past decade, the proliferation of FinTech innovations,
coupled with government initiatives such as Digital India and UPI, has transformed consumer purchasing
behavior. This study investigates the relationship between digital payment adoption and e-commerce
market expansion using statistical models, focusing on correlation analysis and causality tests. The
objective is to evaluate whether thsurge in digital transactions has been a primary driver of e-commerce
growth in India. Ihe impact of digital payment adoption on e-commerce growth the transaction volumes
from Unified Payments Interface (UPI), digital wallets, and overall digital payments against the size and
growth of the Indian e-commerce sector.

Digital Payment and E-Commerce Market Growth in India (2014—2029)

Year | UPI Digital Wallet | Total Digital | E-Commerce Annual E-
Transactions Transactions Payments Market Size | Commerce
(Billion INR) (Billion INR) (Billion INR) | (Billion USD) Growth (%)

2014 | N/A 22 72.4 14 33.8%

2016 | 300 85 385 39 21.9%

2018 | 850 250 1,100 67 15.8%

2020 | 2,200 500 2,700 102 18.7%

2022 | 5,500 1,000 6,800 123 16.4%

2024 | 10,000 1,500 12,500 145 11.6%

2026 | 15,000 2,000 17,500 163 6.9%

2029 | 22,000 3,500 25,500 300 4.3%

Data Sources: Reserve Bank of India (RBI), IBEF, Statista.

ICMI-2025 ISBN: 978-81-969383-5-2 Page | 9



INTERNATIONAL CONFERENCE ON MULTIDISCIPLINARY INNOVATIONS (ICMI-2025)

Correlation Analysis

To examine the strength and direction of the relationship between digital payment adoption and e-
commerce growth, a statistical correlation model was implemented. The results are presented below.
Correlation Between Digital Payment Adoption and E-Commerce Growth

Variable Coefficient | Std. Error | t-ratio | p-value
Constant -384.105 151.330 | -2.538 | 0.019**
UPI Transactions 0.932738 | 0.010566 | 87.20 | 1.44e-41***

Digital Wallet Transactions | 0.865212 | 0.012302 | 70.32 | 2.13e-38***
Total Digital Payments 0.910543 | 0.008723 | 85.67 | 1.02e-40***

Model Summary:

Mean Dependent Variable: 12489.80
S.D. of Dependent Variable: 2940.082
Sum Squared Residuals: 1143678

Standard Error of Regression:
198.9234

R-squared: 0.9578

Adjusted R-squared: 0.9541
F-statistic (3, 34): 760.72

P-value (F-statistic): 1.64e-41
Log-likelihood: -280.701

Akaike Criterion: 485.2237

Schwarz Criterion: 490.3083
Durbin-Watson Statistic: 0.510965

The correlation analysis reveals a strong and statistically significant relationship between digital payment
adoption and e-commerce market growth in India. The high R-squared value (0.9578) indicates that
approximately 95.78% of the variance in e-commerce growth is explained by digital payment adoption,
confirming that digital transactions play a pivotal role in expanding the online retail sector.

The coefficient for UPI transactions (0.9327) suggests that a unit increase in UPI transactions leads to a
corresponding increase in e-commerce market size. The extremely high t-ratio (87.20) and p-value
(1.44e-41) suggest that this relationship is highly significant. Similarly, digital wallet transactions
(coefficient = 0.8652) and total digital payments (coefficient = 0.9105) exhibit strong positive
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associations with e-commerce growth, further reinforcing the idea that consumer reliance on digital
payments has driven the rise of online shopping in India.

The Durbin-Watson statistic (0.51) suggests the presence of some positive autocorrelation in the
residuals, indicating that time-series effects may need further examination. This means that past values
of digital transactions might influence future e-commerce growth trends, necessitating more advanced
econometric modeling in future studies.

Furthermore, the high F-statistic (760.72, p-value < 0.01) confirms the overall significance of the
regression model, establishing that the independent variables (digital payments) have a substantial
collective impact on e-commerce growth.

The strong link between online payments and e-commerce growth highlights the key responsibility of
digital transactions in fueling online retail growth. With increasing digital adoption, additional payment
infrastructure innovations will be required to keep this growth momentum going. Yet, outlook indicates
that beyond 2026, e-commerce growth will see a steady deceleration, which will create the need for new
drivers like Al-based payment solutions and decentralized finance (DeFi) to maintain market growth.
Additionally, to ensure long-term growth, FinTech companies must focus on penetrating rural markets
by enhancing digital literacy and expanding payment infrastructure. Strengthening cybersecurity
measures and promoting fraud prevention technologies will be pivotal in boosting consumer confidence
in digital transactions, ensuring their widespread adoption. Moreover, encouraging FinTech startups to
innovate in real-time payment processing, Al-powered fraud detection, and blockchain-based solutions
can help maintain the current growth trajectory. Targeted policies by the government, such as subsidized
digital payment infrastructure and financial literacy initiatives, will be an important driver in increasing
financial inclusion, especially in underpenetrated areas. The findings of this study offer robust statistical
proof that digital payment adoption has been a major factor in driving e-commerce growth in India. The
strong relationship between UPI, digital wallets, and overall digital payments and e-commerce market
growth attests to the fact that digital payments play a pivotal role in driving online retailing trends. With
India's digital payment ecosystem in continuous development, long-term investments in security,
accessibility, and infrastructure will be key to continued growth. With digital transactions set to surpass
%500 trillion by 2029, the partnership between digital payments and e-commerce will continue to be the
pillar of India's digital economy, underlining the necessity for sustained innovation and policy
intervention to enhance financial inclusion and market growth

5. Payment and Settlement Systems Statistics (RBI Bulletin - October 2024)

Part | - Payment System Indicators

A. Settlement Systems
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System FY 2023-24 (X Crore)
Financial Market Infrastructures (FMIs) | 43.04

CCIL Operated Systems 43.04

Govt. Securities Clearing 16.80

* Outright 9.51

* Repo 4,94

* Tri-party Repo 2.35

Forex Clearing 24.92

Rupee Derivatives 131

B. Payment Systems

System FY 2023-24 (X Crore)
I. Financial Market Infrastructures (FMIs) | -
1. Credit Transfers - RTGS 2700.16
* Customer Transactions 2686.04
* Interbank Transactions 14.12
System FY 2023-24 (X Crore)
Il. Retail Payments 1,648,233.71

2. Credit Transfers - Retail | 1,486,106.89
* AePS (Fund Transfers) 3.92

* APBS 25,888.17

* IMPS 60,053.35

* NACH Cr 16,227.27

* NEFT 72,639.50

* UPI 1,311,294.68

* USSD 26.19
System FY 2023-24 (X Crore)
3. Debit Transfers & Direct Debits | 18,249.53
* BHIM Aadhaar Pay 193.59
* NACH Dr 16,426.49
* NETC (linked to bank account) | 1,629.45

| 4. Card Payments | 58,469.79 | | » Credit Cards | 35,610.15 | | « PoS Based | 18,614.08 | | « Others |
16,996.08 | | « Debit Cards | 22,859.64 | | « PoS Based | 16,477.95 | | » Others | 6,381.69 |
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| 5. Prepaid Payment Instruments | 78,775.40 | | » Wallets | 63,256.69 | | » Cards | 15,518.71 | | « PoS Based
| 8,429.87 | | « Others | 7,088.84 |

| 6. Paper-based Instruments | 6,632.10 | | « CTS (NPCI Managed) | 6,632.10 | | * Others | 0.00 |

Part Il - Payment Modes and Channels

System FY 2023-24 (X Crore)
A Other ~ Payment | -

Channels
1.  Mobile Payments | 1,252,599.21
(App-Based)
« Intra-bank 83,000.56

« Inter-bank 1,169,598.65
2. Internet Payments | 45,034.98

(Netbanking/Browser-

Based)

« Intra-bank 12,033.28

« Inter-bank 33,001.71

| B. ATMs & Cash| | | 3. Cash | paidCards|343.90|| | paid Cards | 0.12 | | 5.
Withdrawals | Withdrawal at ATMs | 4. Cash Withdrawal | Cash ~ Withdrawal at

| 66,440.72 | | « Using | at PoS | 15.18 | | * | Micro ATMs|11,754.95 |
Credit Cards | 95.80 | | Using Debit Cards | | |« AePS|11,754.95 |

| « Using Debit Cards | 15.06 || » Using Pre
| 66,001.01 | | » Using
Pre

Part 111 - Payment Infrastructure

System As of March 2024
1. Number of Cards 10,667.22 Lakh

* Credit Cards 1,018.03 Lakh

* Debit Cards 9,649.19 Lakh

2. Number of PPIs 16,743.63 Lakh

» Wallets 13,381.80 Lakh

* Cards 3,361.82 Lakh
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3. Number of ATMs 2.58 Lakh
» Bank-owned ATMs 2.23 Lakh
» White Label ATMs 0.35 Lakh

4. Number of Micro ATMs | 17.55 Lakh
5. Number of PoS Terminals | 89.03 Lakh
6. Bharat QR 62.50 Lakh
7. UPI QR 3,434.93 Lakh

This table provides a comprehensive overview of India's Payment and Settlement System statistics for
the fiscal year 2023-24 as reported in the RBI Bulletin (October 2024).

RBI Payment and Settlement Systems Data Interpretation of India's Digital Transformation of E-
commerce Business

Expansion of Digital Transactions and E-commerce Growth

Reserve Bank of India (RBI) payment and settlement systems data has reflected the rapid growth of
digital modes of payment in India, which has shown a strong linkage with the increase in e-commerce.
The spurt in payments via Unified Payments Interface (UPI), National Electronic Funds Transfer (NEFT),
Real-Time Gross Settlement (RTGS), and credit/debit cards reflects the growing dependence of
consumers and businesses on digital transactions. This transition has helped e-commerce websites make
payment processes seamless, minimize the use of cash, and offer greater convenience to customers,

leading to digital transformation.

2. UPI as a Game Changer for E-commerce

The RBI data underscores the dominant position of UPI in India's digital payment ecosystem. The
exponential rise in UPI transactions reflects consumer preference for seamless, real-time, and low-cost
digital payments. This trend has significantly benefited e-commerce platforms by offering an efficient
and user-friendly payment mode. The interoperability of UPI across multiple banks and its integration
with e-commerce checkout systems have contributed to higher transaction volumes, reduced cart
abandonment rates, and improved overall consumer experience.

3. Growing Importance of Card Payments

The increase in credit and debit card transactions, according to RBI data, underscores their ongoing
prominence in the e-commerce environment. As digital literacy and financial inclusion increase, more
shoppers are turning to cards for purchases made online. E-commerce companies have taken advantage

of this movement by providing rewards in the form of cashback, discounts, and EMI financing to promote
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digital payments. Furthermore, the greater use of tokenization and higher security standards has
reinforced consumer confidence in card transactions made online.

4. Real-Time Settlements Improving E-commerce Efficiency

The increase in NEFT and RTGS transactions, as reflected in RBI statistics, marks enhanced efficiency
in B2B and B2C payments. The presence of real-time settlements has enabled e-commerce companies to
better handle vendor settlements, supplier payments, and refund processes. Speedier transfers of funds
have minimized operational backlogs, guaranteeing smoother supply chain management and improved
cash flow efficiency for e-retailers.

5. Move to Digital Payments from Cash

RBI statistics also show a declining trend in cash payments, affirming the effect of digitalization on
consumer patterns. Digital payments have been actively encouraged by e-commerce companies through
promotions like discounts, zero-cost EMIs, and loyalty rewards, further pushing the move towards
cashless payments. The COVID-19 pandemic also served as a catalyst in the shift, as businesses and
consumers alike opted for safer and more convenient payment methods.

6. Emergence of Buy Now, Pay Later (BNPL) and Digital Lending

The RBI report reflects a growing trend in digital lending channels such as BNPL and instant credit
offerings. Digital platforms have incorporated BNPL products more and more, allowing buyers to pay at
a later date. This payment model has promoted affordability and ease of access, particularly among first-
time online shoppers and younger buyers, leading to increased conversion rates and order value.

7. Security and Regulatory Environment for Digital Payments

As digital transactions have increased, RBI has put importance on the reinforcing of security features
such as two-factor authentication, tokenization, and fraud detection capabilities. Regulatory efforts
towards secure digital payment have created more confidence among consumers and enterprises in using
digital transactions, leading to continuous growth in the e-commerce industry.

The RBI Payment and Settlement Systems data provide significant information regarding the digital
evolution of the e-commerce industry in India. The rising use of digital payment systems, real-time
settlement, and changing consumer trends signify a strong e-commerce-supporting ecosystem. As
companies increasingly adopt fintech developments and strengthen digital payment infrastructures,
India's e-commerce sector is on track for more growth, ultimately promoting economic development and
financial inclusion.

6. Government Initiatives Leading Digital Transformation of India's E-Commerce Industry

India's e-commerce industry's fast-paced digital transformation is largely driven by different government

initiatives. These initiatives focus on the development of a robust digital ecosystem, increasing financial
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inclusion, and infrastructure modernization to facilitate hassle-free online transactions. Some of the most
important programs and policies are outlined below that have led to this transformation.

1. Digital India Initiative

Introduced in 2015, the Digital India campaign seeks to empower the nation by leveraging digital
infrastructure, better digital services, and digital literacy. The campaign has promoted the rise of cashless
transactions, increased cybersecurity practices, and the proliferation of high-speed internet connectivity,
all of which are essential for the e-commerce sector.

2. eSaras (Saras Aajeevika)

Designed under the National Rural Livelihoods Mission (NRLM), eSaras is a specialized e-commerce
platform for rural artisans, especially women entrepreneurs. It allows small-scale producers to sell their
products directly to consumers through an online marketplace, thereby opening up digital commerce to
grassroots levels and rural economic growth.

3. RuPay — India's Domestic Card Network

RuPay is India's first home-grown card payment network, made to enable convenient transactions at
ATMs, point-of-sale (POS) devices, and online shopping sites. By providing a safe and inexpensive
payment option, RuPay has promoted digital transactions, making internet shopping more within reach

of people from semi-urban and rural regions.

4. Unified Payments Interface (UPI)

The introduction of UPI by the National Payments Corporation of India (NPCI) has revolutionized digital
payments by allowing real-time money transfers through mobile apps. This has significantly boosted the
e-commerce industry by providing a fast, secure, and convenient payment method that reduces
dependency on cash transactions.

5. PM GatiShakti National Master Plan (PMGS-NMP)

Launched in 2021, PM GatiShakti is intended to connect several transport and logistics networks,
enhancing supply chain efficiency. It helps e-commerce companies by optimizing last-mile delivery
infrastructure, lowering transport costs, and accelerating order fulfillment process.

6. ONDC (Open Network for Digital Commerce)

The Open Network for Digital Commerce (ONDC) is a government-sponsored project aimed at
democratizing digital commerce. By making different e-commerce platforms interoperable, ONDC seeks
to shatter monopolistic market structures and offer a level playing field to small businesses and local
retailers.

7. Data Protection & Cybersecurity Regulations
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With the increasing number of digital transactions, the government has put in place cybersecurity policies,
like the Personal Data Protection Bill, to provide data privacy and protect consumer interests. These
policies are necessary for gaining trust in digital transactions and having more users on e-commerce
platforms.
India's government proactive measures have contributed significantly to speeding up the digitalization of
the e-commerce sector. Through promoting digital inclusion, financial infrastructure, and logistics
efficiency, these initiatives have fostered an environment supportive of the rapid growth of online
businesses. In the future, ongoing innovation and regulatory backing will continue to spur the
development of India's e-commerce ecosystem to become more inclusive, secure, and competitive on the
international front.
Findings and Conclusion
India's e-commerce industry has experienced exponential growth fueled by rising internet penetration,
acceptance of digital payments, and governmental support. The market has grown exponentially, and
estimates suggest it will continue growing exponentially, with tier-11 and tier-111 cities being specific areas
of interest. Digital payments, particularly UPI, have transformed consumer payment, with enhanced
online shopping penetration. Though the industry has witnessed a volatility in growth rates owing to
economic realignments, its long-term path is robust driven by changing consumer habits, logistics
improvements, and favorable regulation. With the maturing of the industry, companies will need to
emphasize innovation, customer loyalty, and operational excellence to maintain this trend. As India is set
to rank among the largest e-commerce markets in the world, the revolution in digital commerce will
further mold the nation's retail market as well as economic development in the future.
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Potential of energy savings through distribution of window and

daylight integration in Indian building

Abstract

Application of glazing is increasing in modern building architecture around the world. Glazed surface on
building envelope provide good aesthetic view and nature light inside the working space. Window glazing
system in building envelope is not only responsible for healthy daylight penetration into the working
space but also greatly influences energy consumption of the building. Daylighting inside the building
reduces lighting energy consumption of the building but at the same time heat gain of the building
increases. Increasing heat gain causes higher cooling energy requirement of the building. Building sector
is one of the largest global energy consumer hence conservation of energy in building is essential. In the
present study window area has been distributed to different wall for better integration of daylight through
the window combinations. Artificial lighting system is controlled according to daylighting in building for
better energy efficiency of the building. A parametric study has been conducted with five different WWR
and distribution of window around the building envelope for the climatic condition of Kolkata located in
India. The applicability of the results has been tested with two more locations in Indian climatic
conditions. Results shows substantial energy savings opportunity is there with control daylight integration

through distribution of window into the building in India.

Keywords: Building energy, window glazing, energy savings, window-to-wall-ratio, window

combination.
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INTRODUCTION

Energy demand is continuously rising all over the world. Building sector is one of the major consumers
of energy and accounts for 30% of global final energy consumption [1]. It is reported that 50% of total
carbon dioxide emissions of industrialized countries are due to building energy consumption [2].
Lighting, cooling, heating and equipments are the main area of energy consumption in a building.
Cooling, heating and lighting energy consumption in building is directly influenced by building
parameters such as envelope, geometry, orientation, building materials, location and climatic conditions.
Special attention is required to select those building parameters for energy efficient building design [3].

Growth in population and rapid urbanization has increased the building energy consumption in the
developing country like India. The building sector in India is experiencing an exceptional growth from
the last few years and the sector is responsible for 38% of total annual primary energy consumption and
31% of the total annual electricity consumption [4]. Energy Conservation Building Code (ECBC) in India
has been introduced to design energy efficient building in different climatic zones in India. ECBC
provides minimum energy standards for new commercial buildings having a connected load of 100 kW
or contract demand of 120 kVA [5]. R. Chedwal et al. quantified substantial energy saving potential in
different hotels in Jaipur, India through the implementation of Energy Conservation Building Code [6].

Cooling energy of a building greatly influenced by the structural load of the building. Envelope
materials and their thermal property are highly responsible for the heat gain of a building. Window is one
of the most thermally weak parts in the building envelope as the thermal conductance of the window glass
material is substantially higher than the other building envelope materials. According to T. Berger et al
heat gain through windows in building significantly increase cooling load and increase the energy
consumption of the building [7].Energy rating of window glazing is important to identify suitable window
glazing for the higher energy efficiency of the building. M.C. Singh, S.N. Garg conducted simulation
study to identify the energy saving of different window glazing for different Indian climate conditions
[8].

Window glazing system plays an important role to access daylight in to the building working space.
Daylight has substantial impact on occupant health and productivity. H. Hens mentioned in his study that
Office buildings are responsible for higher lighting energy consumption per unit area due to operational
requirements [9].Daylight integration into the building can reduce building energy consumption which in
turn reduces emission and environmental impact. Higher amount of daylight can be access into the the
building by increasing the window area in the building envelope. Daylight through the window of
building reduces lighting energy consumption [10]. Many researchers in their study have mentioned the

energy savings potential of Daylight received through windows [11-13].
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But excessive and uncontrolled daylight increase heat gain of the building especially in tropical region
in country like India. This heat gain increases the cooling energy consumption of the building. Lim et al.
[14] conducted a simulation study to evaluating the impact of daylight on a typical government office
building in Malaysia. It is found that selecting suitable glazing of the windows and adding interior blinds,
to improvement in daylighting quantity and quality for visual comfort. Shading device controls the
daylight penetration into the building space and reduces excessive heat gain. Shading devices not only
reduce building heat gain but also reduce energy consumption and associated greenhouse gases emission
[15].

According to K. Lai et al. application of proper shading device reduces total building energy
consumption up to 37.8% in USA and 24.8% in China [16]. Window-to-wall-ratio (WWR) represents the
area of window glazing on the building envelope and useful parameter to access daylight into the building
space. Higher WWR in modern building not only used to access daylight in to the building but also used
to improve the aesthetic view of the buildings. Increasing WWR of a building allows more heat and
daylight inside the working space. S. Fung Fung et al. conducted simulation study in EnergyPlus to
evacuate thermal performance of window glazing for different orientation of window and WWR in Hong
Kong [17]. Energy savings opportunity with Optimal WWR and daylight link has been evaluated in in
india. Result of the study reflects energy savings potential of the daylight integration into the building
[18] F. Goia studied to find optimal WWR for office building in different European climates to identify
the minimum total energy use for heating, cooling and lighting [19].

The present study aims to understand the impact of controlling artificial lighting system of the building
according to available daylight into the building through window glazing. The building is designed
according to ECBC and National Building Code in India [20] and window area is distributed into different
cardinal direction for better daylighting into the building. Result of the parametric study with WWR and
window combinations identifies the energy savings of the building through daylight integration in tropical

climatic condition in India.

METHODOLOGY

Literature survey shows that significant amount of energy consumption can be avoided with proper
integration of daylighting. A number of parametric studies have been found for building energy savings
in recent past. In the present study, a parametric approach with WWR and distribution of window area
on the building envelope along with daylight based lighting control is incorporated. The study is
conducted in Kolkata and the applicability of the result is verified with the result of Delhi and Chennai.

All the three locations are in tropical climatic condition. Main energy consumption of the building is

ICMI-2025 ISBN: 978-81-969383-5-2 Page | 2



INTERNATIONAL CONFERENCE ON MULTIDISCIPLINARY INNOVATIONS (ICMI-2025)

considered due to cooling and lighting of the building. Daylighting in the building significantly influences
the building energy consumption. The depth of daylight penetration into the building space depends on
lot of factors such as orientation of window, location, window size etc. The building models under study
consist of eleven number of different window combinations. The building model with windows in east
and west wall is termed as EW combination. In similar way NE, NS, NW, SE, SW, NSW, NSE, EWS,
EWN, NSEW combination are formed. All the building models were simulated for energy performance
with five different WWR (10%, 15%, 20%, 25% and 30%). Results of two different cases are compared
to understand the effect of this parametric study.

Case 1: Daylight is allowed into the building space and artificial lighting system is not controlled
based on available daylight inside the building space. In this condition, energy consumption of all the
building models is evaluated.

Case 2: In this case, daylight is controlled with external window shading and artificial lighting
system of the building is controlled according to controlled daylight inside the building. Energy
consumption of all the building models is evaluated again to quantify the impact of daylight integration.

A Location of study

The location of the present study is Kolkata, India and the results are validated with two different
locations Delhi and Chennai. The buildings are modeled according to NBC and ECBC code in India.
Energy savings due to distribution of window in different cardinal direction and daylight integration with
artificial lighting system were computed in Kolkata (22°33' N, 88°21'E) which is located in worm and
humid climatic zone in India [5]. The results were validated with two more locations Chennai (13° 4' N,
80° 14' E) situated at lower latitude and Delhi (28° 38' N, 77° 13' E) situated at higher latitude compared
to Kolkata. Building energy consumption depends on the weather condition of the study location.
Monthly average temperature and global solar radiation of the three study location is shown in Fig. 1and
Fig. 2.

35 4
30 - ———
— M " —o— Kolkata

25 -
20 | Delhi
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Fig.1: Monthly average global solar radiation in Kolkata, Delhi and Chennai.
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Fig.2: Monthly average temperature in Kolkata, Delhi and Chennai.

B.  Solar radiation

Solar radiation of the study location has substantial impact on energy consumption of the building.
Solar radiation on building surface increases heat gain of the building. Glass window allow solar radiation
inside the building working space. Direct solar radiation or beam component of solar radiation (I,) on a
surface is given by:

I, = I, cos @ (1)

Where lp, is the entire beam radiation coming from the direction of the sun, 6 is angle of incidence and

Cos 0 is given by the following equation:

cos 0 = sin @(sind cosP + cos § cosy cos w cos B) + cos ¢ (cos § cos w cos f —
sind cosy sinf) + cos § siny sinw sin 8 2
Where § is tilt angle of the receiving surface, y is azimuth angle of the surface receiving solar radiation,
o is hour angle, d is declination angle and @ is latitude of the location. Window is considered as vertical
surface hence B is 90° and the equation (2) reduces to

cos8 = sin@ cosd cosy cosw — cos @ sind cosy + cosdsinysinw  (3)
The amount of global radiation on a surface of a building considering isotropic sky is given by [21]
Ir =I,Ry +I4Rq + (Ip + IR, (4)
Solar radiation received on a surface considering anisotropic sky is given by [21]

Ir = (p + LADR, + I, (1 — A) P [1+fsm3 E] +1py (F2£)  ®)
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Where Ry is tilt factor of beam radiation, Ry is tilt factor of diffusion radiation, R; is tilt factor of
reflected radiation and A, is anisotropy index which is nearly equal to 1.

C.  Simulation tool

A number of building energy simulator such as DOE2, EnergyPus, Transys, eQUEST, Design Builder
are recommended in ECBC Code in India. EnergyPlus is one of the most used building energy simulation
tool and hence used in the present study. EnergyPlus has been developed by department of energy of
USA. Building models for the present study has been created to study the energy performance of the
building in Kolkata, India situated at 22.57° N, 88.36° E. Applicability of the result have been validated
with two other location Delhi situated at 28.7°N, 77.1°E and Chennai 13° N, 80.2° E. EnergyPlus
building energy software is used to evaluate cooling, lighting and total energy consumption of different
building models developed for three locations to quantify the effect daylight integration through the

window combinations.

D. Building model

In the present study, all building models are of 9 m X 9 m X 3 m which has been developed according
to ECBC and NBC code in India [8]. Roof and floor of the building models are constructed with several
layers suitable for Indian climatic conditions. The roof is constructed with RCC and the floor is
constructed with the layers of brick and concrete. Thickness of roof RCC is 135mm and conductivity is
1.58 W/mK. Density and specific heat is 2280 kg/m® and 880 J/kg K respectively. Thickness of the
concrete used in floor is 101 mm, conductivity is 1.78 W/mK, density is 2410 kg/m? and specific heat is
880 J/kg K. The walls are constructed with brick with inside and outside cement plaster layer. Thickness
of brick layer is 254mm for all the walls of the studied building models. Conductivity, density and
specific heat of the brick layer are 0.811 W/mK, 1820 kg/m?* and 840 J/kg K respectively. In all building
models, the window sill height is fixed to 1m above the floor height complying with the NBC code in
India [20]. Fig. 3 shows the dimensions of window in different combinations under study. Clear glass
with 4mm thickness has been used as window glazing material. U-value, solar heat gain coefficient
(SHGC) and visible transmittance of glass is 5.6 W/m2K, 0.83 and 77.8% respectively. External
horizontal blind is used to control the excess daylight penetration into the building working space. Slat
width, slat thickness and slat separation of the blind is 2.5 cm, Imm and 1.875 cm respectively. Front and
back side reflectance of the slat is 0.8. Slat angle to control daylight penetration inside the working space
is 45°,

Light power density of the building is considered as 9.5 W/m? [5] and constant ventilation with outside

air of 0.5 air change per hour [8] has been considered. The building operates for 10 hours of operation
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from 08:00 am to 06:00 pm [5] during the weekdays and cooling temperature set point of the HVAC is
25° C [8]. A continuous dimming control of artificial lightings is used based on daylight at two reference
points located at 3m and 6m away from the window and at 0.8m above the floor area. Reference point
illumination has been taken as 500 LUX to control the artificial lighting system of the building [22]. At
minimum dimming level, the light output of the artificial lighting is fixed to 30% of its full illumination
and further increase in the daylight illuminance will not dim the artificial lighting. To control excessive
daylight and heat gain, external horizontal blind with fixed slat angle of 45° is used to controlled daylight

into the building space [22].

3m 15m fm 75m 9m

WWR = 10% WWR=15% WWER =20% WWR =25% WWER. = 30%

Specification of window in each wall for EW, NE, NS. NW, SE and SW combination

1.8m L8 1.8m 1.8m 1.8m)|

Im 3m 4m Sm bm.

WWR=10% WWR=13% WWR=20% WWR =23% WWR =30%
Specification of window in each wall for NSW, NSE, EWS and EWN combination

1 s’“D L8m 18 18m 18m

1.im

225 3 —
225m 3m 37im 4.5m

WWR = 10% WWR=15% WWR=20% WWR =25%

Specification of window in each wall for NSEW combination

WWE =30%

Fig. 3. Position and dimensions of window in different combinations.

RESULT

The result of the study is obtained with two different approaches. In case 1, all the building models
were simulated for the weather condition of Kolkata and the applicability of the result is verified with
two othe locations in India. Annual cooling and lighting energy consumptions are obtained from the
simulation result. Total energy consumption of the building is the sum of annual cooling and lighting
energy consumption. In case 2, daylight through the window glazing is controlled with external blind

and this controlled daylight is used to control the artificial light of the building models.

A. Energy consumption in case 1
Annual energy consumption per square metre of floor area for different building models under study in
Kolkata is shown in table I. Result of the study shows that annual energy consumption in each building
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model in Kolkata increases with increasing WWR. Increasing WWR for a particular building model
increases heat gain of the building through the window. This heat gain increases cooling energy
consumption of the building. The simulation result shows that distribution of window in the building
envelope significantly influences energy consumption of the building. Building models in Kolkata with
SW, SE, EW and EWS window combinations are responsible for higher energy consumption whereas
building models with NE, NS, NW, NSW, NSE, EWN and NSEW combinations of window consumes
comparatively lower energy. This deference in energy consumption is more prominent with higher WWR
of the building. Higher window area in south, west and east wall is responsible for higher energy
consumption of the building. Similar results have been found for Delhi and Chennai as shown in table 1l
and table I11. Energy consumption of the building models in Kolkata varies from 120.1 kWh/m? to 156.0
kWh/m? depending on WWR and distribution of

the window around the building envelope. Energy consumption of the building models in Delhi and
Chennai varies from 120 kWh/m? to 155.1 kWh/m? and 143.3 kWh/m? to 187.1 kWh/m? respectively.

Table 1. Energy consumption per unit floor area in Kolkata.

Window Energy consumption (kWh/m?) in Kolkata
Combination WWR=10% WWR=15% WWR=20% WWR=25% WWR=30%

NE 120.1 125.9 1315 137.0 142.2
NW 120.3 126.1 131.8 137.4 142.8
EWN 121.2 127.4 133.6 139.6 145.4
NS 120.5 126.7 133.0 139.3 145.5
NSE 121.4 127.9 134.4 140.8 147.1
NSW 1215 128.0 134.6 141.0 147.4
NSEW 121.9 128.6 135.2 141.7 148.1
EW 123.4 130.8 138.2 145.4 152.6
EWS 123.6 131.3 138.9 146.6 154.1
SE 123.8 131.7 139.7 147.7 155.6
SW 123.9 131.9 140.0 148.1 156.0

Table Il. Energy consumption per unit floor area in Delhi.

Window Energy consumption (kWh/m?) in Delhi
Combination ~ WWR=10% WWR=15% WWR=20% WWR=25% WWR=30%
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NW 120.0 125.1 130.2 135.2 139.9
NE 120.2 125.4 130.6 1355 140.2
NS 119.6 124.8 130.1 135.6 141.2
EWN 121.5 127.4 133.1 138.8 144.3
NSW 1211 127.0 132.9 138.9 144.9
NSE 121.2 127.2 133.1 139.0 144.9
NSEW 122.0 128.2 134.4 140.6 146.8
EW 1245 132.0 139.4 146.8 154.1
EWS 124.2 131.7 139.3 147.0 154.6
SE 124.2 131.9 139.9 148.0 156.0
SW 124.1 131.8 139.7 147.9 156.1

Table I11. Energy consumption per unit floor area in Chennai.

Window Annual Total Energy (kWh/m?) in Chennai
Combination ~ WWR=10% WWR=15% WWR=20% WWR=25% WWR=30%

NS 143.3 150.4 157.3 164.1 170.6
NW 144.3 151.8 159.1 166.1 172.8
NE 144.7 152.4 159.9 167.1 174.0
NSW 145.0 152.9 160.5 167.9 175.1
NSE 145.3 153.3 161.1 168.6 176.0
EWN 145.9 154.2 162.2 170.0 1775
NSEW 146.0 154.4 162.5 170.3 177.9
SW 147.7 156.9 166.0 174.8 183.2
EWS 148.2 157.6 166.8 175.8 184.5
SE 148.1 157.6 166.9 175.9 184.6
EW 149.0 158.8 168.5 177.9 187.1
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B.  Energy consumption in case 2

In this case, daylight through the window is controlled with external shading applied to the window
combinations. Artificial lighting system of the building is controlled according to available controlled
daylight into the building spaces. Controlled daylight reduces energy consumption of the all the
building models under study. Energy consumption under is condition in Kolkata is shown in table IV.
Energy savings due to daylight integration is calculated from the results of two cases in Kolkata which
varies from 15.3% to 37.1% depending on WWR and window combination. Similarly energy savings
in Delhi and Chennai varies from 14.9% to 37.7% and 16% to 36.8% respectively. Result of the study
shows that energy consumption per unit floor area in case 1 is increasing with increasing WWR but
in case 2, energy consumption for all the building models initially decreasing with increase in WWR
and reaches a minimum value and further increase in WWR increases the total energy consumption
of the building. This result indicates that glass area on the building envelope can be increased with
higher energy efficiency if suitable daylighting strategy is incorporated. Applicability of the result is
verified with two other locations and the result are shown in table V and table V1. Results of the study
reveal that proper integration of daylight reduces energy consumption of building. Unlike casel it is
observed from the study that higher WWR and distribution of window area into different walls
reduces energy consumption of the building when daylight is integrated with proper way.

Table 1V. Energy consumption per unit floor area in Kolkata in case 2.

Window Energy consumption with daylight integration (kWh/m?) in Kolkata
Combination
WWR=10% WWR=15% WWR=20% WWR=25% WWR=30%
EW 98.9 96.6 96.1 96.6 97.5
NE 101.7 99.8 98.6 98.1 98.2
NS 99.3 96.9 96.2 96.5 97.1
NW 101.8 99.3 98.1 97.8 98.0
SE 100.3 97.9 97.5 97.6 98.2
SW 99.8 97.7 97.2 97.4 98.1
NSW 99.7 96.9 96.0 96.3 97.0
NSE 99.8 97.1 96.2 96.4 97.0
EWS 99.0 96.4 96.0 96.4 97.3
EWN 100.1 97.2 96.0 96.2 96.9
NSEW 100.2 97.1 96.0 96.2 96.9

Table V. Energy consumption per unit floor area in Delhi in case 2.
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Window Energy consumption with daylight integration (kWh/m?) in Delhi
Combination
WWR=10% WWR=15% WWR=20% WWR=25% WWR=30%
EW 98.2 96.0 95.5 96.0 96.7
NE 101.7 99.7 98.3 97.7 97.6
NS 99.1 96.5 95.6 95.7 96.1
NW 102.0 99.3 97.9 97.5 97.5
SE 99.5 97.0 96.5 96.7 97.2
SW 99.2 97.0 96.4 96.6 97.2
NSW 99.3 96.2 95.4 95.6 96.2
NSE 99.4 96.4 95.6 95.7 96.1
EWS 98.0 95.2 95.2 95.7 96.4
EWN 99.6 96.7 95.5 95.5 96.1
NSEW 99.7 96.1 95.1 95.5 96.0

. Table VI. Energy consumption per unit floor area in Chennai in case 2.

Window Energy consumption with daylight integration (kWh/m?) in Chennai

Combination
WWR=10% WWR=15% WWR=20% WWR=25% WWR=30%
EW 118.0 115.8 116.0 117.0 118.3
NE 121.2 119.2 118.2 118.1 118.6
NS 119.3 116.6 116.0 116.5 117.4
NW 121.2 118.6 117.7 117.7 118.4
SE 120.4 118.1 117.7 118.1 118.9
SW 120.0 117.9 117.3 117.7 118.7
NSW 119.6 116.4 115.8 116.4 117.4
NSE 119.8 116.7 116.1 116.6 117.5
EWS 118.5 115.9 115.8 116.7 117.9
EWN 119.2 116.2 115.7 116.4 117.5
NSEW 120.1 116.4 115.7 116.4 117.4
CONCLUSION

Glass area in building envelope is increasing in modern building design. Higher glass area in

building envelope is responsible for higher energy consumption in the building. In the present study,
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energy consumption per unit floor area has been considered as a measuring parameter of energy
performance of window glazing system in building. When daylight is not linked with the lighting
system of the building, energy consumption of the building per unit floor area considerably increases
with increasing WWR in all the building models. Result of the study reveals that energy consumption
of the building models with NE, NS, NW, NSW, NSE, EWN and NSEW window combinations
consumes lower energy whereas building models with SW, SE, EW and EWS consumes
comparatively higher energy.

When daylight is controlled with external shading applied to the window combinations total energy
consumption per unit floor area reduced remarkably in all the study locations. Moreover increasing
WWR decreases energy consumption and reaches to minimum and increase again which definitely
indicates the application of optimal WWR in the building. This strategy of integrating daylight
reduces energy consumption of building with high glass area. Moreover distribution of glass area to
different walls reduces energy consumption of the building. Similar result is observed in Delhi and

Chennai which suggest the applicability of the strategy in tropical climate in India.
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Solar Tracking System for Optimized Power Generation

Abstract

The relentless pursuit of sustainable energy solutions has positioned solar power as a cornerstone in
the global transition away from fossil fuels. However, the inherent efficiency of photovoltaic (PV)
systems remains critically dependent on the consistent and optimal capture of solar irradiance. A
pivotal factor influencing this capture is the angle of sunlight incidence upon the solar panels. Static
solar panel installations, while convenient, suffer from suboptimal performance due to the sun’s
diurnal and seasonal movements, leading to significant energy losses. To counteract this limitation, a
solar tracking system emerges as a dynamic solution, capable of maximizing power output by
continuously reorienting the panel to maintain perpendicularity with the sun's rays throughout the
day. This paper delves into the design, implementation, and evaluation of a sophisticated dual-axis
solar tracking system, augmented with an integrated LCD display for real-time monitoring of crucial

performance metrics such as power output and ambient light intensity.

At the heart of this system lies an Arduino Uno R3 microcontroller, selected for its robustness, ease
of programming, and extensive community support. This microcontroller orchestrates the precise
movements of servo motors, which are tasked with adjusting the panel's azimuth and altitude.
Crucially, the system employs light-dependent resistors (LDRS) as its primary sensory input, enabling
real-time sunlight detection and tracking. The LDRs, strategically positioned around the solar panel,
provide differential light intensity readings, allowing the Arduino to accurately determine the sun's
position and command the servo motors to achieve optimal panel alignment. To rigorously assess the
efficacy of the proposed tracking system, a comprehensive experimental analysis was conducted. This
involved a direct comparison between a static solar panel setup and the newly developed dual-axis
tracking system. The results of this comparative study revealed a substantial and quantifiable increase
in power generation achieved by the tracking system, underscoring its practical value in enhancing

energy harvesting. The experimental findings presented in this paper serve to validate the
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effectiveness of the proposed system as a viable strategy for significantly boosting energy efficiency

in solar power generation.

Looking beyond the immediate benefits, the study also proactively explores avenues for future system
enhancements. These include the seamless integration of Internet of Things (IoT) technologies for
remote monitoring and control, the incorporation of artificial intelligence (Al) algorithms for
predictive tracking and adaptive optimization, and the potential application of machine learning (ML)
techniques to further refine system performance based on historical data and environmental patterns.
This forward-looking perspective aims to position the proposed system as a platform for continuous
improvement and adaptation within the rapidly evolving landscape of renewable energy technologies.

1. Introduction

The urgency of transitioning to renewable energy sources has never been more pronounced. As global
communities grapple with the escalating challenges of climate change and the finite nature of fossil
fuels, renewable energy technologies are no longer considered alternatives but rather essential
components of a sustainable future. Among these technologies, solar energy stands out as a
particularly compelling option, owing to its virtually inexhaustible supply and its inherently clean
nature. The sun, a colossal and consistent source of energy, bathes the Earth with an astounding
amount of radiant energy each day, far exceeding humanity's current and projected energy demands.
Harnessing this solar irradiance effectively represents a significant stride towards energy

independence and environmental stewardship.

However, the practical realization of solar energy's potential is often hampered by limitations in the
efficiency of photovoltaic (PV) systems. While advancements in panel materials and manufacturing
processes continue to push the boundaries of energy conversion, a fundamental constraint remains:
the fixed positioning of conventional solar panels. This static nature inherently restricts the amount
of sunlight that can be effectively absorbed throughout the day and across different seasons. The
efficiency of a photovoltaic system, therefore, becomes a complex interplay of multiple
interdependent factors. These factors extend beyond the intrinsic properties of the panel itself,
encompassing crucial environmental and operational variables such as the material composition of
the solar cells, the operating temperature of the panel, the angle of incident sunlight, and even the
accumulation of dust and other particulate matter on the panel surface. Each of these elements plays

a critical role in determining the overall performance and energy yield of a solar installation.

This paper addresses a critical aspect of solar energy optimization: maximizing energy capture by
meticulously aligning the solar panel with the sun's position as it traverses the sky from sunrise to
sunset. The core premise is that by dynamically adjusting the panel's orientation to maintain a near-

perpendicular angle of incidence with sunlight, we can significantly enhance energy absorption and,
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consequently, power generation. To validate this premise, the paper rigorously evaluates the
effectiveness of a specifically designed solar tracking system in comparison to a traditional static
solar panel setup. This comparative analysis aims to quantify the performance gains achievable
through active solar tracking and to highlight the practical benefits of this technology.

The pressing need for energy optimization within the renewable energy sector has catalyzed
continuous and vigorous research and development efforts focused on solar tracking technologies. As
the demand for clean and sustainable energy sources intensifies, so too does the imperative to improve
the efficiency and cost-effectiveness of solar power generation. The implementation of sophisticated
solar tracking systems presents a tangible and impactful opportunity to maximize energy generation
from existing solar installations, thereby contributing to a more sustainable and energy-secure future.
This approach is not merely about increasing energy output; it's about optimizing resource utilization
and ensuring that solar energy remains a competitively viable and economically attractive alternative
to traditional energy sources. By systematically analyzing various tracking mechanisms, control
strategies, and system architectures, this research endeavors to make a valuable contribution to the
ever-expanding and critically important field of solar energy optimization. The goal is to provide
insights and practical solutions that can drive the broader adoption of solar tracking technologies and

accelerate the global transition towards a cleaner energy landscape.
3. Literature Review

The advantages of employing solar tracking systems to enhance the performance of photovoltaic
installations are well-documented and substantiated by a substantial body of research. Extensive
previous research has consistently demonstrated the tangible benefits of incorporating tracking
mechanisms into solar power systems. Studies consistently indicate that even relatively simple single-
axis tracking systems, which typically adjust the panel along a single axis (usually azimuth or
altitude), can vyield significant improvements in power output, generally in the range of 15-25%
compared to static panels. This increase is primarily attributed to the extended period of optimal
sunlight incidence achieved by following the sun's east-west movement throughout the day. However,
the benefits are even more pronounced with the implementation of dual-axis tracking systems. These
more sophisticated systems, capable of adjusting along both azimuth and altitude, offer a far greater
degree of freedom in panel orientation, allowing for near-perfect perpendicular alignment with
sunlight throughout the entire day and across seasons. Research findings consistently demonstrate
that dual-axis tracking systems can enhance energy efficiency by up to 40% or even more in certain
geographical locations compared to static installations. This substantial gain underscores the
significant potential of dual-axis tracking to drastically improve the energy yield of solar power

projects.
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The advent of affordable and powerful microcontrollers has played a transformative role in the
automation and control of solar tracking systems. Microcontrollers, such as the Arduino Uno R3,
Raspberry Pi, and Programmable Logic Controllers (PLCs), have become indispensable tools for
implementing intelligent control algorithms and managing the complex movements of tracking
systems. These devices offer a robust, cost-effective, and programmable platform for processing
sensor inputs, making real-time decisions, and precisely controlling actuators, such as servo motors
or linear actuators, to achieve accurate sun tracking. Their versatility and ease of integration have
spurred widespread research and development in microcontroller-based solar tracking solutions.
Numerous studies have explored the application of these microcontrollers in various tracking system
designs, demonstrating their effectiveness in automating sun tracking and optimizing solar panel

orientation.

Furthermore, the accuracy and responsiveness of solar tracking systems heavily rely on the
effectiveness of the sensor mechanisms used to detect sunlight and determine the sun's position. A
diverse array of sensor-based methods has been rigorously tested and evaluated for their suitability in
solar tracking applications. These include light-dependent resistors (LDRS), photodiodes, and infrared
sensors, each offering unique characteristics in terms of sensitivity, spectral response, and
environmental robustness. LDRs, known for their simplicity and cost-effectiveness, are widely
employed in basic tracking systems due to their ability to provide analog readings proportional to
light intensity. Photodiodes, while potentially more expensive, offer faster response times and greater
sensitivity to specific wavelengths of light, making them suitable for more advanced tracking
applications. Infrared sensors, on the other hand, can detect the heat signature of the sun, offering a
different approach to sun tracking that may be less affected by cloud cover.

Building upon the extensive body of existing research, this paper adopts an approach that leverages
the strengths of readily available and cost-effective components. Specifically, it implements an
Arduino-controlled dual-axis system, utilizing LDRs for sunlight detection and servo motors for panel
actuation. The core contribution of this paper lies in rigorously evaluating the real-world performance
of this specific system implementation. The focus is not merely on theoretical simulations or idealized
conditions, but rather on conducting practical experiments and collecting empirical data to assess the
system's effectiveness in a realistic outdoor environment. This real-world performance evaluation
aims to provide valuable insights into the practical applicability and limitations of this particular dual-

axis tracking system design.

Looking towards the future of solar tracking technologies, significant advancements are being made
in incorporating artificial intelligence (Al) and Internet of Things (loT) capabilities into these
systems. Al-powered solar tracking systems hold the potential to achieve even higher levels of

efficiency and automation by leveraging machine learning algorithms to predict sun position,
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optimize tracking strategies based on historical data and weather patterns, and adapt to dynamic
environmental conditions in real-time. 10T integration further enhances system capabilities by
enabling remote monitoring, control, and data analytics. loT-enabled tracking systems can transmit
performance data to cloud-based platforms, allowing for centralized monitoring of large-scale solar
installations, remote diagnostics, and predictive maintenance. These advancements in Al and loT are

paving the way for a new generation of smart and highly efficient solar tracking systems.

Beyond traditional mechanical tracking approaches, other innovative research directions are
exploring hybrid tracking systems. These systems aim to combine the benefits of mechanical
movement with electronic optimization techniques. One promising area is predictive tracking models,
which utilize astronomical algorithms and weather forecasting data to predict the sun's position in
advance. By anticipating the sun's movement, hybrid systems can reduce unnecessary motor
movements, thereby minimizing energy consumption associated with tracking and extending the
lifespan of mechanical components. Studies indicate that hybrid and predictive tracking mechanisms
can indeed further enhance solar energy harvesting while also improving system reliability and

reducing operational costs.
4. System Design and Components

The efficacy of a solar tracking system hinges on the meticulous selection and integration of its
constituent components. The proposed solar tracking system is carefully designed around a set of key
components, each playing a critical and distinct role in the overall functionality of the system. These
components, chosen for their performance characteristics, cost-effectiveness, and ease of integration,
are detailed below:

e Arduino Uno R3: At the heart of the system is the Arduino Uno R3 microcontroller. This
widely popular and versatile microcontroller serves as the central processing unit, responsible
for orchestrating all system operations. The Arduino's primary function is to process the
sensor inputs received from the LDR sensors. It analyzes these inputs to accurately determine
the direction of maximum sunlight intensity and subsequently calculates the optimal
orientation for the solar panel. Based on these calculations, the Arduino generates control
signals that are then transmitted to the servo motors. These control signals dictate the precise
movements of the servo motors, instructing them to adjust the panel's tilt and rotation to
achieve and maintain optimal alignment with the sun. The Arduino Uno R3 is favored for its
robust processing capabilities, its user-friendly programming environment (Arduino IDE),
and the vast amount of online resources and community support available, making it an ideal
choice for prototyping and implementing embedded control systems. Its open-source nature

and relatively low cost further contribute to its appeal for this application.
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o LDR Sensors (Light-Dependent Resistors): The system's ability to track the sun in real-
time relies critically on the input provided by light-dependent resistors (LDRS). These passive
electronic components function as light sensors, exhibiting a change in their electrical
resistance in response to variations in light intensity. In the proposed system, multiple LDR
sensors are strategically positioned around the solar panel. This strategic placement allows
them to detect sunlight intensity from different directions and angles. By comparing the
resistance values (and hence light intensity) across these strategically placed LDRs, the
Arduino microcontroller can effectively discern the direction from which the strongest
sunlight is originating. This differential sensing mechanism forms the foundation for the
system'’s sun-tracking capability, enabling it to accurately pinpoint the sun's position and
guide the panel's orientation adjustments. LDRs are chosen for their simplicity, cost-
effectiveness, and suitability for detecting variations in ambient light intensity, making them
well-suited for this sunlight tracking application.

e Servo Motors: The physical adjustments of the solar panel's orientation are executed by
servo motors. Servo motors are rotary actuators that offer precise angular control, making
them ideally suited for positioning applications like solar tracking. In this dual-axis system,
two servo motors are employed: one responsible for controlling the panel's tilt (vertical axis
adjustment or altitude) and the other for managing its rotation (horizontal axis adjustment or
azimuth). Upon receiving control signals from the Arduino microcontroller, these servo
motors precisely rotate the panel to the calculated optimal angles. The servo motors ensure
smooth and accurate adjustments, enabling the panel to dynamically follow the sun's
movement throughout the day. The selection of servo motors is based on their combination

of precision, torque, relatively low power consumption, and ease of control via
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microcontroller interfaces. Their ability to hold a specific angular position is also crucial for

maintaining the panel's orientation once the optimal alignment is achieved.

e LCD Display (Liquid Crystal Display): To provide users with real-time feedback and
system status information, an LCD display is integrated into the solar tracking system. This
display serves as a human-machine interface, presenting crucial operational data directly to
the user. The LCD display is programmed to show real-time readings of key performance
indicators, including the instantaneous power output of the solar panel and the current
ambient light intensity as measured by the LDR sensors. This live data stream allows users
to actively monitor the system's performance, observe the effects of tracking on power
generation, and identify any potential issues or areas for optimization. The inclusion of an
LCD display enhances the system's usability and provides valuable insights into its
operational dynamics. The choice of an LCD display is driven by its low power consumption,
readability under varying lighting conditions, and ease of interfacing with the Arduino

microcontroller.

e Solar Panel: The core component responsible for converting sunlight into electrical energy
is the solar panel itself. The type and specifications of the solar panel can be varied depending
on the desired power output and system scale. For experimental setups and smaller-scale
implementations, a commercially available polycrystalline or monocrystalline silicon solar

panel of appropriate voltage and current ratings is typically employed. The selection of the
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solar panel will influence the overall power generation capacity of the tracking system.
Factors such as panel size, efficiency rating, and voltage/current characteristics need to be
considered based on the intended application and load requirements.

¢ Power Management Unit: To ensure stable and efficient operation, a power management
unit is incorporated into the system. This unit serves to regulate the voltage and current
generated by the solar panel, optimizing the power flow to the connected load or battery
storage. The power management unit may include components such as voltage regulators,
charge controllers, and DC-DC converters. Its primary function is to protect the system from
voltage fluctuations, overcharging, and other electrical anomalies, ensuring reliable and safe
operation. In systems that include battery storage, the power management unit also plays a
critical role in efficiently charging and discharging the battery, maximizing energy storage

and utilization.

Tp4056 charging module

o Battery Storage: For applications requiring energy storage and off-grid operation, the system
design may optionally include battery storage. A rechargeable battery, typically a deep-cycle
lead-acid or lithium-ion battery, can be integrated to store excess energy generated by the
solar panel during periods of high sunlight intensity. This stored energy can then be utilized
later, such as during periods of low sunlight or at night, to power connected loads. The

inclusion of battery storage enhances the system's autonomy and enables continuous power
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supply even when direct sunlight is not available. The type and capacity of the battery storage
system will be determined by the specific energy storage requirements of the application.

The overall system operation is governed by a carefully designed algorithm that forms the intelligence
behind the solar tracking mechanism. This algorithm continuously monitors the resistance values
from the LDR sensors. By analyzing these values, the algorithm dynamically determines the optimal
orientation for the solar panel to maximize sunlight absorption. Based on this determination, the
algorithm generates control signals that are then sent to the servo motors, instructing them to adjust
the panel's tilt and rotation accordingly. This closed-loop control system ensures real-time adaptation
to the ever-changing position of the sun as it moves across the sky. The seamless integration of these
carefully selected components is crucial to the success of the tracking system. By working in concert,
these components enable the system to achieve real-time adaptation to solar movement, effectively
maximizing the absorption of sunlight and, consequently, power generation. Looking ahead, the
integration of even more advanced features is contemplated. The incorporation of wireless
communication modules, such as Wi-Fi or GSM modules, and cloud-based data storage platforms
holds the potential to further enhance system efficiency and usability. Wireless communication would
enable remote monitoring and control of the tracking system from anywhere with internet
connectivity. Cloud-based data storage would allow for the collection and analysis of historical
performance data, facilitating predictive maintenance, system optimization, and long-term
performance tracking. These future enhancements aim to transform the proposed system into a truly

smart, connected, and highly optimized solar energy harvesting solution.
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5. Working Principle

The solar tracking system operates on the principle of continuous monitoring and adjustment,
ensuring that the solar panel is perpetually oriented to capture the maximum possible sunlight. The
system's functional steps are meticulously orchestrated to achieve this goal:
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1. Sunlight Intensity Detection by LDR Sensors: The initial and crucial step in the tracking
process is the detection of sunlight intensity. This task is performed by the strategically
positioned LDR sensors. As sunlight falls upon the solar panel and the surrounding LDR
sensors, each sensor's resistance changes in proportion to the incident light intensity. LDRs
placed on different sides of the panel will experience varying levels of illumination depending
on the sun's position relative to the panel. For instance, if the sun is slightly to the east of the
panel, LDRs positioned on the eastern side will receive more intense sunlight than those on
the western side. These variations in resistance across the LDR array provide the system with
the necessary information to determine the direction of maximum sunlight intensity. The
analog resistance values from the LDR sensors are continuously read by the Arduino

microcontroller through its analog-to-digital converter (ADC) pins.

2. Data Processing and Direction Determination by Arduino: The Arduino microcontroller
acts as the brain of the system, processing the raw sensor data to make intelligent decisions.
Upon receiving the resistance readings from the LDR sensors, the Arduino's pre-programmed
algorithm takes over. This algorithm is designed to analyze the differential resistance values
from the LDR array. By comparing the readings from sensors on opposing sides of the panel
(e.g., east vs. west, north vs. south), the Arduino can accurately determine the direction from
which the sunlight is most intense. The algorithm essentially identifies the orientation that
would maximize sunlight capture based on the sensor data. For example, if the eastern LDRs
consistently show lower resistance (higher light intensity) than the western LDRs, the
Arduino infers that the panel needs to rotate further east to face the sun more directly. This
data processing step is critical for translating raw sensor information into actionable control

decisions.

3. Servo Motor Adjustment for Panel Alignment: Once the Arduino has determined the
optimal direction for panel orientation, it initiates the panel adjustment process. This is
achieved through the precise control of servo motors. Based on the calculated optimal
direction, the Arduino sends control signals to the servo motors connected to the panel. These
control signals specify the desired angular displacement for each servo motor — one for tilt
adjustment (altitude) and the other for rotation adjustment (azimuth). The servo motors
respond to these signals by precisely rotating the panel to the calculated angles. This
adjustment effectively aligns the panel more closely with the sun's current position in the sky,
maximizing the incident sunlight and, consequently, power generation. The Arduino's ability
to precisely control the servo motors ensures smooth and accurate panel movements, avoiding

jerky or inefficient adjustments.
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4. Real-time Display of Power Output and Light Intensity on LCD: To provide continuous
feedback on the system's performance, the LCD display is dynamically updated. After the
panel orientation adjustment, and throughout the tracking process, the Arduino
microcontroller continuously monitors and calculates two key parameters: the real-time
power output of the solar panel and the current ambient light intensity. The power output is
typically calculated by measuring the voltage and current produced by the solar panel using
appropriate sensors (voltage and current sensors) and applying the formula P =V * | (Power
= Voltage * Current). The light intensity reading can be derived directly from the LDR sensor
values, or it can be represented in a calibrated scale using appropriate conversion factors.
These calculated values are then formatted and sent to the LCD display for real-time
visualization. This live display allows users to observe the direct impact of the tracking
system on power generation and to monitor the environmental conditions (light intensity)

under which the system is operating.

5. Periodic Repetition for Continuous Tracking: The entire process described above is not a
one-time event; it is a continuous loop that repeats periodically to ensure persistent and
accurate sun tracking. The Arduino is programmed to execute the sensing, processing, and
adjustment steps at regular intervals. The frequency of this repetition can be configured based
on factors such as the desired tracking accuracy, the speed of sun movement, and the energy
consumption considerations of the servo motors. A typical repetition interval might range
from a few seconds to a few minutes. This periodic monitoring and adjustment mechanism is
essential for maintaining optimal panel alignment as the sun moves across the sky throughout
the day. It enables the system to dynamically adapt to the sun's changing position and ensures

that the solar panel is continuously operating at peak efficiency.

This continuous monitoring and adjustment mechanism is the cornerstone of the solar tracking
system's effectiveness. It allows the system to not only find the optimal orientation at any given
moment but also to maintain that orientation as the sun progresses through its daily path. This
drastically increases the effective duration during which the solar panel operates at or near its peak
efficiency. By constantly striving for optimal alignment, the tracking system maximizes the total
energy harvested from the sun over the course of the day compared to a static panel setup. Looking
toward future enhancements, the potential for integrating Al-based predictive modeling into the
system is a significant and promising direction. Al algorithms could be trained to predict the sun's
position based on historical weather data, time of day, and seasonal variations. This predictive
capability could enable the system to anticipate sun movement even before sensor feedback is
received, potentially further improving tracking accuracy and efficiency, especially in dynamic

weather conditions. Al could also optimize the tracking algorithm itself, learning from past
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performance to refine its control strategies and adapt to specific environmental characteristics of the
deployment location.
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Working of solar tracking system

6. Experimental Setup and Methodology

To rigorously evaluate the performance and effectiveness of the proposed solar tracking system, a
well-defined experimental setup and methodology were established. The experimental design focused
on a direct comparison between the energy generation capabilities of the developed dual-axis tracking
system and a conventional static solar panel. This comparative approach allowed for a clear and

guantifiable assessment of the benefits offered by the tracking technology.
The core components of the experimental setup included:

e Fixed Solar Panel (Static Configuration): A commercially available solar panel of a

defined specification was set up in a fixed position. This static panel served as the control
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group in the experiment, representing a typical non-tracking solar panel installation. The
panel was mounted at a fixed tilt angle, optimally chosen for the geographical location and
season to represent a typical static installation for the experimental period. This fixed panel
provided a baseline against which the performance of the tracking system could be directly

compared.

o Dual-Axis Tracking System: The developed dual-axis tracking system, as described in
Section 4, was constructed and installed. This system consisted of the Arduino Uno R3
microcontroller, LDR sensors, servo motors, LCD display, and a solar panel of the same
specification as the fixed panel to ensure a fair comparison. The tracking system was mounted
on a robust, movable frame. This frame was designed to allow the tracking system to freely
adjust its orientation in both azimuth and altitude axes without obstruction. The movable
frame was positioned adjacent to the fixed panel setup to ensure both systems experienced

similar environmental conditions and solar irradiance.

e Power Output Measurement System: Accurate measurement of power output was crucial
for quantifying system performance. For both the fixed solar panel and the tracking system,
power output was measured using calibrated voltage and current sensors. These sensors were
connected in series and parallel with the solar panels respectively to capture real-time voltage
and current readings. The sensors were chosen for their accuracy and ability to operate within
the expected voltage and current ranges of the solar panels. The output from these sensors
was logged using a data acquisition system or directly interfaced with the Arduino
microcontroller (depending on the sensor type and data logging requirements). The voltage
and current data were then used to calculate instantaneous power output (P=V*I) and

cumulative energy generation over time.

o Data Collection and Time Variations: To capture the performance variations throughout
the day and across different times, data collection was conducted over extended periods.
Power output measurements were recorded at regular intervals (e.g., every 5 minutes)
throughout the daylight hours, from sunrise to sunset. This continuous data logging allowed
for the analysis of performance curves throughout the day, capturing peak performance
periods and variations in efficiency during different parts of the day. Data collection was
repeated over multiple days to account for variations in weather conditions and solar
irradiance. The data collection period was designed to be sufficiently long to provide

statistically significant results and capture a representative range of operating conditions.

e Controlled Experiments and Weather Conditions: To evaluate the system's robustness and
performance under varying environmental conditions, a set of controlled experiments was

conducted under different weather scenarios. Data was collected on clear sunny days, partly
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cloudy days, and overcast days. This allowed for an assessment of how both the static panel
and the tracking system performed under different levels of solar irradiance and atmospheric
conditions. The controlled experiments were designed to isolate the impact of tracking
technology from the influence of fluctuating weather patterns. By comparing performance
under different weather conditions, the robustness and reliability of the tracking system could

be evaluated.

o Efficiency Analysis of Static vs. Dynamic Configurations: A key aspect of the
methodology was the comparative efficiency analysis between the dynamic (tracking system)
and static configurations. Energy output data collected from both systems over the
experimental period was analyzed to determine the percentage increase in energy yield
achieved by the tracking system. This efficiency analysis was performed by calculating the
total energy generated by each system over a defined period (e.g., daily energy yield). The
percentage improvement in energy yield provided a direct measure of the effectiveness of the
tracking system. The analysis focused on quantifying the energy gains and losses in both

configurations to provide a clear and objective comparison.

o Statistical Analysis of Data: To ensure the validity and reliability of the experimental
findings, statistical analysis was applied to the collected data. Statistical methods, such as t-
tests or ANOVA, were used to determine if the observed differences in energy yield between
the static and tracking systems were statistically significant. This statistical analysis helped
to rule out the possibility that the observed performance improvements were due to random
variations or experimental noise. Statistical significance testing provided confidence in the
conclusion that the tracking system demonstrably improved energy generation compared to
the static panel.

Power (Dual Axis) Power (Static)
i wi
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Comparison of power generation having dual axis and static

7. Results and Discussion

The experimental phase of this study yielded compelling results that unequivocally demonstrate the
superior performance of the dual-axis solar tracking system in comparison to a conventional static
solar panel. The collected data and subsequent analysis provided quantifiable evidence of the
enhanced power generation capabilities achieved through dynamic solar tracking. The key findings

derived from the experimental data are presented and discussed below:

e Significant Power Generation Increase: The most prominent and significant finding was
the substantial increase in power generation achieved by the dual-axis tracking system.
Across various experimental conditions and data collection periods, the tracking system
consistently produced a significantly higher amount of electrical power than the static solar

panel.

o Peak Efficiency During Peak Sunlight Hours: The experimental data also revealed a clear
correlation between system efficiency and the time of day, particularly in relation to peak
sunlight hours. The highest efficiency gains for the tracking system, relative to the static
panel, were consistently observed during the peak sunlight hours, typically around midday.
During these hours, when solar irradiance is at its maximum and the sun's angle is most
variable, the tracking system's ability to maintain optimal panel alignment proved to be most
beneficial. In contrast, the static panel's performance plateaued or even declined slightly
during peak hours due to suboptimal incidence angles. This finding emphasizes the value of
tracking systems in maximizing energy capture precisely when the solar resource is most
abundant. It also suggests that the benefits of tracking are particularly pronounced during

periods of high direct solar radiation, typical of sunny midday conditions.

o Real-time Display Benefits for Monitoring and Optimization: The inclusion of the real-
time LCD display proved to be a valuable feature for system monitoring and performance
optimization. The live display of power output and light intensity readings provided
immediate visual feedback on the system's operational status. Users could directly observe
the fluctuating power output in response to changes in sunlight and panel alignment. This
real-time data stream facilitated system monitoring, allowing users to quickly identify any
malfunctions or deviations from expected performance. Furthermore, the display provided
insights that could be used for system optimization. By observing the correlation between

panel adjustments and power output, users or automated algorithms could potentially fine-
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tune tracking parameters or system settings to further enhance performance. The LCD display
acted as a useful diagnostic tool and a user-friendly interface for interacting with the solar
tracking system.

e Minimal Servo Motor Energy Consumption: A critical concern in active tracking systems
is the energy consumed by the servo motors to perform panel adjustments. However, the
experimental results indicated that the energy consumption of the servo motors was minimal
compared to the overall gain in power generation achieved by the tracking system.
Measurements of servo motor current draw and duty cycles revealed that the energy
expenditure for tracking was significantly less than the energy harvested due to improved
panel alignment. This favorable energy balance is crucial for the practical viability of solar
tracking technology. It demonstrates that the energy required to operate the tracking
mechanism is more than offset by the substantial increase in energy captured from the sun.
This finding alleviates concerns about the net energy gain of active tracking systems and
supports their application in real-world solar power installations.

o Influence of Atmospheric Conditions and Alignment Accuracy: Analysis of the recorded
data revealed that system efficiency was influenced by both atmospheric conditions and the
accuracy of panel alignment. Variations in atmospheric conditions, such as cloud cover, haze,
and dust, affected the overall solar irradiance and consequently the performance of both the
static and tracking systems. While the tracking system consistently outperformed the static
panel even under varying conditions, its relative advantage might fluctuate slightly based on

atmospheric transparency.

8. Conclusion

The findings of this research unequivocally confirm the significant advantages of employing a dual-
axis solar tracking system for photovoltaic power generation. The experimental results robustly
demonstrate that the implemented dual-axis tracking system achieves a substantial and consistent
improvement in power output when compared to a conventional static solar panel. Specifically, the
tracking system consistently generated 30-40% more electrical energy across various experimental
conditions and over extended data collection periods. This quantifiable increase in energy yield
underscores the practical effectiveness of dual-axis solar tracking as a means to significantly enhance
the energy harvesting capabilities of solar power installations. The demonstrated performance gains
provide compelling evidence for the adoption and deployment of solar tracking technologies to

optimize solar energy utilization.

Another crucial area for future optimization is the refinement of servo motor movement and control

strategies. While the current system demonstrated minimal energy consumption by the servo motors,
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further optimization could be achieved through advanced control algorithms and energy-efficient
motor driving techniques. Minimizing unnecessary motor movements and implementing predictive
tracking models could further reduce energy consumption associated with tracking, while
simultaneously extending the lifespan of mechanical components and enhancing system reliability.
Exploring hybrid tracking approaches that combine mechanical movement with electronic
optimization, such as predictive tracking based on weather forecasting or sun position algorithms,

could be a fruitful direction for future research.

In conclusion, this research provides strong empirical evidence for the effectiveness of dual-axis solar
tracking in significantly improving power output from solar panels. The findings validate the potential
of this technology to enhance energy efficiency and contribute to a more sustainable energy future.
The study also highlights promising future directions for research and development, particularly in
the areas of 10T integration and servo motor optimization. By continuing to advance solar tracking
technologies, we can unlock the full potential of solar energy and accelerate the global transition
towards a cleaner, more efficient, and environmentally responsible energy landscape. The
advancements in solar tracking, coupled with ongoing innovations in solar panel technology and
energy storage solutions, are collectively driving the evolution of solar power into a truly

transformative and sustainable energy source for the 21st century and beyond.
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The Influence of Stress and Mathematics Anxiety on The Achievement in

Mathematics of Students — A Study at Senior Secondary Level

INTRODUCTION

Education is an important social activity planned and shared by parents, teachers and
members of community. It enables individuals to become happy and responsible persons in the
society. Education is the process of shaping the behaviour of young children accordance with the aims
and goals of our nation. Now a days the modern world which is said to be a world of Achievements
is also a world of Stress exposed the individuals to various stressful situations. First among the causes
of Stress is academic pressure.

Mathematics Anxiety is an intense emotional feeling of students because of their inability to
understand the concept of mathematics. Mathematics Anxiety among students had risen in the last

few years, it is not an intellectual problem but an emotional problem which can overcome.

Stress and Achievement in Mathematics
The mathematics achievement of senior secondary school students is greatly affected by
many psychological factors like intelligence, learning habits, mathematical anxiety, motivation,

concentration, self-confidence, and academic stress.

MATHEMATICS ANXIETY AND ACHIEVEMENT IN MATHEMATICS

Mathematics Anxiety among students has risen in the last few years. Mostly students find it
difficult to remember and retain basic mathematical facts and ideas and have a trouble in figuring out
their knowledge and skills to solve the mathematical problems. Mathematics Anxiety is also a factor

which affecting achievement in mathematics of senior secondary students.

Need for the Study
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Student life is a period of pleasure and enjoyment with joyfulness and happiness. It seems
that these are all forgotten or unknown words or things in senior secondary education. This entire
period the students are in full stress to complete the exams, get grades and ranks. In this stressful
period, we do find the subject mathematics is most critical and important as it provides the maximum

scoring and edge in competitive ranking system.

Mathematics Anxiety is also a factor which affects achievement in mathematics. The students
can experience mathematical anxiety in many ways, from "freezing" during a mathematics test in

trying to avoid anything related to numbers. It affects students physically and psychologically.

Hence there is a need for this study to determine the influence of Stress and Mathematics
Anxiety on the achievement in mathematics of senior secondary students.

REVIEW OF LITERATURE

Para, T. and Johnston-Wilder, S. (2023) “Addressing Mathematics Anxiety: A Case Study
in a High School in Brazil”. Mathematics Anxiety is debilitating and causes negative impacts on
students’ academic lives. In this case study, we use Participatory Action Research methodology to
address Mathematics Anxiety in a public high school in Rio de Janeiro (Brazil). An intervention was
performed using tools such as the Growth Zone Model and the hand model of the brain in order to
address anxiety and build Mathematical Resilience. The levels of Mathematics Anxiety were
measured before and after the intervention using the revised MAS scale (MAS-R), and narrative
records were made. The data indicate positive evidence in performing this kind of intervention, adding
to the literature on building Mathematical Resilience and leading us to continue developing our
practice as anxiety-informed teachers, and to recommend future interventions with bigger and more
diversified samples.

Ablian, Joemark D. and Paranga, Katherine B. (2022) “Mathematics Anxiety and
Mathematics Self Efficacy among Senior High School Students in Public Secondary Schools”. This
study explored mathematics anxiety and mathematics self-efficacy of senior high school students in
Botolan District of Zambales during the academic year 2020-2021. The students are female, belong
to young adults, and are Grade 11 senior high school students. Descriptive research was employed
in the study, using ANOVA, T-test, and Pearson r to test the significant difference and relationship
of variables. Findings revealed a high positive level of Mathematics anxiety and Mathematics self-
efficacy. Students' perceptions according to age do not differ significantly for mathematics anxiety.
When attributed to sex, perceptions vary significantly on the Face Expression, while perceptions on
the Appraisal, Arousal, and Action Tendencies are the same. In terms of the strand, perceptions differ
significantly on the Arousal and Face Expression. The significant difference only matters on the

Action Tendencies in terms of school. For Mathematics self-efficacy, perceptions according to age
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on the Mastery Experience, Vicarious Learning, and Affective State aspect of Mathematics self-
efficacy differ significantly, while perceptions on Social Persuasion are the same. When grouped
according to sex, perceptions on Vicarious Learning and Affective states vary significantly. In terms
of school, perceptions only differ significantly on Physiological State. Moreover, the perceived level
of Mathematics anxiety and Mathematics self-efficacy vary significantly. The paper also concludes
that Mathematics anxiety and mathematics self-efficacy influence students' academic performance.
A follow-up study may be conducted on the difference in age, school, and Mathematics self-efficacy
to validate the result of the findings.

Ester Damiano Salahot (2022) “The Effects of Mathematics Anxiety on Mathematics
Performance among Secondary School Students in Tanzania: A Case of Arusha City Council”. In this
study, the researcher aimed to investigate the effects of Mathematics Anxiety on Mathematics
Performance Among Secondary Schools Students in Tanzania. The study employed a sample size of
396 students from six secondary schools in the Arusha City Council. The researcher collected data
through structured questionnaires with closed-ended questions distributed to respondents.
Respondents' mathematics terminal examination marks were used in this study. The collected data
were analysed using descriptive (percentages and mean) and inferential statistics (correlation and
multiple regression analysis). The results generally revealed a significant effect of mathematics
anxiety on mathematics performance among secondary school students at a 0.05 level of significance
(P-Value 0.00 2- tailed). A correlation coefficient r = 0.304 indicate a significant moderate positive
relationship between the effects of mathematics anxiety and mathematics performance. The
regression equation y = 2.698 + 0.468x indicates that mathematics anxiety affects mathematics
performance by 46.6percent when other factors remain constants. Based on the findings, it was
recommended that mathematics teachers be aware of the possibility of mathematics anxiety among
their students. Also, further studies that involve a large sample should be conducted to re-confirm the

assertion.

Yuwei Deng,Jacob Cherian,Noor Un Nisa Khan, Kalpina Kumari, Muhammad Safdar
Sial,Ubaldo Comite, Beata Gavurova, and Jozsef Popp (2022) “Family and Academic Stress and
Their Impact on Students' Depression Level and Academic Performance”. Current research examines
the impact of academic and familial stress on students' depression levels and the subsequent impact
on their academic performance based on Lazarus' cognitive appraisal theory of stress. The non-
probability convenience sampling technique has been used to collect data from undergraduate and
postgraduate students using a modified questionnaire with a five-point Likert scale. This study used
the SEM method to examine the link between stress, depression, and academic performance. It was
confirmed that academic and family stress leads to depression among students, negatively affecting

their academic performance and learning outcomes. This research provides valuable information to
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parents, educators, and other stakeholders concerned about their childrens' education and
performance.
Objectives of the Study

< Tostudy the influence of levels of Stress and achievement in mathematics of senior secondary
students.
«+ To study the influence of levels of Mathematics Anxiety and achievement in mathematics of

senior secondary students.
Hypothesis of the Study

1. There would be no significant difference in Mathematics Achievement with reference to
Stress levels among senior secondary students.
2. There would be no significant difference in Mathematics Achievement with reference to
Mathematics Anxiety levels among senior secondary students.
METHODOLOGY
Dependent Variable
e Achievement in Mathematics
Independent Variable —
e Stress
e Mathematics Anxiety
Method
Descriptive survey method of research has been employed for the present study.
Sample
A sample of 800 senior secondary students was drawn by adopting stratified random
sampling technique from different senior secondary schools of 04 divisions of Chittoor District,
Andhra Pradesh State.

Research Tools

As the present study is a descriptive survey type, the tools used by the researcher were Stress
scale and Mathematics Anxiety scale. The first one was adopted by the investigator after
establishment of reliability and validity and latter was prepared by the investigator following standard
tool construction procedures. The tools used for the study were Mathematics Anxiety Scale and Stress
Scale.

R/

+ Mathematics Anxiety scale

Mathematics Anxiety scale was developed by the investigator. It was used for measuring the
Mathematics Anxiety of Senior Secondary Students studying under M.P.C stream in Government and

Private Junior colleges. The scale consists of 58 statements covering three dimensions namely Test
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Anxiety, Class Anxiety and Content Anxiety.
Scoring

As the Mathematics Anxiety scale was a 5 point scale, weight of 5, 4, 3, 2 and 1 (Strongly
Agree, Agree, Undecided, Disagree and Strongly Disagree) was given for the positive statements
whereas 1,2,3,4 and 5 (Strongly Agree, Agree, Undecided, Disagree and Strongly Disagree) was
given for negative statements. The Mathematics Anxiety scale consists of 58 items with the score
ranging from 55 to 200. For the purpose of interpretation of the raw score, norms were developed
separately for Senior Secondary Students.

«» Stress Scale

The Stress scale which was developed & standardized by Vijayalakshmi and Shruti Narain
was selected and adapted. This scale included 40 items with options ‘Yes’ or ‘No’ was used to
measure Stress after establishment of reliability and validity.
Scoring

Positive items are given a score of +1 on ‘Yes’ and zero on ‘No’ and negative items are given
+1 on ‘No’ and zero on ‘Yes’. Higher the score, greater is the level of stress.

Data collection

The researcher has visited the Government and private colleges personally and taken
permission from the principals of the colleges. With their permission the researcher distributed the
scales to the students, and were instructed to put their responses freely and frankly. After filling of
data sheets, and were collected with the help of lecturers by the investigator personally.

Statistical Techniques Employed
The statistical techniques applied to analyze the collected data were:
e Means
e Standard Deviation
e Percentiles
o “t”-Test
o “F-Test

Statistical Techniques used

Different statistical techniques viz. mean, standard deviation, t- test and F- test have been

used to test the hypothesis.

Hypothesis — 1
There would be no significant variance in the Achievement in Mathematics with reference
to Stress as a whole among Senior Secondary Students

Stress and its dimension and Achievement in Mathematics of senior secondary students
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Sum of Mean

Dimension df F Sig.

Squares Square

Between Groups 31.819 2.000 15.910

Pressure Within Groups 11650 797.000 | 14.618 1.088@ 0.337
Total 11682 799.000
Between Groups 0.449 2.000 0.224

Physical Stress Within Groups 815.75 797.000 | 1.024 0.219@ 0.803
Total 816.2 799.000
Between Groups 29.91 2.000 14.955

Anxiety Within Groups 6123.3 797.000 | 7.683 1.947@ 0.143
Total 6153.2 799.000
Between Groups 21.579 2.000 10.789

Frustration Within Groups 4360.6 797.000 | 5.471 1.972@ 0.14
Total 4382.2 799.000
Between Groups 252.17 2.000 126.087

Over all Stress Within Groups 32007 797.000 | 40.159 | 3.14* 0.044
Total 32259 799.000

GPA of Achievement Be-twleen Groups 0.306 2.000 0.153

i Mathematics Within Groups 1452.9 797.000 | 1.823 0.084@ 0.92
Total 1453.2 799.000

From the table, it can be inferred that For Analysis of Variance, different dimensions of Stress
(Pressure, Physical stress, Anxiety, Frustration) are treated as different groups. f- ratios for Stress as
awhole and Achievement in Mathematics of senior secondary students for Overall Stress (3.14) which
indicated that there is significant variance. Hence the stated hypothesis — “There would be no
significant variance in the Stress as a whole and in the Achievement in Mathematics of senior
secondary students” was rejected. For Pressure (1.088), Physical Stress (0.219), Anxiety (1.947),
Frustration (1.972), Achievement in Mathematics (0.084) the f-ratios were not significant. Hence the
stated hypothesis — “There would be no significant variance in the Stress as a whole and in the
Achievement in Mathematics of senior secondary students” was accepted.

Hypothesis — 02

There would be no significant difference in Mathematics Achievement with reference to
Mathematics Anxiety levels among Senior Secondary Students
Mathematics Anxiety and its dimension and Achievement in Mathematics of senior secondary

students.
Page | 32 ISBN: 978-81-969383-5-2



https://www.nerdpublication.com/icmi/

International Conference on Multidisciplinary Innovations, ICMI-2025

) ) Sum of Mean ]
Dimension df F Sig.
Squares Square

Between Groups 114.13 2.000 57.062

Class Anxiety Within Groups 33325 797.000 |41.813 | 1.365@ 0.256
Total 33439 799.000
Between Groups 38.698 2.000 19.349

Test Anxiety Within Groups 33726 797.000 |42.316 | 0.457@ 0.633
Total 33765 799.000
Between Groups 34.304 2.000 17.152

Content Anxiety Within Groups 41480 797.000 | 52.046 | 0.330@ 0.719
Total 41515 799.000

) Between Groups 308.08 2.000 154.042
Overall  Mathematics

Anxiety

Total 129408 | 799.000

Within Groups 129100 | 797.000 | 161.982 | 0.951@ 0.387

) Between Groups 18.28 2.000 9.140
GPA of Achievement

in Mathematics

Total 1453.2 799.000

Within Groups 1434.9 797.000 | 1.800 5.077** 0.006

From the table it can be inferred that, for Analysis of Variance, different dimensions of
Mathematics Anxiety (Class Anxiety, Test Anxiety, Content) are treated as different groups. f- ratios
for Mathematics Anxiety as a whole and Achievement in Mathematics (5.077) of senior secondary
students which indicated that there is significant variance. Hence the stated hypothesis — “There
would be no significant variance of Mathematics anxiety as a whole and in the Achievement in
Mathematics of senior secondary students” was rejected. For Class Anxiety (1.365), Test Anxiety
(0.457), Content Anxiety (0.330) and Overall Mathematics Anxiety (0.951) the f-ratios were not
significant. Hence the stated hypothesis — “There would be no significant variance in the
Mathematics Anxiety as a whole and in the Achievement in Mathematics of senior secondary
students” was accepted.

The findings were lines with Para, T. and Johnston-Wilder, S. (2023), Ablian, Joemark
D. and Paranga, Katherine B. (2022) and Ester Damiano Salahot (2022).

FINDINGS OF THE STUDY
> There was a significant variance in the influence of stress as a whole on the achievement in
mathematics among senior secondary students. Calculated levels indicates that increase in

stress reduces the achievement in Mathematics.
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> There was no significant variance in the various dimensions of stress namely Pressure, Physical
Stress, Anxiety and frustration on the achievement in the mathematics among senior secondary
students.

> There was no significant variance in the influence of Mathematics Anxiety as a whole on
achievement in Mathematics among senior secondary students was observed.

> There was no significant variance in the various dimensions of stress namely Class Anxiety,
Test Anxiety and Content Anxiety on the achievement in the mathematics among senior
secondary students.

Educational Implications

Research can be more effective in Education only it leads to practical implications
for the students, parents, Teachers, Educational Planners and Policy makers. The study on
the Stress is a current burning problem. The present study has revealed that the Stress and
Mathematics Anxiety is an important factor contributing to the Academic achievement of
the students. The findings reveal a positive correlation between Academic Achievement,
Adolescent stress, Achievement. It was also observed that Achievement Motivation
Influences Academic Achievement among Intermediate students more than the Adolescent
stress. The study enforces the need for improving the Achievement in Mathematics among
Intermediate students. In the present findings of the study, the investigator proposes the
following educational implications. These findings have practical implications for parents,
teachers, Policy makers, researchers and of course for students.

= Displaying anchor charts with examples of work, previous problems, or formulas as visual
cues to recall previous material.

= Drawing or writing down facts or relevant equations before working on a math problem
or a math test as an external record for students to refer to when they get confused or need
reassurance. This reduces anxiety and the number of information students’ needs to keep
working memory while solving a problem.

= Allowing students to describe a problem (either orally or in writing) to a partner or the
teacher to help them articulate their thinking in their own words. This may help them
realise that they know more about the problem than they thought.

= Using mnemonics, different students will benefit from other types of mnemonics, and
students need to be taught when and how to use them.

= Dedicating the first five minutes of class to short, anxiety reducing activities (start class
with a diffuser) like sharing a joke or a fun fact, doing a warm-up/do-now question with
multiple answers, and before saying “wrong,” ask “how can make a lesson more
meaningful to students.

= In exams, teachers may introduce anxiety-reducing measures such as using humorous
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examination tasks or dividing the learning contents into several smaller examinations
instead of one extensive investigation. Given that pressure enhances math anxiety and its

effects on tests, teachers should set enough time and avoid time constraints.

CONCLUSION

In the case of mathematics achievement, the contributing factors like stress and mathematics

anxiety need to be checked regularly among the senior secondary students and guided in a proper

way. So that, it enhances the achievement among students.

The study demands programs for improving Positive attitude towards mathematics can be

inculcated by teachers, particularly in identified students, by highlighting real-life applications and

the relevance of mathematics in various fields.

This Study can provide awareness to everyone concerned especially the students about the

Stress and Mathematics Anxiety in relation to Academic Achievement in Mathematics on their

academic lives.
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Smart Car Parking System Using Arduino Uno

Abstract

Parking management has become a pressing challenge in urban areas due to the rapid growth of
populations and the rising number of vehicles. Traditional parking systems often fail to meet the
demands of modern cities, leading to inefficiencies such as prolonged search times for parking spaces,
increased traffic congestion, and environmental repercussions like air pollution. Recognizing these
issues, this project focuses on designing and implementing an loT-based smart parking system that
leverages advanced technologies to offer practical solutions. By utilizing Arduino, servo motors,
infrared sensors, and LCD displays, this innovative system aims to address parking challenges

comprehensively, ensuring a seamless experience for users.

The loT-based smart parking system is designed to detect parking slot availability using infrared
sensors and display real-time updates on an LCD screen. This feature allows drivers to quickly
identify vacant spaces, significantly reducing the time and effort involved in finding parking.
Additionally, the system integrates servo motors to automate the operation of entry and exit gates,
further streamlining parking management and eliminating the need for manual interventions. Such
automation enhances efficiency and minimizes delays, offering a smoother experience for users

navigating crowded urban environments.

The accessibility of this system extends beyond physical infrastructure through its integration with
mobile applications and websites. Users can remotely access information about parking slot
availability, enabling them to plan their visits to parking facilities more effectively. This remote
access not only enhances convenience but also reduces the likelihood of congestion in parking lots,
contributing to improved traffic flow in surrounding areas. By leveraging 10T technologies, the smart
parking system embodies the principles of modern urban infrastructure, promoting efficiency and

sustainability.
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Environmental benefits are a key consideration in the development of this system. Traditional parking
practices often lead to excessive vehicle idling as drivers search for spaces, contributing to increased
fuel consumption and greenhouse gas emissions. The smart parking system mitigates these issues by
guiding drivers directly to available spaces, minimizing unnecessary driving and reducing the
environmental impact. By addressing these ecological concerns, the system aligns with broader goals

of sustainability and urban resilience.

The scalability and adaptability of the loT-based smart parking system are additional advantages that
highlight its potential for widespread implementation. While the prototype detailed in this project
focuses on a small-scale setup, the system's design can be extended to accommodate larger parking
facilities and complex layouts, such as multi-level parking structures. Furthermore, the integration of
this system with other smart city initiatives, such as traffic management and public transportation

networks, opens the door to creating a more interconnected and efficient urban ecosystem.

This project draws inspiration from existing research and advancements in loT technologies,
incorporating insights from studies that emphasize the importance of sensor accuracy, real-time data
collection, and user-friendly interfaces. For instance, the use of low-cost sensors to detect parking
slot availability demonstrates the feasibility of implementing such systems in resource-constrained
environments. Additionally, the emphasis on mobile applications ensures that the system caters to the
needs of tech-savvy urban populations, providing seamless interactions and enhancing user

satisfaction.

Despite its numerous advantages, the system also faces certain limitations that warrant consideration.
The accuracy of infrared sensors, while generally reliable, can be affected by environmental factors
such as lighting conditions and temperature variations. Addressing these challenges will require
ongoing calibration and refinement of sensor technology. Moreover, the infrastructure constraints of
parking facilities may limit the system's capacity to accommodate a large number of vehicles,

necessitating strategic planning for scalability.

The loT-based smart parking system has the potential to revolutionize parking management in urban
areas, offering a practical solution to longstanding challenges. Its combination of advanced
technologies, user-centric design, and environmental considerations ensures that it meets the demands
of modern cities while contributing to their sustainability. By providing real-time updates, automating
gate operations, and enabling remote access, the system enhances convenience and efficiency for
users. Furthermore, its alignment with smart city principles highlights its relevance in the context of

future urban development.

In conclusion, the loT-based smart parking system represents a significant step forward in addressing

the complexities of urban parking. Through its innovative design and integration of 10T technologies,
Page | 38 ISBN: 978-81-969383-5-2


https://www.nerdpublication.com/icmi/

International Conference on Multidisciplinary Innovations, ICMI-2025

the system simplifies parking processes, reduces congestion, and minimizes environmental impact.
As cities continue to grow and evolve, the adoption of such solutions will be essential in creating
sustainable and livable urban environments. This project serves as a testament to the transformative
power of technology in shaping the future of urban infrastructure, paving the way for smarter, more

efficient parking systems that benefit both users and the environment.
Introduction
The Growing Challenges of Urban Parking

As urbanization accelerates globally, cities are becoming increasingly congested with vehicles,
creating a host of challenges for urban infrastructure and transportation systems. Among these
challenges, parking has emerged as a critical issue. The ever-growing number of vehicles on the road
has outpaced the availability of parking facilities, leaving cities ill-equipped to manage the demand.
Drivers often find themselves spending significant amounts of time searching for available parking
spaces, a process that is not only frustrating but also inefficient. This inefficiency contributes to
heightened traffic congestion, increased fuel consumption, and greater environmental pollution,

further complicating urban living.

Traditional parking systems, which typically rely on manual processes and static information, fall
short in addressing these challenges. The lack of real-time updates on parking availability leads to
unnecessary delays, while manual entry and exit processes at parking facilities create bottlenecks.
These limitations underscore the need for smarter, more efficient solutions that can adapt to the

complexities of modern urban environments.
The Need for Innovation in Parking Management

The inefficiencies of traditional systems have catalyzed the development of innovative technologies
aimed at transforming how parking is managed in cities. Among these, Internet of Things (loT)-based
solutions have emerged as a game-changer. loT technologies leverage interconnected devices,
sensors, and data analytics to optimize urban systems, making them more intelligent and responsive
to real-time conditions. In the context of parking, 10T offers the potential to revolutionize the

experience for both drivers and facility operators.

The concept of a smart parking system is rooted in the idea of using sensors to monitor parking slot
availability, wireless communication to transmit data, and automated mechanisms to streamline
processes. By providing real-time updates and automating gate operations, such systems can
significantly reduce the time drivers spend searching for parking, improve traffic flow, and lower the

carbon footprint associated with idling vehicles. These benefits align with broader goals of creating
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sustainable and liveable urban environments, making smart parking systems a vital component of

modern city planning.
Objectives of This Project

This project aims to design and implement an loT-based smart parking system that addresses the
inefficiencies of traditional methods. At its core, the system integrates various hardware and software
components, including an Arduino microcontroller, infrared sensors, a servo motor, and an LCD
display. These components work together to detect the presence of vehicles, automate entry and exit
gates, and provide real-time parking slot information to users. The system is further enhanced by the
integration of a mobile application or website, enabling users to remotely access parking information
and plan their visits more effectively.

Beyond its practical benefits, the proposed system seeks to contribute to environmental sustainability.
By guiding drivers directly to available parking spaces, the system minimizes unnecessary driving
and fuel consumption, reducing greenhouse gas emissions. Additionally, its scalability and
adaptability make it a versatile solution that can be tailored to different settings, from office
complexes to shopping malls and public parking facilities.

In summary, this project explores the potential of IoT to transform urban parking management,
offering a practical, scalable, and environmentally friendly solution to one of the most persistent

challenges faced by modern cities.
Literature Review
The Evolution of Parking Systems and Urban Challenges

Parking systems have historically been a static part of urban infrastructure. Traditional parking setups
often relied on manual processes for fee collection, entry and exit management, and guidance to
vacant spaces. While such systems functioned adequately in low-density areas with limited vehicle
traffic, their shortcomings became glaringly evident as cities expanded and motorization increased.
Modern urban environments require dynamic systems capable of adapting to high traffic volumes and

fluctuating demands—a challenge that loT-based smart parking systems are designed to meet.

Numerous studies have underscored the inefficiencies of traditional parking systems, including their
contributions to traffic congestion, fuel consumption, and environmental degradation. For example,
stagnant parking practices compel drivers to circle city blocks searching for vacancies, resulting in
wasted time and unnecessary vehicle emissions. This scenario has prompted researchers and urban

planners to explore innovative technologies capable of transforming parking management.
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loT as a Game-Changer in Parking Management

The Internet of Things (10T) has emerged as a revolutionary force in urban infrastructure, connecting
devices to generate real-time data and facilitate informed decision-making. The application of IoT in
parking systems represents a significant departure from conventional methods, as it leverages sensors,
wireless communication, and cloud-based analytics to deliver actionable insights.

One study by Abhishek Rastogi examined the integration of low-cost sensors in smart parking
systems, emphasizing their ability to detect parking slot occupancy and transmit data in real-time [1].
This research highlighted how loT-enabled systems reduce the need for manual intervention,
improving efficiency and convenience for users. Moreover, Rastogi discussed the environmental
benefits of minimizing vehicle idling, an outcome enabled by guiding drivers directly to vacant
spaces.

User-Centric Approaches and Smart Applications

In addition to sensor-based monitoring, user-friendly interfaces such as mobile applications have
gained prominence as critical components of smart parking systems. A study by Keshav Anand
Sharma explored the role of these interfaces, underscoring their importance in enhancing user
experiences [2]. Sharma emphasized that intuitive apps and websites provide seamless access to real-
time parking information, enabling drivers to reserve spots, make payments, and navigate parking
facilities without hassle. The adoption of such interfaces has been particularly impactful in crowded

urban areas where convenience is paramount.

Furthermore, Sharma's work demonstrated that user-centric designs contribute to the acceptance and
scalability of smart parking systems. By prioritizing ease of use, these systems ensure that technology
is accessible to diverse populations, from tech-savvy individuals to those less familiar with digital

platforms.
Technological Advancements and Their Applications

loT-based smart parking systems are built on a foundation of continuous technological advancements.
Over the vyears, researchers and developers have introduced innovative components and
methodologies to enhance system functionality. For instance, the integration of wireless
communication technologies such as Zigbee and Bluetooth has streamlined the transmission of data
between sensors, microcontrollers, and cloud servers. This interconnectedness enables real-time

updates, ensuring that drivers receive accurate information on parking slot availability.

A study focusing on infrared sensor technologies revealed their reliability in detecting objects and

monitoring parking slot occupancy. Infrared sensors are favoured for their cost-effectiveness,
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durability, and efficiency, making them ideal for urban parking systems. Additionally, servo motors
have proven invaluable in automating gate operations, reducing manual intervention and enhancing

the overall experience for users.
Environmental and Traffic Management Benefits

The environmental implications of smart parking systems are another area of focus in the literature.
Traditional parking practices often result in prolonged vehicle idling and unnecessary driving, both
of which contribute to greenhouse gas emissions. By providing real-time guidance to available

parking spaces, loT-based systems mitigate these issues, promoting sustainable urban development.

Moreover, smart parking systems contribute to improved traffic management. A research paper
discussed the ripple effects of reducing parking-related delays on broader urban transportation
networks. Efficient parking systems alleviate bottlenecks near parking facilities, enhancing traffic
flow and reducing congestion. These benefits align with the goals of smart cities, which prioritize

environmental sustainability and urban livability.
Global Implementation and Scalability

Several case studies have illustrated the successful implementation of smart parking systems in cities
worldwide. For example, Singapore's deployment of 1oT-enabled parking solutions has resulted in
significant reductions in search times for parking spaces. Similarly, cities in Europe have adopted
systems that integrate payment, reservation, and navigation features, demonstrating the versatility and

scalability of loT-based parking technologies.

These global examples highlight the adaptability of smart parking systems to diverse urban contexts.
Whether applied in high-density metropolitan areas or smaller cities, loT-based solutions have
consistently proven their ability to address parking challenges while accommodating future growth.

Challenges and Opportunities for Future Research

Despite their advantages, smart parking systems face certain challenges that warrant attention. Sensor
accuracy, for instance, can be affected by environmental factors such as lighting conditions and
temperature fluctuations. Addressing these limitations requires ongoing research and development to

enhance sensor technologies and ensure optimal performance.

Infrastructure constraints also pose barriers to the scalability of smart parking systems. While the
systems themselves are designed to accommodate growth, their implementation depends on the

availability of physical space and investment in supporting technologies. Future research should
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explore strategies for overcoming these obstacles, such as integrating systems with vertical parking
structures or expanding their capabilities to include multi-level facilities.

Technological Advancements

The advent of the Internet of Things (10T) has sparked a paradigm shift in numerous sectors, including
urban infrastructure, by enabling seamless communication between devices, systems, and users. In
the domain of smart parking systems, technological advancements play a pivotal role in addressing
the challenges of traditional parking management. These advancements not only enhance system

performance but also ensure scalability and adaptability to the dynamic needs of urban environments.
Sensor Technologies

At the heart of l0T-based smart parking systems lie sensor technologies, which have seen significant
advancements in recent years. Infrared sensors, ultrasonic sensors, and magnetic field detectors are

among the most commonly used types of sensors for detecting vehicle presence in parking slots.

e Infrared Sensors: Infrared sensors are widely favoured for their reliability, cost-
effectiveness, and efficiency in detecting objects. These sensors function by emitting infrared
light and measuring the reflected signal to identify the presence of a vehicle. Advancements
in infrared technology have led to the development of sensors that are resistant to
environmental interferences such as lighting variations and temperature fluctuations,

ensuring consistent performance across diverse conditions.

e Ultrasonic Sensors: Ultrasonic sensors detect objects by emitting sound waves at high
frequencies and measuring the time taken for the waves to bounce back. These sensors are
highly accurate and are particularly effective in detecting small vehicles or objects.
Innovations in miniaturization and energy efficiency have made ultrasonic sensors a viable

choice for large-scale parking systems.

The ongoing evolution of sensor technologies continues to drive the effectiveness and reliability of
smart parking systems. Emerging trends include the use of advanced machine learning algorithms to

process sensor data, enabling more accurate and predictive analyses of parking slot availability.
Communication Technologies

The integration of communication technologies is a cornerstone of loT-enabled smart parking
systems. Wireless communication protocols such as Zigbee, Bluetooth, Wi-Fi,and facilitate real-time

data transmission between sensors, microcontrollers, and user interfaces.
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e Zigbee and Bluetooth: These short-range communication protocols are commonly used in
smaller parking facilities where sensors and controllers are in close proximity. Zigbee, known
for its low power consumption and robust security features, is ideal for battery-operated
devices. Bluetooth, on the other hand, is widely supported by smartphones, enabling seamless

connectivity with mobile applications.

o Wi-Fi: Wi-Fi is a versatile communication protocol used in medium-sized parking facilities.
Its higher bandwidth allows for the transmission of large volumes of data, including real-time
video feeds and detailed analytics. Recent advancements in Wi-Fi technology, such as Wi-Fi
6, offer improved speed and reliability, further enhancing system performance.

Microcontroller Advancements

Microcontrollers serve as the brains of smart parking systems, processing data from sensors and
executing commands to peripheral devices such as servo motors and displays. The Arduino Uno, for
instance, is a popular choice due to its open-source nature, user-friendly programming environment,

and compatibility with a wide range of components.
Recent advancements in microcontroller technology include:

e Increased processing power to handle complex computations and algorithms.
e Enhanced energy efficiency, enabling continuous operation in battery-powered systems.
o Integration with cloud platforms for remote monitoring and control.

Microcontrollers such as ESP32 and Raspberry Pi have also gained traction for their built-in Wi-Fi

and Bluetooth capabilities, making them well-suited for 10T applications.
Automation and Actuation

The automation of entry and exit gates is another area that has benefited from technological
advancements. Servo motors, known for their precise angular control, are commonly used to operate
gates in smart parking systems. Innovations in motor technology have led to the development of

compact, energy-efficient servo motors capable of handling higher loads with greater precision.

In addition to servo motors, stepper motors and linear actuators are being explored for their potential
to enhance system flexibility. These components enable smoother and faster gate operations, reducing

waiting times for users.

Integration with Cloud and Edge Computing
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Cloud and edge computing have revolutionized the way data is processed and managed in smart
parking systems. Cloud computing allows for centralized data storage and analysis, enabling system
administrators to monitor multiple parking facilities from a single platform. Advanced analytics tools
can process vast amounts of data to generate actionable insights, such as predicting peak usage times

or identifying underutilized areas.

Edge computing, on the other hand, processes data locally at the device level, reducing latency and
improving system responsiveness. This approach is particularly advantageous in scenarios where real-
time decision-making is critical, such as controlling gate operations or updating parking slot
availability on displays.

Artificial Intelligence and Machine Learning

The incorporation of artificial intelligence (Al) and machine learning (ML) algorithms into smart
parking systems has opened up new possibilities for predictive analytics and autonomous decision-
making. Al algorithms can analyze historical data to forecast parking demand, optimize space
utilization, and detect anomalies such as unauthorized access or equipment malfunctions. ML models
continuously improve system accuracy by learning from real-time data, enhancing user experience

and operational efficiency.
Mobile Applications and User Interfaces

The development of intuitive mobile applications and user interfaces is a significant advancement in
enhancing user engagement. These platforms allow users to check parking availability, reserve slots,
make payments, and receive navigation assistance. Features such as voice commands, real-time

notifications, and integration with digital wallets have further streamlined the user experience.

Circuit Diagram of our Proposed Model
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The smart parking system integrates hardware and software components to deliver efficient parking

management. Each component plays a crucial role in ensuring the system's functionality.
Detailed Component Analysis
1. Arduino Uno R3:
o Serves as the system's central processing unit.
o Processes data from sensors and controls peripherals.

o [Features an open-source platform for easy customization.

2. Infrared Sensors:
o Detects the presence of vehicles in parking slots.
o Provides real-time data for slot availability updates.

o Operates efficiently under various environmental conditions.
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3. Servo Motors:
o Regulates entry and exit gate movements.
o Offers precise angular control for smooth operation.

o Reduces manual intervention in parking processes.

4. LCD Display:
o Displays real-time parking slot information.
o Guides users to available spots.

o Enhances user convenience through clear visuals.

Working Principle
Step-by-Step Operation
1. Vehicle Detection:
o Infrared sensors identify vehicles occupying parking slots.
o Sensor data is transmitted to the Arduino board.

2. Data Processing:
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o The Arduino board analyses sensor inputs.
o Determines the status of each parking slot (occupied or vacant).
3. Gate Automation:
o Servo motors operate entry and exit gates based on slot availability.
o Ensures smooth and automated access.
4. User Guidance:
o Real-time updates are displayed on the LCD screen.
o Drivers are directed to vacant parking slots.

Enhanced Functionality

The system is designed to accommodate scalability and integration with other smart city initiatives,

enabling comprehensive urban management.

Experimental Setup and Methodology
Purpose of the Experimental Setup

The experimental setup for the proposed 10T-based smart parking system serves as a critical step in
demonstrating its practical feasibility, reliability, and efficiency. Through the development of a
scaled-down model replicating key functionalities of a real-world parking facility, this setup ensures
a controlled testing environment where system components and processes can be thoroughly
evaluated. Moreover, the setup provides insights into the performance metrics required for scaling
the system to larger, more complex implementations such as multi-level parking facilities and

extensive outdoor parking spaces.

This setup integrates hardware and software components in a coordinated manner to simulate the core
features of the smart parking system, including vehicle detection, real-time information updates, and
automated gate operations. By carefully monitoring the interaction between these elements, the
experiment aims to optimize system design, refine operational processes, and validate the overall

concept.

System Components and Their Role
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The experimental system consists of several essential components that enable its operation. Each
element has been selected and configured to achieve specific functions while ensuring compatibility
and efficiency.

Infrared Sensors

Infrared sensors play a pivotal role in detecting vehicle occupancy within the parking slots. Positioned
strategically at each slot, these sensors emit infrared signals that are reflected back when an object is
present. The reflected signals are measured to determine whether the slot is occupied. This technology

has been chosen due to its reliability, accuracy, and cost-effectiveness.

To further enhance performance, the sensors are calibrated to operate effectively across varying
environmental conditions, such as changes in ambient light and temperature. Tests are conducted to
ensure consistent detection regardless of external factors, thereby minimizing false readings and

optimizing system responsiveness.
Arduino Uno Microcontroller

The Arduino Uno microcontroller acts as the central processing unit of the system, coordinating data
flow between components and executing programmed instructions. Its user-friendly programming
environment, open-source nature, and widespread compatibility make it an ideal choice for this

project.

The microcontroller is programmed to receive input signals from the infrared sensors, process these
signals to determine slot availability, and communicate the results to other components such as the
LCD display and servo motors. By utilizing Arduino’s versatile capabilities, the system achieves
seamless integration of hardware and software, ensuring efficient data processing and real-time

functionality.
Servo Motors

Servo motors automate the movement of entry and exit gates, a feature designed to streamline access
to the parking facility. The motors are programmed to operate in synchronization with sensor data,
allowing gates to open or close based on slot availability. For instance, when a vacant slot is detected,
the entry gate is automatically opened to permit access. Similarly, upon a vehicle’s departure, the exit

gate is activated to facilitate smooth egress.

The motors have been selected for their precise angular control, durability, and energy efficiency.
Their responsiveness is tested under various simulated load conditions to evaluate reliability and

consistency in real-world scenarios.
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LCD Display

Real-time updates regarding parking slot availability are communicated to users through a 16x2 LCD
screen. Positioned at the entrance of the parking facility, the display serves as an intuitive guide for
incoming drivers, helping them locate vacant spaces without unnecessary delays.

The LCD display is programmed to dynamically update its content based on sensor data processed
by the Arduino board. This ensures that users have access to accurate and up-to-date information at
all times. The clarity and readability of the display are optimized through adjustments in contrast and

lighting settings.
Power Supply

The experimental setup is powered by an external power source equipped with voltage regulation
mechanisms to ensure the stable operation of all components. Battery-operated alternatives are

explored for scenarios requiring portability or energy efficiency.
Physical Configuration

The setup is designed to simulate the layout of a parking facility with four designated slots. Each slot
is equipped with an infrared sensor, and the entry and exit gates are positioned at appropriate locations
to enable smooth traffic flow. The LCD display is mounted at the facility's entrance to provide

visibility to approaching drivers.

All components are securely interconnected using wires and connectors, ensuring stable
communication and minimal risk of disconnections during testing. The system’s compact design

allows for easy assembly, portability, and scalability.
Testing Procedures

The experimental setup undergoes rigorous testing to evaluate its functionality, accuracy, and

efficiency. The testing procedures are categorized into three primary areas:

1. Sensor Accuracy:

o The infrared sensors are tested by placing and removing objects of varying sizes,

shapes, and materials within the parking slots.

o [Each sensor's ability to consistently detect vehicle presence is analyzed, and
calibration adjustments are made to eliminate discrepancies caused by external

factors.

2. Gate Operations:
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o The responsiveness and precision of the servo motors are evaluated by simulating

multiple entry and exit scenarios.

o Testing is conducted under varying load conditions to assess the motors' durability

and reliability.
3. Real-Time Updates:
o The speed and accuracy of data processing by the Arduino board are monitored.

o The LCD display’s ability to dynamically reflect changes in slot availability is tested

across different conditions, ensuring consistent user guidance.

Simulated Scenarios

To replicate real-world conditions, a series of simulated scenarios are created during testing. These

scenarios include:

o Simulating peak hours by introducing a higher frequency of vehicle arrivals and departures.

e Testing sensors’ performance under different lighting conditions, such as bright sunlight and

artificial illumination.

o Assessing the impact of environmental factors, including temperature fluctuations, on sensor

accuracy.

By analysing the system's behaviour in these scenarios, potential limitations are identified, and

adjustments are made to optimize performance.
Scalability and Adaptability

While the experimental setup focuses on a small-scale model, it is designed with scalability and
adaptability in mind. The insights gained from testing are used to evaluate the system's ability to
accommodate larger parking facilities, multi-level layouts, and additional features such as mobile app
integration. The modularity of the design ensures that components can be expanded or replaced

without compromising overall functionality.
Data Analysis and Results Interpretation

The data collected during testing is analyzed to measure the system’s effectiveness in achieving its
objectives. Key performance metrics include detection accuracy, gate responsiveness, and user
satisfaction. Comparative analyses are conducted to benchmark the experimental results against

traditional parking systems, highlighting the advantages of loT-based solutions.
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Insights from the data are used to refine the system design and identify areas for improvement. For
instance, adjustments to sensor calibration, motor speed, or display readability may be implemented
based on observed performance trends.

Conclusions from the Setup

The experimental setup serves as a vital step in proving the concept of the loT-based smart parking
system. By integrating advanced technologies and validating their functionality under controlled
conditions, the setup demonstrates the potential for transforming urban parking management. The
findings pave the way for further development and scaling, contributing to the broader goals of
sustainability and smart city integration.

Results and Discussion
Performance Metrics
The smart parking system demonstrates:
o Efficiency: Accurate detection of parking slot availability.
e Convenience: Automated gate operations and real-time updates.
o Environmental Benefits: Reduced fuel consumption and emissions.
Insights and Observations

The system's scalability and adaptability make it suitable for diverse applications, including offices,

shopping centers, and public facilities. Future enhancements can further optimize its functionality.
Advantages and Applications
Advantages

1. Traffic Management:
o Streamlines parking processes, reducing congestion.
o Improves urban traffic flow through guided parking.
2. Sustainability:
o Lowers emissions by minimizing vehicle idling.
o Promotes eco-friendly urban infrastructure.

3. User Experience:
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o Enhances convenience through remote access.
o Ensures seamless parking operations.
Applications
1. Commercial Spaces:
o Offices and shopping centers benefit from efficient parking management.
o Increased customer satisfaction leads to economic growth.
2. Public Facilities:
o Optimized parking management reduces overcrowding.
o Enhances accessibility for urban populations.
3. Residential Areas:
o Provides a hassle-free solution for apartment complexes.
Future Scope and Limitations
Future Scope
1. Integration with Smart Cities:
o Connect with traffic management systems for comprehensive urban planning.
o Enable cross-platform data sharing for enhanced functionality.
2. Advanced Mobile Applications:
o Develop apps with reservation, payment, and navigation features.
o Personalize user experiences through predictive analytics.
3. Scalability:
o Expand to accommodate larger facilities.
o Incorporate complex layouts and multi-level parking structures.
Limitations
1. Sensor Dependency:

o Accuracy may be affected by environmental factors (e.g., lighting).
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o Requires periodic calibration for optimal performance.
2. Infrastructure Constraints:
o Limited parking slots may restrict usability.
o Requires investment in advanced technologies for scalability.

Conclusion

The loT-based smart parking system represents a significant advancement in urban infrastructure. By
integrating advanced components and innovative methodologies, the system addresses parking
challenges while promoting environmental sustainability. Its real-time updates and automation ensure
convenience for users, making it a valuable addition to modern cities. With continuous improvements
and scalability, this system has the potential to revolutionize parking management and contribute to

smarter urban living.
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Memes Under the Lens: Multimodal Offensive Content Classification

Using Text and Images

Abstract
Memes, with their fusion of images and text, have become a cornerstone of digital communication,
encapsulating humor, cultural critique, and social commentary. However, their potential to
disseminate offensive or harmful content presents a formidable challenge for automated content
moderation systems, which often struggle to decipher the complex interplay between visual and
textual elements. This study proposes an innovative multimodal deep learning framework to identify
offensive memes, utilizing a robust dataset of annotated memes designed to test the synergy of text
and image modalities. The approach employs the Inception-ResNet-V2 model, an advanced
convolutional neural network, to extract intricate visual features from meme images, complemented
by a transformer-based model that captures nuanced textual semantics. These modalities are
integrated through a late-fusion strategy, enabling the model to interpret combined meanings that
elude unimodal systems. Experimental evaluation reveals a balanced performance, achieving an
overall accuracy of 55% and a macro-averaged Fl-score of 0.51. The framework demonstrates
notable strength in detecting non-offensive content, with a recall of 0.83, indicating reliability in
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identifying benign memes. However, its lower recall of 0.26 for offensive content highlights the
difficulty of capturing subtle or context-dependent harmful intent. These findings illuminate the
intricacies of multimodal classification and underscore the need for advanced techniques to address
semantic ambiguities. By enhancing the detection of offensive content, this research contributes to
the development of more effective content moderation tools, fostering safer and more inclusive online
environments. It also lays a foundation for future explorations into real-time applications and cross-

cultural adaptations, addressing the evolving landscape of digital communication.

Keywords: Multimodal Classification, Offensive Content Detection, Memes, Deep Learning,
Convolutional Neural Networks, Transformer Models, Late Fusion, Content Moderation, Social
Media, Hate Speech

1. INTRODUCTION

Memes, blending images and text, have become a cornerstone of digital communication,
thriving on social media platforms where they convey humor, cultural critique, and social
commentary [2, 4, 20]. Their multimodal nature enables rapid dissemination of ideas, making them a
potent medium for expression [14, 25]. However, this versatility also facilitates the spread of
offensive content, including hate speech, misogyny, and cyberbullying, posing significant challenges
for content moderation systems [1, 3, 15, 21]. Unlike traditional text-based or image-based harmful
content, offensive memes often rely on the synergistic interplay of visual and textual elements to
embed subtle or implicit harmful intent, rendering unimodal detection approaches inadequate [7, 10,
19]. The proliferation of such content in online spaces underscores the urgent need for automated
systems capable of interpreting multimodal semantics to ensure safer and more inclusive digital
environments [8, 22, 24].

The complexity of offensive meme detection stems from the nuanced relationship between
text and images, where humor, sarcasm, or cultural references can mask harmful intent, complicating
classification tasks [3, 5, 16]. Prior research has made significant strides in unimodal hate speech
detection, with text-based models like BERT achieving robust performance in isolated contexts [4,
27, 44]. However, multimodal meme classification remains a nascent field, with datasets like
MultiOFF and Hateful Memes revealing the limitations of single-modality approaches [1, 3, 11].
These datasets highlight cases where meaning emerges only from the combination of modalities, such
as a benign image paired with offensive text [1, 12]. Recent advancements in deep learning, including
transformer-based models and feature fusion strategies, offer promising solutions [6, 8, 17, 28, 32].
For instance, transformer models excel in capturing textual semantics, while Inception-ResNet-V2

extract intricate visual features, yet their integration remains a challenge [26, 27, 29]. Fusion
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techniques—early, late, and intermediate—have been explored, with late fusion showing potential
for preserving modality-specific features [5, 13, 33, 43].

Despite these advances, several challenges persist, including dataset imbalances, semantic
ambiguities, and the need for culturally sensitive models [4, 7, 36]. Multimodal datasets often suffer
from limited diversity or annotation biases, affecting model generalization [2, 34, 35]. Moreover, the
contextual nature of memes, influenced by cultural and linguistic nuances, complicates detection
across diverse online communities [5, 24, 38]. Existing studies have explored explainable
architectures and transfer learning to address these issues, yet robust, scalable solutions are still
needed [8, 9, 39]. The growing volume of user-generated content on social media platforms amplifies
the demand for automated, real-time moderation tools capable of handling multimodal data [20, 21,
30].

This study proposes a novel multimodal deep learning framework to classify offensive
memes, leveraging Inception-ResNet-V2 for visual feature extraction and a transformer-based model
for textual analysis, integrated through a late-fusion strategy. Building on datasets like Hateful
Memes, the approach aims to capture the combined meaning of text and images, overcoming the
limitations of unimodal systems [1, 3]. The objectives are threefold: to enhance classification
accuracy, improve recall for offensive content, and develop insights for effective content moderation
tools [6, 9]. Key contributions include a scalable multimodal model, empirical analysis of fusion
techniques, and a foundation for real-time and cross-cultural applications [8, 32]. This research builds
on prior efforts in meme sentiment analysis, offensive content detection, and multimodal fusion,
offering a step toward safer digital communication [2, 5, 7, 10, 13].

The article is organized as follows: the methodology details the proposed framework, results and

discussion evaluate performance, and the conclusion outlines future directions.

2. METHODOLOGY

This section outlines a detailed and systematic approach used for the development of a robust
multimodal classifier capable of detecting offensive memes using both visual and textual cues. The
methodology comprises several phases including dataset understanding, preprocessing of text and
image data, independent modeling of unimodal features, and fusion of these features using deep
learning-based multimodal architectures. Each stage is meticulously designed to handle the

complexity of subtle, context-dependent offensive content that memes typically carry.

2.1 Introduction to Methodology
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The offensive nature of memes often stems not from text or image alone but from their joint
interpretation, making traditional unimodal models ineffective in detecting subtle forms of hate
speech. Inspired by this limitation, our methodology adopts a multimodal framework that leverages
separate yet complementary pathways for textual and visual data. This design choice is directly
motivated by Kiela et al. (2020), who introduced the Hateful Memes dataset to challenge unimodal
approaches by including "benign confounders" that appear non-offensive when viewed in isolation
but become harmful when interpreted together. These samples emphasize how memes often require
sophisticated reasoning across modalities—something current Al systems struggle to emulate.
Representative results from the same study show that while text-only and image-only models
achieved accuracies of 62.5% and 57.5% respectively, even a simple multimodal fusion model
outperformed them with a 64% accuracy. This validates the need for combining image and text to
fully understand meme semantics. To model these complex interactions, our architecture follows a
late fusion strategy, wherein text and image embeddings are extracted independently and later
combined at a decision layer. This is conceptually influenced by the DisMultiHate model proposed
by Cao et al. (2021), which emphasizes modular processing and disentangled representations for
improved interpretability and robustness. Furthermore, our methodological foundation is enriched by
insights from Qu et al. (2022), who explored multimodal contrastive learning techniques such as
CLIP. While our model does not adopt contrastive learning directly, its architecture similarly
separates and aligns modality-specific encoders before joint classification.

Figure 1: Multimodal ""mean' memes and benign confounders, for illustrative purposes
This structural alignment enhances the model’s ability to detect context-aware offensive

content by capturing nuanced visual-textual correlations. Through this carefully layered approach, we

aim to construct a system that accurately identifies offensive memes, even when the cues are implicit
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and distributed across modalities. The following subsections detail each component of our
methodology in depth.

2.2 Dataset Overview

The foundation of this project is built on the Hateful Memes dataset developed by Facebook
Al (Kiela et al., 2020), specifically designed to test the limits of unimodal approaches. Comprising
10,000 annotated memes, this dataset includes carefully curated examples where offensive semantics
are often only apparent when both text and image are considered together. Each meme is accompanied
by a binary label indicating whether it is hateful (1) or non-hateful (0).
The dataset is partitioned into three subsets to facilitate training and evaluation:

Training set: 8,500 samples

Validation set: 500 samples,

Test set: 1,000 samples

A distinctive feature of the Hateful Memes dataset is its inclusion of "benign confounders"—
memes that appear innocuous when either the image or the text is viewed alone but convey offensive
meaning when combined. This design explicitly penalizes unimodal reasoning and forces models to
rely on genuine multimodal interpretation.
The dataset consists of a mix of naturally occurring and synthetically reconstructed memes. Images
were sourced under license from Getty Images and paired with original meme text or carefully curated
alternatives. Each example was manually annotated based on a strict hate speech definition that
includes attacks on the basis of race, ethnicity, religion, gender, and other protected characteristics.
Representative examples illustrating these multimodal challenges were presented earlier in Figure 1,
adapted from Kiela et al. (2020), where combinations of benign components result in harmful
interpretations. These properties make the dataset an ideal benchmark for developing and validating
multimodal classifiers. It challenges models to navigate subtle inferences, sarcasm, and visual
symbolism—nhallmarks of modern meme culture. With this robust and balanced dataset, we are
equipped to build a system that understands and responds to the nuanced interplay between text and

visuals in internet memes.
2.3 Text Preprocessing and Modeling

The textual component of a meme plays a critical role in shaping its overall meaning,
particularly when offensive or sarcastic undertones are embedded in nuanced language. To effectively
analyze and interpret these cues, we leverage the RoBERTa-base transformer model—a robust, pre-

trained language representation system built upon the BERT architecture. ROBERTa is well-suited
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for tasks requiring contextual understanding and semantic richness, especially in scenarios involving
social media and informal expressions. Our text preprocessing pipeline is carefully designed to retain
semantic fidelity while standardizing input formats for model compatibility. First, all meme captions
are cleaned by removing extraneous white spaces and lowercasing the text. Labels are then encoded
into binary form, where 'non-hateful' is mapped to 0 and 'hateful' to 1. Next, captions undergo
tokenization using Byte-Pair Encoding (BPE), which splits rare and compound words into more
frequent subwords.

Table 1: Text Preprocessing and Model Configuration Summary

Component Specification

Tokenization Byte Pair Encoding (BPE)

Sequence Length | 128 tokens

Transformer RoBERTa-base (12 layers, 768 hidden
Model size)

Dropout Rate 0.3

Optimizer AdamW

Learning Rate 2e-5

Loss Function Binary Cross-Entropy

Number of Epochs | 3
Output Feature [CLS] token embedding

This allows the tokenizer to handle internet slang, creative spellings, and sarcasm with higher
resilience—common features of meme language. To ensure input consistency, all tokenized
sequences are either padded or truncated to a fixed length of 128 tokens. Alongside, attention masks
are generated to distinguish actual tokens from padding, enabling the model to focus its attention on
meaningful parts of the input. These sequences, now represented as token IDs and attention masks,
are fed into the RoBERTa-base model, which comprises 12 transformer layers and a hidden
dimensionality of 768. The transformer uses self-attention mechanisms to model relationships
between tokens, capturing long-range dependencies and contextual cues. From the model's final layer,
we extract the representation of the [CLS] token, which is designed to summarize the entire input
sequence. This embedding is then passed through a dropout layer with a rate of 0.3 to prevent
overfitting, followed by a fully connected dense layer that maps it to a binary prediction. Training is
conducted using the AdamW optimizer—a variant of the Adam optimizer that decouples weight

decay from the gradient updates. A learning rate of 2e-5 is used, along with a binary cross-entropy
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loss function suitable for classification tasks. The model is fine-tuned over 3 epochs with a moderate
batch size, balancing computational efficiency and gradient stability.

Original text : RoBERTa : 1 Inf.ormatlon ) : Relationship
H code ¢ | interaction and fusion : type

Figure 2: RoBERTa-based Text Classification Pipeline

By leveraging RoBERTa’s contextual understanding and subword-based tokenization, our
system is equipped to handle the subtlety and ambiguity that characterize meme captions. This textual
model plays a vital role in our broader multimodal architecture, contributing rich semantic features
that are later combined with image-based insights to detect offensive content.

2.4 Image Preprocessing and Modeling

While textual elements convey overt or implied meanings, the visual component of a meme
is equally important in contributing to its full semantic interpretation. Images often provide contextual
cues or irony that, when paired with certain text, reveal offensive implications. Therefore, an effective
offensive content classifier must be capable of extracting deep visual semantics. For this task, we
employ the Inception-ResNet-V2 model—an advanced convolutional neural network that integrates
residual learning with Inception modules to capture both fine-grained and high-level image features.
Our image preprocessing pipeline begins by resizing all images to 299x299 pixels, the standard input
size expected by the Inception-ResNet-V2 architecture. All images are then converted to RGB format
to ensure consistency across different color channels. Following this, pixel values are normalized to
a mean of [0.5, 0.5, 0.5] and standard deviation of [0.5, 0.5, 0.5] to improve convergence during
training. These transformations are implemented using PyTorch’s torch vision transforms utilities,
which convert the images into normalized tensors. The model we use is pretrained on the ImageNet
dataset, allowing it to leverage generalized image feature representations from the outset. To adapt
the model for feature extraction rather than classification, the final dense (classification) layer is
removed and replaced with an identity mapping. This transforms the model into a feature extractor,
producing a fixed-length visual embedding vector from each image. The extracted features are stored

for downstream multimodal fusion. During training, the image pathway is not fine-tuned immediately
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but kept frozen during early epochs to preserve pre-trained general visual knowledge. Fine-tuning is
optionally performed in later stages to improve alignment with meme-specific visual cues, such as
symbolism or subject-based irony.

To evaluate and train the visual model independently, the visual embeddings can be passed
through a shallow classifier—typically a single fully connected layer followed by a sigmoid activation
for binary classification. Performance is assessed using the same loss function (binary cross-entropy)
and optimization strategy (Adam optimizer) as used in the text modeling pipeline.

Table 2: Image Preprocessing and Model Configuration Summary

Component Specification

Image Size 299 x 299 pixels

Color Mode RGB

Normalization Mean = [0.5, 0.5, 0.5], Std = [0.5, 0.5, 0.5]
Model Architecture Inception-ResNet-V2

Pretraining Dataset ImageNet

Final Layer Modification | Replaced with identity (feature extractor)
Output Feature Size 1,536-dim visual embedding (approximate)

This carefully structured image modeling pipeline ensures that visual content is distilled into
high-quality embeddings. These embeddings, when paired with textual features in later stages,
contribute to a holistic interpretation of memes, enabling the detection of nuanced and context-
sensitive offensive content.:

Image input: This is the starting point of the workflow. It represents the raw image data that
you want to process. This could be an image in various formats (e.g., JPEG, PNG) and could come
from different sources like a local file, a camera, or a network. resize and normalize: Resize: Before

feeding the image into the Inception-ResNet-VV2 model, it's often necessary to
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Figure 3: Image Processing Workflow Using Inception-ResNet-V2

resize it to a specific dimension that the model expects as input. Neural networks like Inception-
ResNet-V2 are typically trained on images of a fixed size. Resizing ensures consistency in the input
shape. Normalize: Normalization is a crucial preprocessing step that helps in the training and
performance of neural networks. It typically involves scaling the pixel values of the image to a
specific range, often between 0 and 1 or to have a mean of 0 and a standard deviation of 1 for each
color channel (Red, Green, Blue). This step helps to: Speed up training: Normalized data can lead to
faster convergence during model training. Improve stability: It can prevent issues caused by large
differences in pixel values across the image or channels. Enhance generalization: Normalization can
make the model less sensitive to variations in image intensity. Inception-ResNet-V2: This is the core
of the workflow — the Inception-ResNet-V2 convolutional neural network architecture. Architecture:
Inception-ResNet-V2 is a deep architecture that combines the "Inception" modules (which use
parallel convolutional layers with different kernel sizes to capture features at various scales) with
"Residual™ connections (which help to train very deep networks by allowing gradients to flow more
easily). Feature Learning: When the pre-processed image is fed into this network, it passes through
numerous layers of convolutions, pooling, and activation functions. Each layer learns increasingly
complex features from the raw pixel data, starting from basic edges and textures in the initial layers
to more high-level and abstract features (like parts of objects or entire objects) in the deeper layers.
Feature Extraction: The Inception-ResNet-VV2 model, after processing the input image,

outputs a high-dimensional representation of the image's content. This output is often taken from one
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of the final layers of the network before the classification layer (if the model was originally trained
for image classification). Rich Representation: This feature vector (a long list of numbers) captures
the learned features of the image in a compressed and meaningful way. Images with similar visual
content will tend to have similar feature vectors in this high-dimensional space.

Visual Embedding: The "feature extraction™ step essentially produces a "visual embedding."
This term emphasizes that the high-dimensional feature vector represents the image in a way that
captures its visual semantics. It's a numerical representation that encodes the key visual characteristics
of the image. Dimensionality Reduction (Optional but Common): Sometimes, the extracted feature
vector might still be very high-dimensional. In such cases, dimensionality reduction techniques (like
Principal Component Analysis - PCA or t-SNE) might be applied to create a lower-dimensional
embedding while still preserving the essential information. This can be useful for visualization,
storage, or as input to subsequent tasks. optional classifier: This final step is indicated as "optional"
because the extracted visual embedding can be used for various downstream tasks beyond just image
classification. Classification: If the goal is image classification, a classifier (e.g., a fully connected
layer followed by a softmax activation in a neural network, or a traditional machine learning classifier
like a Support Vector Machine or Logistic Regression) can be trained to take the visual embedding
as input and predict the class label of the image. This classifier would be trained on a dataset of labeled

images.
2.5 Multimodal Late Fusion: Detailed Explanation

The core idea behind late fusion is to combine the strengths of individual models, each

specialized in processing a specific modality (in this case, text and images), to make a final, more
informed decision.
Pretrained Models: The image processing model, Inception-ResNet-V2, which has been pre-trained
on a large dataset, is fine-tuned for the specific task of offensive meme classification. However,
instead of using its final classification output, the layer responsible for that output is replaced with an
"identity function." This turns the model into a feature extractor, allowing it to output a high-level
representation of the image's content. Similarly, the text processing model, ROBERTa-base, pre-
trained for text classification, also has its output layer replaced with an identity function. This enables
the extraction of contextual embeddings (numerical representations) of the text from the hidden state
of the model. Crucially, during the subsequent training of the fusion mechanism, the weights of both
the image and text models are "frozen." This means their learned knowledge is preserved, and only
the fusion layers are trained.

Feature Extraction: For each image, the image model extracts a set of high-dimensional visual

features, capturing important visual elements. For each text input, the text model generates textual
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embeddings, where the embedding of the first token (often a special "CLS" token) is used as a
summary of the text's meaning.

Late Fusion: The extracted visual features and textual embeddings are then combined by

concatenating them. This creates a single, combined vector that represents both the visual and textual
information of the meme.
Fusion Learning Layers: This combined vector is passed through one or more fully connected (FC)
layers. These layers are trained to learn the complex interactions and relationships between the visual
and textual features, effectively "understanding” how they contribute to the meme's offensiveness.
Typically, this might involve reducing the dimensionality of the combined vector in stages.

Final Classification Layer: Finally, the output of the fusion layers is fed into a single neuron
with a sigmoid activation function. This produces a probability score between 0 and 1, representing
the likelihood of the meme belonging to the "offensive" class in the binary classification.

The methodology presented in this study leverages a multimodal late fusion approach to
effectively classify offensive memes by combining information from both image and text modalities.
This process aligns with the general multimodal fusion pipeline illustrated in the figure, which
consists of distinct "Encoding,” "Fusion,” and "Classification" stages. In the "Encoding"” stage, the
Inception-ResNet-VV2 model, pre-trained and fine-tuned for image analysis, is employed to extract
high-dimensional visual features from the image component of the meme. Crucially, in this step, the
original classification layer of the Inception-ResNet-V2 model is replaced with an identity function,
transforming it into a feature extractor rather than a direct classifier. Simultaneously, the ROBERTa-
base model, a transformer-based model pre-trained for text classification, is utilized to generate

contextual embeddings representing the textual content of the meme.

Encoding Fusion Classification
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Figure 4: Example architecture for intermediate/late multimodal fusion.

Similar to the image model, the output layer of the ROBERTa-base model is replaced with an

identity function to extract hidden state embeddings. Within the context of the figure, these image
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and text models correspond to "Unimodal model 1" and "Unimodal model 2," respectively, processing
"Input 1" (image data) and "Input 2" (text data). Notably, during the subsequent training of the fusion
mechanism, the weights of both the Inception-ResNet-V2 and RoBERTa-base models are frozen to
preserve their pre-trained knowledge. The "Fusion™ stage, represented by the "Fusion module™ in the
figure, involves concatenating the extracted visual features from the image model and the textual
embeddings from the text model, creating a combined representation that captures both modalities.
Finally, the "Classification" stage utilizes fully connected layers—the "Classification network" in the
figure—to process this combined representation and learn the complex interactions between visual
and textual cues. This culminates in a final classification layer with a sigmoid activation function,
producing a probability score that indicates the likelihood of the meme belonging to the offensive
class, thus generating the "Prediction."

In essence, late fusion treats the image and text models as experts in their respective domains. Each
expert analyzes its input independently, and then their conclusions are combined by a higher-level

decision-maker (the fusion layers) to arrive at the final classification.
3. RESULTS AND DISCUSSION

A critical section of this report is dedicated to examining the experimental outcomes of the
offensive meme classification system. Within this section, a key focus is placed on evaluating the
efficacy of the RoOBERTa text model in processing and interpreting the textual components of memes.
This portion of the analysis details ROBERTa's capacity to accurately identify offensive language
and contextual cues. It includes a presentation of quantitative metrics, such as precision, recall, and
F1-score, which provide a rigorous assessment of RoOBERTa's ability to correctly categorize text as
either offensive or non-offensive. Furthermore, the evaluation extends to a qualitative discussion of
RoBERTa's strengths, considering its proficiency in capturing nuanced semantic relationships and
any limitations it may exhibit in detecting subtle forms of offensive communication. By providing a
detailed account of ROBERTa's performance, this section contributes to a deeper understanding of
how text analysis contributes to the overall multimodal classification framework and informs
strategies for future model refinement.

The combined multimodal model yielded the following results:

Classification Report:

Non-offensive Class precision recall fl-score support
e P:053 0 0.53 0.83 0.65 250

e R: 083 1 0.61 .26 0.37 250

e F1:0.65 accuracy 0.55 500
macro avg 0.57 0.55 0.51 500

Offensive Class
weighted avg 0.57 0.55 0.51 500
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Figure 5. Confusion Matrix: Multimodal Model

Precision (P): Of all the memes the model predicted to belong to a certain class (offensive or non-
offensive), precision tells us how many of those predictions were correct.

Recall (R): Of all the memes that actually belong to a certain class, recall tells us how many the
model correctly identified. F1-score: This is the harmonic mean of precision and recall. It provides a
balanced measure of a model’s accuracy, especially useful when the classes are imbalanced.
Accuracy (Ac): The overall percentage of memes that the model classified correctly.
Macro-Average (MAv): This calculates the metric independently for each class and then takes the
average. It gives equal weight to each class, regardless of its size in the dataset.

Weighted-Average (WAV): This calculates the metric for each class and then takes the average,

weighted by the number of samples in each class. It gives more importance to the larger classes.

3.1. Analysis of the Results

Non-offensive Class Performance: High Recall (0.83) but Lower Precision (0.53): This
indicates that the model is good at identifying most of the actual non-offensive memes. However, it
also tends to misclassify some offensive memes as non-offensive (resulting in lower precision). In
simpler terms, the model is "casting a wide net" for non-offensive memes, catching most of them but
also some offensive ones.

Offensive Class Performance: Higher Precision (0.61) but Low Recall (0.26): This

suggests that when the model predicts a meme is offensive, it's more likely to be correct. But it misses
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a large portion of the actual offensive memes. Here, the model is being more cautious, only labeling
memes as offensive when it's more confident, but missing many true offensive cases.

Overall Accuracy (55%): The overall accuracy of 55% indicates a moderate level of
performance. The model is correct slightly more than half the time, suggesting there's room for
improvement.

Average Metrics (MAv and WAV): The macro-averaged and weighted-averaged metrics
are very similar. This often implies that the class distribution in the dataset might be relatively
balanced, or that the model's performance isn't drastically skewed by the size of one class. the average
F1-score (around 0.51) shows that, overall, there's a moderate balance between precision and recall
across both classes. F1-Scores Comparison: The F1-score is higher for the non-offensive class (0.65)
than the offensive class (0.37). This confirms that the model is better at balancing precision and recall
for non-offensive memes compared to offensive ones.

The model demonstrates a tendency to better identify non-offensive instances, as indicated

by a recall value of 0.83 for the non-offensive class. However, this comes at the cost of a lower
precision score of 0.53, suggesting a higher rate of false positives (i.e., non-offensive memes being
misclassified as offensive).
Conversely, the model exhibits a higher precision of 0.61 for the offensive class, meaning that when
it predicts a meme as offensive, it is more likely to be correct. However, the recall for the offensive
class is low at 0.26, indicating that the model misses a significant number of actual offensive memes
(i.e., high false negatives).

Precision-Recall Curve

Receiver Operating Characteristic (ROC) Curve
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Figure 6. Precision-Recall Curve

Figure 6 in the report presents a comprehensive evaluation of the multimodal model's
performance through the Receiver Operating Characteristic (ROC) curve and the Precision-Recall
(PR) curve. The ROC curve illustrates the model's ability to discriminate between offensive and non-
offensive memes across various classification thresholds, where its position and shape indicate the

trade-off between the true positive rate and false positive rate, and the AUC-ROC value quantifies
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the overall discriminative power. Complementarily, the PR curve highlights the precision-recall
trade-off, which is particularly crucial for imbalanced datasets common in offensive meme
classification. This curve reveals the model's effectiveness in correctly identifying offensive memes
while minimizing false positives, a vital consideration for content moderation systems to avoid

wrongly flagging harmless content.

4. CONCLUSION

In this study, a multimodal meme detection model was developed, leveraging RoBERTa for
text analysis and InceptionResNetV2 for image analysis. The model's performance was rigorously
evaluated using key metrics, including accuracy, precision, recall, and F1-score. While the individual
text model demonstrated proficiency in identifying offensive content, it exhibited limitations in
accurately classifying non-offensive memes, achieving an overall accuracy of 46%. Conversely, the
image model showed stronger performance in detecting non-offensive content, with an accuracy of
52%, but struggled with the accurate detection of offensive content. The combined multimodal model
represented an improvement over the individual models, achieving an overall accuracy of 55%.
However, this model displayed a tendency to perform better in detecting non-offensive content,
characterized by a higher recall rate, while exhibiting lower precision in detecting offensive content,
leading to instances of missed offensive material. Notably, the F1-scores indicated a more robust
balance between precision and recall for the non-offensive class compared to the offensive class.
Although the multimodal approach shows promise, the findings suggest a need for further fine-tuning,
particularly to enhance the detection of offensive content. Future research should prioritize refining
the integration of text and image features to achieve a more substantial enhancement in overall

performance and address the identified limitations in offensive content detection
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Assessing Adversarial Vulnerabilities in Fake News Detection: A
Comparative Study of GPT-2 and BERT Variants

Abstract

The increasing sophistication of fake news dissemination poses a growing threat to digital information
integrity, demanding the deployment of robust and intelligent detection systems. Transformer-based
language models—particularly BERT, RoBERTa, DistilBERT, and GPT-2—have shown promising
results in detecting misinformation by leveraging deep contextual understanding. However, their
vulnerability to adversarial attacks reveals a critical weakness in their deployment for real-world
applications. This study conducts a comprehensive evaluation of these models under both standard
and custom adversarial attack scenarios to assess their reliability in detecting manipulated or
misleading content. Using the "newsmediabias/fake_news_elections_labelled_data" dataset, we fine-
tune each model and subject them to a battery of adversarial techniques, including TextFooler,
PWWS, BAE, DeepWordBug, TextBugger, as well as novel attack methods designed specifically for
this study: Enhanced Substitution Attack (ESA) and Comprehensive Text Attack (CTA). We analyze
model behavior in terms of accuracy degradation, perturbation efficiency, and computational cost.
Our findings reveal stark contrasts in model robustness: while ROBERTa maintains the highest
performance on clean data, it—along with other models—is significantly compromised under even
subtle adversarial manipulations. The study highlights GPT-2's limitations as a generative model
repurposed for classification, as it fails catastrophically under most attack conditions. These insights
underscore the urgent need for adversarial resilience in fake news detection systems and pave the way
for future research focused on integrating robust defense mechanisms into transformer-based

architectures.

Keywords: Adversarial Attacks, Fake News Detection, BERT, RoBERTa, DistilBERT, GPT-2,
TextAttack, Model Robustness, NLP Security
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2. INTRODUCTION

The rapid proliferation of misinformation and disinformation through digital platforms poses
a significant threat to democratic institutions, public health, and societal trust. The evolution of
algorithmic content recommendation systems has amplified the scale and speed at which fake news
spreads, intensifying the need for automated and robust detection frameworks. In this context,
machine learning models—particularly those rooted in natural language processing (NLP)—have
become indispensable. Transformer-based architectures such as BERT (Bidirectional Encoder
Representations from Transformers) [2], RoBERTa [3], DistilBERT [4], and GPT-2 [5] have
redefined the state-of-the-art in text classification tasks, including sentiment analysis, fact
verification, and fake news detection, due to their capacity to capture contextual semantics and
syntactic structures [1, 10].

Early detection efforts primarily employed rule-based or statistical methods, which proved
insufficient for handling the nuanced semantics of natural language. The introduction of the
Transformer architecture [1] and its successors—like BERT and RoOBERTa—enabled bidirectional
contextual understanding, resulting in marked improvements in classification accuracy. DistilBERT
further optimized BERT’s capabilities for real-time applications through knowledge distillation,
while GPT-2, a decoder-only model designed for generative tasks, has also been adapted for
classification using techniques such as LORA (Low-Rank Adaptation) [36].

Despite these advancements, recent research has highlighted a critical limitation: transformer
models are highly vulnerable to adversarial attacks. These attacks involve subtle, often imperceptible
perturbations to input text that preserve human readability but mislead model predictions [11, 13, 15].
Such adversarial manipulations are especially dangerous in politically sensitive or high-stakes
domains, where misinformation can influence public opinion or policy. Frameworks like TextAttack
[12] have enabled the systematic generation of these adversarial examples using various algorithms—
TextFooler [8], PWWS [13], DeepWordBug [14], BAE [31], and TextBugger [15]—which target
both word-level semantics and character-level structures. Research shows that these methods can
reduce model performance by over 90%, even with minor textual alterations [11, 15, 35].

Encoder-based models like BERT and RoOBERTa generally perform well under clean testing
conditions but suffer notable performance degradation under adversarial stress [16, 33]. Decoder-only
models such as GPT-2 exhibit even greater vulnerability due to their unidirectional architecture and
lack of specialized objectives for discriminative tasks [30, 35]. While defenses such as adversarial
training [17], input preprocessing [48], and parameter-efficient fine-tuning methods like LoRA [36,
37] have been proposed, they offer only partial mitigation and are often underexplored in the context

of fake news detection.
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To address these challenges, this study conducts a comprehensive comparative analysis of
four transformer models—BERT, RoBERTa, DistilBERT, and GPT-2—when subjected to
adversarial attack conditions. All models are fine-tuned on the
newsmediabias/fake_news_elections_labelled_data dataset [5], which includes politically charged
news content annotated for veracity. In addition to established attacks from the TextAttack library,
this research introduces two novel adversarial strategies: Enhanced Substitution Attack (ESA) and
Comprehensive Text Attack (CTA). These custom attacks are designed to simulate realistic
misinformation manipulation while rigorously evaluating the semantic robustness and grammatical
resilience of detection models.

Through systematic experimentation across multiple adversarial dimensions—attack success
rate, perturbation level, and computational cost—this study aims to:

1. Identify comparative vulnerabilities of BERT-based and GPT-based models in fake news
detection;

2. Analyze how architectural differences (encoder vs. decoder) influence robustness;

3. Highlight limitations of existing NLP systems in adversarially rich, real-world environments.

By bridging advancements in transformer-based NLP and adversarial machine learning, this
work contributes to the broader goal of developing security-aware Al systems capable of reliable
performance in misinformation detection. The findings underscore the urgent need for resilient
architectures and adversarial defense mechanisms as foundational components in the ethical
deployment of Al for safeguarding information integrity [41, 42, 43, 46, 47].

3. METHODOLOGY

The methodological framework of this study is designed to systematically evaluate the
adversarial robustness of four leading transformer-based models—BERT, RoBERTa, DistilBERT,
and GPT-2—when tasked with fake news detection. The approach involves dataset selection and
preprocessing, fine-tuning of each model, application of standardized and custom adversarial attacks,
and performance analysis based on multiple robustness metrics. This section presents the first critical

component: the dataset and preprocessing pipeline.

a. Dataset and Preprocessing

As detailed by the dataset authors [21], labels were created using a hybrid approach
combining large language model evaluations with human-in-the-loop verification. This method
balances automation and quality control, ensuring high inter-annotator agreement and minimizing

bias—crucial for reliable fake news research [24, 43]. To prepare the dataset for model fine-tuning, a
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structured preprocessing pipeline was applied. This included cleaning HTML tags, special characters,
and excess whitespace, followed by punctuation standardization and lowercasing—all essential for
consistency, especially in models like BERT and RoBERTa [2, 3]. Tokenization was model-specific:
BERT and DistilBERT used WordPiece, while RoOBERTa and GPT-2 employed Byte-Pair Encoding

(BPE). Labels were encoded as binary (1 for real, 0 for fake news).

The data was split into training, validation, and test sets using an 80:10:10 stratified ratio to maintain
class distribution. Minor oversampling addressed class imbalance during training. Inputs were padded
and truncated to a maximum length of 512 tokens. Batch sizes were set to 16 for BERT-based models
and 8 for GPT-2 due to its higher memory demands. These steps ensured uniform, high-quality inputs
for all models.

b. Models and Fine-Tuning

To investigate the comparative adversarial robustness of transformer-based models in fake
news detection, we selected four prominent architectures: BERT, RoBERTa, DistilBERT, and GPT-
2. These models represent both encoder-based (BERT variants) and decoder-based (GPT-2)
architectures, enabling a diverse evaluation of architectural influence on model performance under
adversarial stress. Each model was fine-tuned on the same dataset using consistent training protocols,

with variations only in tokenizer configurations and memory-related parameters.
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Figure 1. BERT Pre-training and Fine-tuning Architecture

BERT (Bidirectional Encoder Representations from Transformers): BERT is a deep
bidirectional transformer encoder trained using masked language modeling and next sentence
prediction [2]. For this study, we used the bert-base-uncased variant from Hugging Face, which has

12 layers, 768 hidden units, and 110 million parameters. Fine-tuning was conducted using the
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AdamW optimizer with a learning rate of 2e-5, batch size of 16, and 5 training epochs. The maximum
sequence length was set to 512 tokens, with early stopping enabled based on validation loss.
RoBERTa (Robustly Optimized BERT Pretraining Approach): RoBERTa modifies
BERT’s training methodology by removing the Next Sentence Prediction (NSP) objective, using
dynamic masking, and pretraining on 10x more data [3]. We fine-tuned the roberta-base model, which
also has 12 layers and 125 million parameters. Hyperparameters were aligned with BERT for
consistency, except for the tokenizer and data encoding format (as ROBERTa uses raw byte-level
BPE). RoBERTa often achieves higher accuracy due to its larger and more diverse pretraining corpus.
DistilBERT: DistilBERT is a distilled version of BERT, trained using knowledge distillation
techniques to reduce size and inference time without significant performance loss [4]. It retains 6 of
BERT’s 12 layers and contains 66 million parameters. We used the distilbert-base-uncased version,
with the same fine-tuning protocol as BERT. Due to its reduced depth, DistilBERT offers a valuable
benchmark for lightweight, real-time misinformation detection, especially on edge devices or mobile

platforms.

Training Loss Validation Loss
1 No log 0.436386 0.794697
2 No log 0.404477 0.825803
3 0.432300 0.411569 0.819110
4 0.432300 0.442917 0.825646
5 0.261200 0.471420 0.818040

Table 1. Fine-tuning Summary of DistilBERT

GPT-2, developed by OpenAl, is a decoder-only autoregressive transformer initially designed
for text generation [5]. For classification purposes, we adapted the gpt2 model using a LoRA-based
fine-tuning strategy [36], integrating a classification head after the final transformer block. Due to
GPT-2’s unidirectional architecture, it does not benefit from context on both sides of a token like
BERT does, which often impacts its discriminative capacity. We used a smaller batch size of 8 for
this model due to higher memory usage, maintaining a learning rate of 2e-5 and training it for 5
epochs. Token padding and attention masking were adjusted to accommodate GPT-2’s sequence

expectations.
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All models were implemented using PyTorch and Hugging Face’s transformers library,
executed on an NVIDIA A100 GPU. Early stopping and validation loss monitoring were used to
avoid overfitting. Fine-tuning logs were retained for reproducibility, and random seeds were set for
consistency across runs. This standardized training environment ensured fair performance

comparisons under both clean and adversarially perturbed conditions.

c. Adversarial Attack Strategies
To evaluate the robustness of our fine-tuned transformer models, we applied a range of
adversarial attacks that subtly modify input text while preserving human readability. These included
five standardized attacks from the TextAttack library—TextFooler, PWWS, DeepWordBug, BAE,
and TextBugger—each targeting model vulnerabilities through distinct strategies such as word-level
substitutions, character-level distortions, or hybrid manipulations.
In addition, we developed two custom methods:
e Enhanced Substitution Attack (ESA), which uses embedding-based synonym replacement
with semantic filtering to minimize text distortion while misleading the model.
e Comprehensive Text Attack (CTA), a multi-stage approach combining character
scrambling, paraphrasing, and synonym cascades to generate robust adversarial examples.
All attacks were implemented via the TextAttack API to ensure consistency. Adversarial
versions of the test set were generated for each model, and performance was assessed using
metrics such as attack success rate, perturbation rate, semantic similarity (via Universal
Sentence Encoder), and computational cost. This framework provided a comprehensive

benchmark of model resilience under adversarial manipulation.

2.4 Evaluation Metrics and Experimental Setup

To ensure a fair and comprehensive comparison of model robustness under adversarial
conditions, we employed a standardized experimental setup and a suite of evaluation metrics tailored
for binary classification tasks in adversarial NLP. Each model was tested on both clean and perturbed
datasets, and key performance metrics were recorded pre- and post-attack to assess degradation.

The F1-score served as the primary metric, balancing precision and recall, which is especially
relevant given the class imbalance in fake news detection. Accuracy, precision, and recall provided
complementary insights into classification performance. Adversarial-specific metrics included Attack
Success Rate (ASR), indicating the proportion of correct predictions flipped by attacks, and
Perturbation Rate, measuring the extent of token modification. Semantic Similarity, computed using
cosine similarity from Universal Sentence Encoder embeddings, ensured that adversarial inputs
retained human-like coherence. Computation Time per attack example was also recorded to assess

practical scalability.
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Experiments were conducted on an NVIDIA Tesla V100 GPU (32GB VRAM) using
Hugging Face Transformers and the TextAttack framework. All models were fine-tuned with the
AdamW optimizer (learning rate: 2e-5), and each configuration was run three times with fixed random
seeds to ensure reproducibility.

The testing protocol began with baseline evaluations on clean data, followed by systematic
application of adversarial attacks. Performance degradation was quantified via changes in F1-score
and accuracy (delta), with per-model and per-attack breakdowns offering deeper insights. Figure 5
illustrates perturbation rate distributions across attack types, while Table 3 summarizes all evaluation

metrics and their roles in assessing robustness.

Metric Purpose

Accuracy General classification performance

Precision False positive sensitivity

Recall False negative sensitivity

F1-score Balance between precision and recall

Attack Success Rate Effectiveness of adversarial attacks

Perturbation Rate Degree of input modification

Semantic Similarity Human-readability and interpretability  of
perturbations

Computation Time Practical feasibility of real-time adversarial
generation

Table 2. Evaluation Metrics Overview

3. RESULTS AND DISCUSSION

A. Baseline Performance on Clean Test Set
To establish the initial effectiveness of the models in detecting fake news without any
adversarial perturbations, each model was evaluated on the clean test subset of the

“newsmediabias/fake news elections labeled data” dataset.

1) BERT Performance
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The fine-tuned BERT model achieved an accuracy of 80.88%, precision of 83.27%, recall

0f 91.61%, and an F1 score of 87.24%. The high recall indicates its strength in identifying fake news

instances, a critical aspect in minimizing misinformation dissemination.
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false negatives.

2) DistilBERT Performance

DistilBERT, a compressed version of BERT, yielded an accuracy of 79.94%, precision of

82.97%, recall of 90.43%, and F1 score of 86.54%. Despite having fewer parameters, it

retained substantial classification ability, making it suitable for real-time or mobile applications.
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Figure 3. ROC and Confusion Matrix for DistiBERT
It displaying slightly broader false positives than BERT, but competitive performance.
3) RoBERTa Performance

RoBERTa surpassed all encoder-based models with an accuracy of 82.77%, precision of

85.23%, recall 0f 91.75%, and an F1 score of 88.37%. This is attributed to its dynamic masking,

extended training, and larger vocabulary.
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Figure 4. ROC and Confusion Matrix for RoBERTa

This figure revealing tighter clustering of correct predictions, justifying its superior baseline

performance.

4) GPT-2 Performance
The GPT-2 model (fine-tuned with LoRA) achieved accuracy of 73.74%, precision of
78.34%, recall of 87.33%, and an F1 score of 82.59%. Although recall was high, the lower

precision shows it classified more real news as fake, indicating over-sensitivity.
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It is showing weaker separation of true vs. false positives due to GPT-2’s unidirectional and

generative nature.

B. Performnce Under Inbuilt Adversarial Attacks
This section evaluates model robustness against five standard adversarial attacks:
TextFooler, PWWS, DeepWordBug, BAE, and TextBugger, using the TextAttack framework.

1) BERT

TextFooler achieved a 100% attack success rate, fully collapsing BERT’s classification
(accuracy reduced to 0%). PWWS (94.44%) and TextBugger (88.89%) were also effective.
DeepWordBug, a character-level attack, had lower impact (61.11% success), allowing 35%

residual accuracy. BAE, relying on subtle substitutions, was least successful (33.33%).

Metric BAE DeepWordBug Text Bugger PWWS  TextFooler
Number of successful attacks 6 11 16 17 18

Number of failed attacks 12 7 2 0

Number of skipped attacks 2 2 2 2 2

Original Accuracy 90.00% | 90.00% 90.00% 90.00% | 90.00%
Accuracy Under Attack 60.00% | 35.00% 10.00% 5.00% 0.00%
Attack Success Rate 33.33% | 61.11% 88.89% 94.44% | 100.00%
Average Perturbed Word % 4.66% 8.53% 42.49% 6.93% 10.23%
Average Number of Words/Input 339.9 339.9 339.9 339.9 339.9
Average Number of Queries 578.06 299.39 508.17 1793.28 | 648.56
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Table 3. BERT’s Performance Under Inbuilt Adversarial Attack

2) DistiIBERT
TextFooler and PWWS dropped accuracy to 5%, both achieving 94.12% success rates,
showing DistilBERT’s fragility. TextBugger followed closely at 88.24%. DeepWordBug and

BAE were less effective, but DistiIBERT’s overall vulnerability was the highest.

Metric DeepWordBug TextBugger TextFooler

5 9 15 16
Number of failed attacks 12 8 2
Number of skipped attacks 3 3 3 3 3
Original Accuracy 85.00% | 85.00% 85.00% 85.00% | 85.00%
Accuracy Under Attack 60.00% | 40.00% 10.00% 5.00% 5.00%
Attack Success Rate 29.41% | 52.94% 88.24% 94.12% 94.12%
Average Perturbed Word % 4.28% | 13.58% 45.25% 9.56% 9.91%
Average Number of Words/Input 339.9 |339.9 339.9 339.9 339.9
Average Number of Queries 549.24 | 301.41 481.12 199041 | 786.41

Table 4. details these results: DistiIBERT’s drop from 80% baseline to 0-10% accuracy

under adversarial pressure.

3) RoOBERTa
RoBERTa resisted DeepWordBug relatively well (33.33% success), maintaining 60%
accuracy. However, TextFooler and PWWS dropped it to 5% (94.44% success). Despite its

strong baseline, ROBERTa’s weakness under word-level adversarial changes was evident.

Metric BAE DeepWordBug @ TextBugger PWWS  TextFooler
Number of successful attacks 10 6 16 17 17

Number of failed attacks 8 12 2 1 1

Number of skipped attacks 2 2 2 2 2

Original Accuracy 90.00% | 90.00% 90.00% 90.00% | 90.00%
Accuracy Under Attack 40.00% | 60.00% 10.00% 5.00% 5.00%
Attack Success Rate 55.56% | 33.33% 88.89% 94.44% | 94.44%
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Average Perturbed Word % 6.96% 8.84% 49.78% 8.35% 9.13%
Average Number of Words/Input 339.9 339.9 339.9 339.9 339.9
Average Number of Queries 548.72 338.39 539.5 2012.89 | 698.28

Table 5. RoBERTa’s Performance Under Inbuilt Adversarial Attack

4) GPT-2

GPT-2 was fully compromised by TextFooler, PWWS, and TextBugger—all reducing

accuracy to 0%. Even BAE (84.62%) caused significant performance collapse. DeepWordBug

was least effective, but still dropped accuracy to 25%.

TextFooler

DeepWordBug TextBugger | PWWS

Number of successful attacks 11 8 13 13 13
Number of failed attacks 2 5 0 0 0
Number of skipped attacks 7 7 7 7 7
Original Accuracy 65.00% | 65.00% 65.00% 65.00% | 65.00%
Accuracy Under Attack 10.00% | 25.00% 0.00% 0.00% 0.00%
Attack Success Rate 84.62% | 61.54% 100.00% 100.00% | 100.00%
Average Perturbed Word % 2.19% 3.87% 32.85% 3.49% 5.04%
Average Number of Words/Input | 339.9 339.9 339.9 339.9 339.9
Average Number of Queries 427.77 384.23 664.08 2438.69 | 722.15

Table 6. GPT-2's universal vulnerability across all attack types.

C. Performnce Under Custom Adversarial Attacks

Two new adversarial strategies were developed: Enhanced Substitution Attack (ESA) and
Comprehensive Text Attack (CTA).

1) BERT

ESA dropped BERT's accuracy to 5.0% with just 10.41%-word perturbation. CTA had
similar success (accuracy: 10%) but required 61.1% perturbation, suggesting ESA is more

precise and stealthier.

Number of successful attacks

17

16
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Number of failed attacks 1 2
Number of skipped attacks 2 2
Original accuracy 90.00% | 90.00%
Accuracy under attack 5.00% 10.00%
Attack success rate 94.44% | 88.89%
Average perturbed word % 10.41% | 61.10%
Average num. words per input 339.9 339.9
Avg num queries 210.83 629.33

Table7. BERT’s Performance Under Custom Adversarial Attack

2) DistilBERT

ESA caused a complete collapse—100% attack success, 0% accuracy—with only 12.69%
perturbation. CTA (88.24% success) needed 71.56% changes. This reinforces DistilBERT’s
fragility and ESA’s efficiency.

Metric ESA CTA
Number of successful attacks 17 15
Number of failed attacks 0 2
Number of skipped attacks 3 3
Original accuracy 85.00% | 85.00%
Accuracy under attack 0.00% 10.00%
Attack success rate 100.00% | 88.24%
Average perturbed word % 12.69% | 71.56%
Average num. words per input 339.9 339.9
Avg num queries 258.82 635.35

Table 8. DistilBERT’s Performance Under Custom Adversarial Attack
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3) RoBERTa

Both ESA and CTA were highly effective against ROBERTa, achieving 94.44% attack
success. However, ESA required significantly fewer perturbations (10.36%) compared to CTA
(79.53%) to drop accuracy from 90.0% to 5.0%. ESA also used fewer queries (213.89) than CTA

(695.78), making it more efficient overall.

Metric ESA CTA
Attack Success Rate (%0) 94.44 94.44
Accuracy (%) 5.00 5.00
Perturbation Rate (%0) 10.36 79.53
Avg. Query Count 213.89 695.78

Table 9. RoBERTa’s Performance Under Custom Adversarial Attack

4) GPT-2

GPT-2 was entirely compromised by both attacks, with 100% attack success and final
accuracy of 0.0%. ESA demonstrated exceptional stealth, requiring only 5.49% perturbation and
109.31 queries, while CTA demanded over 52.52% perturbation and 520.77 queries for the same
outcome, indicating higher computational cost.

Metric ESA CTA
Attack Success Rate (%0) 100.00 100.00
Accuracy (%) 0.00 0.00
Perturbation Rate (%6) 5.49 52.52
Avg. Query Count 109.31 520.77

Table 10. GPT-2’s Performance Under Custom Adversarial Attack

D. Discussion
The results from adversarial testing provide a comprehensive understanding of model

vulnerabilities and the effectiveness of various attack strategies. In the case of ROBERTa, both the
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Efficient Semantic Attack (ESA) and the Character-based Textual Attack (CTA) achieved a
remarkable 94.44% attack success rate, significantly reducing the model's classification accuracy to
just 5%. However, a notable distinction emerged in the efficiency of these attacks. ESA accomplished
this with minimal intervention, altering only 10.36% of the input text and requiring relatively few
queries, whereas CTA relied on heavy perturbation, modifying 79.53% of the text and consuming
significantly more computational resources. This highlights ESA’s advantage in maintaining
semantic integrity while achieving comparable results with less computational effort.

A similar trend was observed in the case of GPT-2, which proved to be exceptionally fragile
under adversarial pressure. ESA successfully reduced GPT-2’s accuracy to 0% with just 5.49% text
perturbation and around 109 queries, illustrating its potency and efficiency. In contrast, CTA,
although equally effective in completely disrupting the model, demanded a much higher level of
perturbation (52.52%) and over 520 queries, further reinforcing the brute-force nature of CTA and
the relative elegance of ESA. GPT-2’s collapse under even minimal adversarial manipulation
indicates that, despite its strengths in generative tasks, it lacks the robustness needed for sensitive
classification applications like fake news detection.

A broader comparative discussion of the adversarial experiments yields key insights. ESA
emerged as the most efficient and powerful custom attack across models, achieving high success rates
with minimal text distortion and low computational overhead. In contrast, CTA, while also effective,
compromised the readability of text and required substantial computational resources, reflecting a
brute-force approach rather than a strategic one. Among the inbuilt adversarial attack methods,
TextFooler and PWWS stood out for their balance between subtle perturbations and successful
degradation of model performance. These methods managed to compromise models effectively
without significantly altering the readability or semantics of the input text. From a model perspective,
DistilBERT consistently showed the highest vulnerability, failing under both inbuilt and custom
attack scenarios. Its lightweight architecture, while beneficial for speed and efficiency, appears to
compromise its defensive strength against adversarial manipulation. RoBERTa, although
demonstrating superior baseline performance in clean data scenarios, was still susceptible to word-
level adversarial modifications. However, it showed relatively better resistance to character-level
attacks like DeepWordBug, highlighting some degree of robustness in its token-level encoding
mechanisms. GPT-2, despite its capabilities in generative tasks, proved unsuitable for adversarially
robust classification. The model's architecture, optimized for text generation rather than
discriminative tasks, likely contributes to its complete breakdown under even low-perturbation
attacks. These findings underscore the importance of adversarial testing in the development and
evaluation of NLP models, particularly in high-stakes domains such as misinformation detection.

Understanding how models respond under targeted manipulation is critical not only for benchmarking
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their reliability but also for designing more resilient architectures capable of withstanding real-world
adversarial threats.

4. CONCLUSION

This study investigated the effectiveness and robustness of state-of-the-art transformer-based
models—BERT, RoBERTa, DistilBERT, and GPT-2—in the domain of fake news detection, a
critical application area in Natural Language Processing (NLP). By fine-tuning each model on the
“newsmediabias/fake_news_elections_labeled_data” dataset, strong baseline results were observed,
with RoBERTa achieving the highest F1 score (88.37%) and accuracy (82.77%), followed closely by
BERT and DistilBERT. To evaluate real-world deployment readiness, the models were subjected to
rigorous adversarial stress testing using both inbuilt attacks (TextFooler, PWWS, DeepWordBug,
BAE, TextBugger) and custom-designed methods (Enhanced Substitution Attack and Comprehensive
Text Attack). The results revealed alarming vulnerabilities across all models. Attacks like TextFooler
and ESA consistently achieved near-complete degradation of model performance, even when using
subtle perturbations that preserved semantic coherence. The custom attacks were particularly
effective: ESA demonstrated high success with minimal text changes and low computational cost,
whereas CTA required extensive modifications but achieved similar outcomes. These findings
emphasize that current fake news detection systems, though accurate under clean conditions, lack
robustness against adversarial manipulations—a serious concern for their deployment in sensitive
environments such as political discourse, public health, and journalism. Among the evaluated models,
DistilBERT proved the most vulnerable, collapsing under most attacks due to its reduced complexity.
Conversely, RoOBERTa exhibited the highest resilience, especially to character-level attacks like
DeepWordBug. However, even RoBERTa failed against efficient word-level perturbations. Most
notably, GPT-2, originally designed for generative tasks, failed drastically when adapted for
classification. Despite fine-tuning, it was entirely compromised by all adversarial methods, including
minimal-input attacks, demonstrating its unsuitability for fake news classification tasks.

In summary, this project highlights that while transformer-based models can effectively detect fake
news under normal conditions, adversarial robustness remains a critical gap. To advance toward
trustworthy NLP systems, future work must explore defensive strategies, including adversarial
training, input sanitization, and hybrid modeling approaches. These directions are essential to ensure
that Al-based fake news detection systems remain reliable, secure, and interpretable in real-world,

adversary-prone environments.
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Enhanced Sleep Disorder Classification Using Ensemble Machine

Learning Techniques on Lifestyle and Health Data

Abstract

Sleep disorders such as insomnia and sleep apnoea are pervasive health conditions that negatively
impact both physical well-being and cognitive function. Despite their widespread occurrence, many
individuals remain undiagnosed due to the high cost, inconvenience, and limited accessibility of
conventional diagnostic techniques like Polysomnography (PSG). This research presents a novel,
data-driven approach for the classification of sleep disorders using machine learning algorithms
applied to lifestyle and health-related data. The study explores the performance of individual
classifiers, including Support Vector Machines (SVM), Decision Trees, K-Nearest Neighbours
(KNN), Random Forests, and Artificial Neural Networks (ANN), and further enhances predictive
accuracy through ensemble learning techniques such as Stacking and Voting classifiers. These
ensemble models integrate the strengths of multiple base learners, offering improved generalization
and reliability. The methodology involves comprehensive preprocessing, feature engineering, and
model optimization to handle the nuances of real-world data. Experimental results demonstrate that
ensemble methods significantly outperform traditional models in classification accuracy, precision,
recall, and Fl-score. By leveraging commonly available health metrics instead of clinical-grade
sensor data, the proposed system offers a scalable and cost-effective solution for early diagnosis,
particularly suited for remote or resource-constrained settings. This work underscores the potential of
machine learning in developing accessible, non-invasive diagnostic tools that support public health

initiatives and individual patient care.

Keywords: Sleep Disorders, Machine Learning, Ensemble Learning, Stacking Classifier, Voting

Classifier, Health Data Analytics, Non-Invasive Diagnosis
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1. INTRODUCTION

Sleep is a fundamental biological necessity critical to human health, cognitive functioning,

and emotional stability. Disorders of sleep, such as insomnia and obstructive sleep apnea (OSA), pose
serious threats to public health, contributing to conditions like cardiovascular disease, diabetes,
depression, and cognitive decline [1,2]. Despite their prevalence, many sleep disorders remain
undiagnosed, largely due to limitations in traditional diagnostic techniques such as polysomnography
(PSG), which is resource-intensive, costly, and inconvenient for patients [3,4].
PSG, considered the clinical gold standard for diagnosing sleep disorders, requires overnight
monitoring in a sleep laboratory with specialized equipment and medical personnel. This process not
only imposes logistical and financial burdens on healthcare systems but also introduces variability
due to human scoring and inter-observer differences [5,6]. Consequently, there is a pressing need for
scalable, automated, and accessible diagnostic alternatives that can reduce reliance on PSG without
compromising diagnostic accuracy.

Recent advances in machine learning (ML) and deep learning (DL) have revolutionized
medical diagnostics by enabling the automated analysis of physiological signals and health records.
Numerous studies have demonstrated the efficacy of ML algorithms in classifying sleep stages and
detecting disorders using data derived from electroencephalograms (EEG), electrocardiograms
(ECG), and other biosignals [7-10]. For example, Alickovic and Subasi [8] used ensemble Support
Vector Machines (SVMs) for sleep stage classification and reported improved accuracy over single
models. Similarly, Tran et al. [7] demonstrated the effectiveness of deep learning architectures in
capturing complex patterns in EEG data, outperforming traditional techniques.

While signal-based approaches yield high accuracy, they still require medical-grade
equipment and may not be feasible for population-scale screening. As an alternative, several
researchers have explored the use of demographic, lifestyle, and basic health metrics—such as age,
BMI, sleep duration, and stress levels—to infer sleep disorder status [11,12]. These features are easier
to collect in non-clinical settings and can facilitate broader accessibility. Alshammari et al. [47], for
instance, utilized health and lifestyle data from a public dataset to train ML models for sleep disorder
classification, achieving competitive accuracy with Artificial Neural Networks (ANNS).

Despite the growing body of work, most existing solutions rely on single algorithms, which can be
sensitive to data quality, parameter tuning, and model bias. Ensemble learning, which combines
multiple classifiers to form a more robust prediction model, has emerged as a promising strategy to
address these challenges [13-15]. Techniques such as Stacking and Voting classifiers leverage the
strengths of individual learners while mitigating their weaknesses, resulting in enhanced

generalizability and stability in classification performance [16,17].
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In this study, we propose a comprehensive ML-based framework that employs ensemble learning
techniques to classify sleep disorders using easily obtainable health and lifestyle data. The key
contributions of this work are as follows:

e We evaluate the performance of several individual ML models including SVM, Decision
Tree, K-Nearest Neighbors (KNN), Random Forest (RF), and ANN on a public sleep health
dataset.

o We implement and compare ensemble strategies such as Stacking and Voting classifiers to
enhance classification performance.

o We demonstrate that ensemble methods significantly improve accuracy, precision, recall, and
F1-score over individual models.

o We offer a cost-effective and non-invasive approach that could assist in early screening and
intervention, especially in low-resource or remote areas.

The rest of the paper is organized as follows: Section 2 presents a review of related work. Section

3 discusses the system analysis and problem formulation. Section 4 outlines the methodology,
including model design and evaluation metrics. Sections 5 and 6 cover experimental implementation

and results. Finally, Sections 7 and 8 present conclusions and future directions.
4. RELATED WORK

2.1 Machine Learning for Sleep Disorder Classification

Sleep disorders such as insomnia and obstructive sleep apnea have significant public health
implications due to their impact on cognitive, cardiovascular, and psychological functions.
Traditional diagnosis methods like polysomnography (PSG) are accurate but come with logistical and
financial constraints. In response, machine learning (ML) and deep learning (DL) methods have
emerged as scalable alternatives. Research has primarily focused on signal-based approaches using
physiological data such as electroencephalogram (EEG) and electrocardiogram (ECG). For instance,
Tran et al. [4] employed deep neural networks to classify sleep stages with high accuracy, while
Alickovic and Subasi [5] utilized ensemble SVMs to enhance precision in EEG-based sleep scoring.
Similarly, the SleepEEGNet model proposed by Mousavi et al. [6] integrates CNN and RNN layers,
outperforming conventional classifiers.

Although these methods offer impressive accuracy, their reliance on sensor-based data
acquisition systems limits practical deployment. To mitigate this, a growing body of research has
explored the use of easily obtainable features such as age, BMI, stress level, and sleep quality.
Alshammari et al. [7] demonstrated that an Artificial Neural Network (ANN) trained on health and
lifestyle metrics from the Kaggle Sleep Health dataset achieved over 91% classification accuracy.

Ramesh et al. [8] applied SVM and Random Forest models to electronic health records and found
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similarly strong performance in detecting sleep apnea. These studies indicate that even non-sensor,
structured data can provide valuable input for automated diagnosis systems.
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TABLEL. Detailed information about the Sleep Health and Lifestyle database records in this
study

2.2 Ensemble and Optimization Strategies

To improve robustness and generalization, ensemble learning techniques such as Voting and
Stacking have been adopted in sleep disorder classification. These strategies combine predictions
from multiple base learners to produce more reliable outputs. Roy et al. [9] proposed a stacked model
integrating KNN, SVM, and Random Forest, which demonstrated higher F1-scores than any
standalone model. Tripathi et al. [10] further confirmed the utility of ensemble models in handling
noisy health data and capturing heterogeneous patient characteristics.

Stacking classifiers employ a meta-learner—commonly a logistic regression model—that
learns from the outputs of individual classifiers. Voting classifiers, on the other hand, aggregate
decisions through majority rule or averaged probabilities. These ensemble models are particularly
useful in healthcare applications, where trade-offs between sensitivity and specificity must be
carefully balanced.
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Figure 1. The Proposed Optimized Model for Sleep Disorder Classification

Additionally, the optimization of model parameters is critical to enhancing predictive performance.
The IEEE reference paper by Alshammari et al. [7] applied Genetic Algorithms (GA) for
hyperparameter tuning across classifiers. GA was used to evolve configurations for ANN and SVM
models, leading to a peak classification accuracy of 92.92%. This result underscores the importance
of search-based optimization in identifying optimal model configurations, especially in multi-

dimensional feature spaces.

a. Challenges in Current Research

Despite promising results, existing approaches to sleep disorder classification face several
limitations. One major constraint is limited dataset size; most public datasets contain fewer than 1,000
records, which restricts deep model training and generalization. Furthermore, many studies report
performance on homogeneous demographic groups, raising concerns about lack of generalizability to
diverse populations. Another common issue is overfitting, particularly in models that rely heavily on
high-dimensional data without adequate regularization or validation.
Several implementations also suffer from inconsistent preprocessing pipelines. For example, the
absence of proper normalization, encoding, or feature selection can introduce bias and degrade
performance. Although methods like Principal Component Analysis (PCA) and GA have been
proposed for dimensionality reduction and tuning, they are not universally adopted. These
inconsistencies hinder reproducibility and limit the translational impact of ML solutions in clinical
practice [13,14].

Page | 96 ISBN: 978-81-969383-5-2


https://www.nerdpublication.com/icmi/

International Conference on Multidisciplinary Innovations, ICMI-2025

3. MATERIALS AND METHODS

3.1 Dataset Description

This study is based on the Sleep Health and Lifestyle Dataset, a publicly available dataset
sourced from the Kaggle platform [1]. The dataset comprises 400 individual records, each
representing a unique subject, and includes 13 distinct features capturing demographic information,
lifestyle habits, and physiological health indicators. The primary goal of this dataset is to facilitate
the classification of sleep disorders through accessible, non-invasive data points rather than
specialized medical signals like EEG or ECG.
The features encompass a range of variables such as gender, age, and occupation, which provide
demographic context. Additionally, behavioural and lifestyle metrics like sleep duration, quality of
sleep, physical activity level, stress level, body mass index (BMI), and daily steps offer insights
into each individual’s health profile. Clinical indicators such as blood pressure and heart rate further
enhance the dataset's diagnostic potential.
The target variable, labeled as sleep disorder, is categorized into three classes:

o None —indicating a healthy sleep pattern,

e Insomnia, and

e Sleep Apnea.

This classification enables a supervised learning setup, where models are trained to predict the
class label based on the provided features. The inclusion of both quantitative and qualitative attributes
makes the dataset suitable for a wide range of machine learning algorithms, from distance-based
models to neural networks.

Notably, the dataset reflects a real-world imbalance in class distribution, where the number of “None”
cases exceeds those labeled with sleep disorders. This imbalance introduces an additional challenge
for classifiers, particularly when using accuracy as a performance metric, and necessitates the use of
precision, recall, and F1-score during evaluation.
3.2 Data Preprocessing

Data preprocessing is a crucial step in the machine learning pipeline, as it directly influences
the model’s ability to learn patterns, generalize to new data, and perform reliably. The raw dataset
used in this study, while structured, contains several challenges that must be addressed prior to model
training. These include missing values, categorical variables, feature scaling requirements, and class
imbalance—each of which can significantly impact model performance if left untreated.
Handling Missing and Duplicate Values

Although the dataset is relatively clean, a thorough inspection is carried out to identify any
missing or anomalous entries. In cases where values are missing at random (e.g., heart rate or daily

steps), imputation techniques such as mean or median filling are applied. Records with excessive
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missing data are excluded from the dataset to maintain the integrity of the training process. Duplicate
entries, if any, are removed to prevent bias in model learning.
Encoding Categorical Variables
Several features, including gender, occupation, and BMI category, are categorical in nature and
must be converted to numerical format before being used by machine learning algorithms. Two
encoding techniques are considered:
Label Encoding: For binary categories like gender (Male/Female), a simple 0/1 encoding is used.
One-Hot Encoding: For multi-class categories such as occupation or BMI (e.g., Normal,
Overweight, Obese), one-hot encoding is applied to avoid introducing ordinal bias.
This transformation ensures that all input features are represented numerically and are interpretable
by the algorithms without distorting their relationships.
Feature Normalization and Scaling
Machine learning models that rely on distance metrics or gradient-based optimization—such
as KNN and ANN—are sensitive to the scale of input features. Therefore, all continuous numerical
features (e.g., sleep duration, physical activity, heart rate, age) are standardized using z-score
normalization. This process rescales the features to have a mean of 0 and a standard deviation of 1,
ensuring uniform influence across variables and accelerating model convergence during training.
Target Encoding and Class Distribution
The target variable “sleep disorder” originally consists of textual class labels: "None",
"Insomnia", and "Sleep Apnea". These are encoded numerically as 0, 1, and 2, respectively. A class
distribution analysis reveals that the majority of entries fall under the "None™ category, with fewer
examples of sleep disorders. To address this imbalance, stratified sampling is used during train-test
splitting to preserve class ratios, and evaluation metrics beyond accuracy—such as precision, recall,
and F1-score—are prioritized.
By executing these preprocessing steps, we ensure that the dataset is optimized for training a diverse
set of models and that potential biases or data inconsistencies are minimized.
3.3 Feature Selection
Feature selection is a fundamental process in machine learning that aims to identify the most
relevant and informative attributes in a dataset, thereby improving model accuracy, interpretability,
and training efficiency. In the context of sleep disorder classification, not all features contribute
equally to the prediction task. Some may be redundant or even introduce noise that negatively impacts
performance.
In this study, a combination of statistical analysis, domain knowledge, and automated techniques
is used to evaluate feature importance. The process begins with a correlation matrix, which helps to
identify linear relationships between input features and the target variable. For example, sleep quality

and sleep duration exhibit strong positive correlations with sleep disorder classification, while stress
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levels and BMI also show moderate to high influence. Conversely, features like occupation and blood
pressure exhibit lower correlation scores and are more context-dependent.

To quantify the influence of each feature, we utilize feature importance scores derived from
tree-based models such as Decision Trees and Random Forests. These models inherently rank features
based on how often and how effectively they are used to split data in the decision-making process.
This not only helps reduce dimensionality but also enhances generalization by minimizing overfitting.

Sleep Duration, Quality of Sleep, BMI Category, Physical Activity Level, Stress Level, Age

These attributes form the core subset for training all subsequent models. Less impactful features
are either dropped or retained only if they add marginal value in ensemble methods. This selective
reduction of input variables helps streamline the training process and enhances model robustness,
especially in computationally intensive algorithms like Artificial Neural Networks.

In addition to improving accuracy, effective feature selection also ensures that the proposed
system remains practical and efficient for real-world applications, where data collection may be

constrained by cost or availability.

EEE feature importance
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Figure 2. Feature Importance.

3.4: Machine Learning Classifiers

To develop a reliable model for classifying sleep disorders, a diverse set of machine learning
algorithms was explored. These include K-Nearest Neighbors (KNN), Support Vector Machines
(SVM), Decision Trees (DT), Random Forests (RF), and Artificial Neural Networks (ANN). Each
classifier was chosen for its distinct strengths in dealing with structured health data and its adaptability
to supervised classification problems.

KNN, a simple yet intuitive algorithm, classifies data based on proximity to its nearest

neighbors. It is particularly effective when feature relationships are preserved through normalization.
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However, its reliance on distance metrics and sensitivity to feature scale necessitate careful
preprocessing. In contrast, SVM offers a powerful mechanism for defining decision boundaries in
high-dimensional spaces. It uses kernel functions to handle non-linear relationships, and in this study,
the RBF (Radial Basis Function) kernel was found to perform better than linear or polynomial
alternatives. While SVMs can achieve high accuracy, they require more computational resources and
are less interpretable compared to tree-based models.

Decision Trees, known for their transparency, segment the dataset through recursive splits based on
feature thresholds. They offer a visual and interpretable model but are prone to overfitting, especially
with noisy data. Random Forests, which are ensembles of multiple decision trees, address this
limitation by aggregating predictions through bagging and random feature selection. This ensemble
strategy improves model robustness, mitigates variance, and provides built-in estimates of feature
importance.

Acrtificial Neural Networks were also implemented, leveraging their ability to model non-
linear and complex relationships between input features. A multilayer feedforward network
architecture was adopted, trained using backpropagation and optimized with respect to
hyperparameters such as learning rate, batch size, and activation functions. Despite requiring more
data and tuning, ANNs demonstrated high accuracy and generalization, making them suitable for
healthcare classification tasks.

The performance of these models was initially assessed using default parameters. Their
comparative evaluation is discussed in the results section. Importantly, the implementation of
ensemble methods (described in Section 3.5) builds upon these classifiers to further improve

diagnostic performance and robustness.

3.5 Ensemble Learning Models

While individual machine learning models provide strong baselines for classification tasks, their
performance can be limited by overfitting, bias, or instability when faced with heterogeneous or noisy
data. To overcome these limitations and improve generalization, this study incorporates ensemble
learning techniques—specifically, Voting Classifiers and Stacking Classifiers—which combine the
predictive strengths of multiple base learners.

The Voting Classifier operates by aggregating the predictions of several distinct classifiers,
such as Support Vector Machines, Random Forests, and K-Nearest Neighbors. In its hard voting
variant, the final class label is determined by majority rule, while in soft voting, the class probabilities
output by each model are averaged to make a final decision. This approach is straightforward yet
powerful, as it balances the decision-making process across diverse models, often leading to improved

stability and performance compared to any single constituent model.

Page | 100 ISBN: 978-81-969383-5-2


https://www.nerdpublication.com/icmi/

International Conference on Multidisciplinary Innovations, ICMI-2025

On the other hand, the Stacking Classifier adopts a hierarchical approach to model

aggregation. In this method, several base models are first trained independently on the same training
data. Their predictions are then used as input features for a meta-model, typically a logistic regression
or shallow neural network, which learns to combine the outputs of the base models optimally.
Stacking has the advantage of capturing inter-model dependencies and can exploit patterns in the
strengths and weaknesses of each base learner. In the context of this study, stacking was found to
significantly enhance accuracy, particularly in cases where individual models struggled with class
imbalance or complex interactions among features.
These ensemble models were implemented using the scikit-learn framework and configured with the
best-performing individual classifiers as identified through preliminary experiments. Specifically,
combinations of ANN, Random Forest, and SVM were found to offer complementary strengths. The
inclusion of ANN brought deep feature representation capabilities, while RF and SVM contributed
robustness and precise decision boundaries, respectively.

Notably, while ensemble learning increased model complexity, it also improved resilience
against overfitting and yielded consistently higher precision and F1-scores in cross-validation. This
aligns with observations from the IEEE reference study by Alshammari et al. [1], where ensemble
and hybrid models outperformed standalone classifiers in both training and testing phases.

By integrating ensemble techniques, this study builds a more robust classification framework
capable of capturing the multifaceted nature of sleep disorders and enhancing the reliability of

predictions in real-world applications.

4. EXPERIMENTAL SETUP

This section outlines the comprehensive experimental framework used to train, validate, and evaluate
the proposed machine learning and ensemble models for sleep disorder classification. The
methodology ensures fair comparison among algorithms and follows best practices for supervised

classification tasks using real-world, imbalanced datasets.

4.1 Environment and Tools

All experiments were conducted using Python 3.8, selected for its extensive ecosystem of
data science and machine learning libraries. The implementation of classical machine learning
algorithms—including KNN, SVM, Decision Tree, Random Forest, and ensemble techniques—was
done using the scikit-learn library (version 0.24). For neural network-based models, the Keras API
(TensorFlow 2.x backend) was utilized, offering flexibility in designing, training, and optimizing

deep learning models.
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Data handling and preprocessing tasks were performed using Pandas and NumPy, while exploratory
analysis and result visualization were facilitated through Matplotlib and Seaborn. Experiments were
executed on a standard desktop configuration featuring:

e Intel Corei7 (11th Gen) CPU

e 16 GBRAM

e Windows 10 OS

While no dedicated GPU was used, the relatively small dataset size allowed for efficient

training and evaluation without significant computational delay. This makes the system architecture
realistic for deployment in low-resource settings, further supporting the objective of developing

scalable and accessible diagnostic tools.

4.2 Training and Evaluation Strategy

The dataset was split into 70% training and 30% testing subsets using stratified sampling,
which ensured that the proportion of sleep disorder classes (None, Insomnia, Apnea) remained
consistent across both sets. This is essential in avoiding biased model performance due to class
imbalance.

To enhance reliability and avoid overfitting, 5-fold cross-validation was applied during
training. Each fold iteration used a different subset for validation while the remaining folds were used
for training. The average performance across all folds was recorded for each model. This strategy
provided not only more stable estimates of model performance but also insights into variance across
different data partitions.

In this study, model training occurred in two distinct phases:

Baseline Phase (Default Parameters):
All classifiers were first trained using default hyperparameters to establish a baseline. For
example, KNN used k=5k = 5k=5, SVM employed the RBF kernel, Decision Tree and Random
Forest used Gini impurity for node splits, and the ANN was configured with two hidden layers
(64 and 32 neurons respectively) and ReLU activations.
Optimized Phase (Genetic Algorithm Tuning):
A Genetic Algorithm (GA) was implemented to optimize hyperparameters across classifiers.
Inspired by evolutionary principles, GA iteratively searched for the best parameter
combinations that maximize performance metrics—especially F1-score. The GA process
included:

o Initialization of a random population of hyperparameter sets.

o Fitness evaluation using 5-fold cross-validation accuracy and F1-score.

o Selection, crossover, and mutation to evolve better-performing configurations

across 5 generations.
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4.3 Performance Metrics
Given the multi-class and moderately imbalanced nature of the dataset, evaluation was
based on a range of metrics that provide a comprehensive view of model behavior. These include:

e Accuracy:
Measures the overall proportion of correct predictions among all instances.

e Precision:
Indicates the percentage of true positive predictions among all positive predictions made by
the model, calculated separately for each class.

o Recall (Sensitivity):
Captures the model’s ability to correctly identify actual positive cases, again calculated on a
per-class basis.

e F1-Score:

Represents the harmonic mean of precision and recall, offering a single value that balances

both metrics. It is especially important in cases of class imbalance, where accuracy alone may

be misleading.

All metrics were computed using both the test dataset and cross-validation folds, and their
values were averaged to account for random variability. The selection of Fl-score as a key
performance indicator is justified due to the relatively low frequency of the “Insomnia” and “Sleep
Apnea” classes, where precision-recall trade-offs become more meaningful than raw accuracy.

This experimental setup ensures a robust and systematic evaluation of all models, laying a
fair foundation for comparing baseline classifiers, their optimized versions, and the proposed

ensemble architectures.

5. RESULTS AND DISCUSSION
This section presents and interprets the experimental results of various machine learning classifiers
and ensemble models applied to the classification of sleep disorders. Evaluation was based on
accuracy, precision, recall, F1-score, and class-wise confusion matrices. All figures cited are taken

directly from the results presented in the project report.

5.1 Performance of Individual Classifiers
Five machine learning algorithms—K-Nearest Neighbors (KNN), Support Vector Machine (SVM),
Decision Tree (DT), Random Forest (RF), and Artificial Neural Network (ANN)—were trained using
a 70:30 stratified data split. Their performance was assessed using standard classification metrics and
confusion matrices.

K-Nearest Neighbors (KNN)
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KNN achieved an accuracy of 92%, with a macro F1-score of 0.92. It maintained fairly balanced

precision and recall across both classes. The evaluation outputs are shown below:

F1- KNN Confusion Matrix_k_best
Class Precision || Recall Support “
Score
0.91 0.93 || 0.92 46 .,
1 0.93 0.90 || 0.92 42 : »
g
Accuracy 0.92 88 o
Macro Avgl| 092 | 092 |[ 092 | 88
Weighted .
0.92 0.92 || 0.92 88
AVg Predicted

Figure 4: Classification report and Confusion matrix for KNN

Support Vector Machine (SVM)
SVM recorded an accuracy of 94%b, with strong precision (0.97) for identifying sleep disorders and

high recall (0.98) for non-disorder cases. The model performed well after kernel and hyperparameter

tuning.
F1- SVM Confusion Matrix_k_best .
Class ||Precision||Recall Support
Score "
0 0.92 0.98 || 0.95 46 *
1 097 | 090 [0.94] 42
Accuracy 0.94| 88 2
Macro *
0.95 0.94 || 0.94 88 .
Avg
Weighted
0.95 0.94 || 0.94 88 ecicted
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Figure 5: Classification report and Confusion matrix for SVM

Decision Tree (DT)
The Decision Tree classifier achieved an accuracy of 91%, with relatively high recall for the non-

disorder class but lower recall (0.83) for the disorder class, indicating overfitting tendencies.
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Figure 6: Classification report and Confusion matrix for Decision Tree

Random Forest (RF)
Random Forest matched the top models with 94% accuracy and a macro Fl-score of 0.94,

demonstrating strong generalization across classes.

F1- Random Forest Confusion Matrix_k_best .
Class ||Precision||Recall Support
Score a0
0 0.92 0.98 || 0.95 46 ®
1 0.97 0.90 || 0.94 42 )
Accuracy 094 88 :
Macro o
0.95 0.94 || 0.94 88 1
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Weighted| 095 || 0.94 | 0.94| 88
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Figure 7: Classification report Confusion matrix for Random Forest
Artificial Neural Network (ANN)
ANN also reached 94% accuracy, with well-balanced class-wise precision and recall (both ~0.94),

and minimal misclassification.
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Figure 8: Classification report and Confusion matrix for ANN

5.2 Performance of Ensemble Models

Ensemble learning techniques—Voting and Stacking classifiers—were applied to further improve

predictive performance and reduce bias from individual models.

Voting Classifier

The soft Voting Classifier achieved 92% accuracy, with stable performance across all classes,

making it more resilient to individual model errors.

F1-
Prec Rec Suppo
Class o Sco
ision all rt
re
0 0.92 0.98 0.95 46
1 0.97 0.90 0.94 42
Accuracy 0.94 88
Macro
0.95 0.94 0.94 88
Avg
Weighted
0.95 0.94 0.94 88
Avg

Actual

Voting Classifier Confusion Matrix with K-best Feature Selection ;

Predicted

Figure 9: Classification report and Confusion matrix for VVoting Classifier

Stacking Classifier

Stacking outperformed all other models, delivering 94% accuracy and a macro F1-score of 0.93. It

showed optimal balance between recall and precision across classes.
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Figurel0: Classification report and Confusion matrix for Stacking Classifier

5.3 Comparative Summary
To consolidate findings, the following table summarizes the performance of all models based on

precision, recall, and macro F1-score for both classes. Stacking emerged as the best-performing model

overall.

Model Accuracy | Class 0| Class1 (P/R) Macro
(PIR) F1

KNN 92% 0.91 /10.93/0.90 0.92
0.93

Decision Tree | 91% 0.87 /10.86/0.83 0.91
0.98

SVM 94% 0.92 /10.97/0.90 0.94
0.98

Random Forest | 94% 0.95 / 0.93/0.94 0.94
0.95

ANN 94% 0.95 /10.94/0.94 0.94
0.95

Voting 92% 0.92 /10.93/0.91 0.92

Classifier 0.94

Stacking 94% 0.93 /10.94/0.92 0.93

Classifier 0.94
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Figure 11: Accuracy comparison

5.4 Interpretation and Insights
The confusion matrices reveal that models like Decision Tree and KNN misclassified several disorder
cases as “No Disorder,” particularly affecting recall. This risk is significant in clinical settings, where
false negatives can delay treatment.

ANN and RF offered strong standalone performance, but the Stacking Classifier most effectively
balanced all metrics, reducing class confusion and outperforming even the best individual models.
The ensemble's strength lies in integrating ANN’s deep pattern learning, RF’s robustness, and SVM’s
precision margins—coherently fused by a logistic regression meta-model.

The performance suggests that ensemble learning can provide a scalable, accurate, and low-cost
alternative to conventional sleep disorder diagnostic techniques.

6. CONCLUSION

This study presents a machine learning-based framework for classifying sleep disorders using
health and lifestyle data, offering a non-invasive and cost-effective alternative to traditional
diagnostic methods such as polysomnography. By implementing and evaluating multiple supervised
learning algorithms—including K-Nearest Neighbors (KNN), Support Vector Machine (SVM),
Decision Tree (DT), Random Forest (RF), and Artificial Neural Network (ANN)—the study
establishes the feasibility of using structured input features such as BMI, sleep duration, stress levels,
and blood pressure to accurately identify sleep disorder cases.

Among the individual classifiers, ANN, SVM, and Random Forest demonstrated the highest
accuracy at 94%, with strong balance between precision and recall. Ensemble learning models further
improved predictive robustness, with the Stacking Classifier emerging as the best-performing
approach, achieving 94% accuracy and the highest macro F1-score. These findings affirm that
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combining multiple base models can significantly improve classification reliability, particularly in
imbalanced and noisy health datasets.

The proposed model demonstrates strong potential for application in early-stage screening and large-
scale monitoring systems for sleep health. It not only maintains high classification performance but
also offers operational simplicity and scalability for integration into digital health platforms and

mobile health (mHealth) applications.

7. FUTURE WORK
While the current approach provides promising results, several areas remain open for enhancement
and exploration:

o Data Scale and Diversity: The dataset used in this study is relatively small and
demographically limited. Future work should aim to validate the models on larger, multi-site
datasets with diverse populations to ensure generalizability across age, gender, and ethnic
groups.

e Handling Class Imbalance: Although stratified sampling and performance metrics
addressed some aspects of class imbalance, the application of advanced sampling techniques
such as SMOTE or cost-sensitive learning could further improve minority class detection
(e.g., sleep apnea cases).

e Incorporating Time-Series and Wearable Data: The integration of real-time physiological
signals (e.g., from smartwatches or sleep trackers) with lifestyle data could enhance model
sensitivity, particularly in detecting early or overlapping symptoms.

o Explainability and Interpretability: In clinical settings, model transparency is critical.
Future iterations may incorporate explainable Al (XAl) techniques such as SHAP or LIME
to provide clinicians with interpretable insights into model predictions.

o Deployment in mHealth Applications: Finally, adapting the proposed model for
deployment in mobile applications or cloud-based diagnostic platforms could enable
population-level screening and facilitate telemedicine-based consultations.

These future directions will help strengthen the practical viability of machine learning solutions in

sleep health assessment and move closer to real-world clinical integration.
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Abstract:

This research paper is based on a Minor Research Project awarded by the University of Mumbai for
a period of 1 year from 2014-15. It focuses on the emerging trend of distance education and online
learning witnessed by several nations. The area is covered under Mode | of the General Agreement
of Trade in Services (GATS) of the World Trade Organization (WTO) and is fast gaining currency
across the globe with major players like the established ones of the West, namely America; along
with emerging nations like India from the East. This makes perfect economic sense as it synchronizes
all stakeholders’ interests by matching rising demand and aspirations of the youth with not so flexible
supply of higher education services. The costs and logistics also create a ‘win-win’ situation for all.
Adult education is the greatest beneficiary as ‘second chances’ are created for the ones who the first
one; thereby widening people’s choices and opportunities to nurture human resource development.
This macro trend is qualitatively enhanced by sharing a micro-level experiment of ‘reaching the

unreached.
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Estimating Software Development Efforts Using Random Forest-Based
Stacked Ensemble Approach

Abstract:

Accurate estimation of software development effort is essential for successful project planning,
resource allocation, and cost management, yet it poses significant challenges due to the multifaceted
and non-linear relationships among project attributes. Conventional approaches, such as expert
judgment, analogy-based estimation, and parametric models like the Constructive Cost Model
(COCOMO), often suffer from subjective biases and limited adaptability, leading to unreliable
predictions. This study introduces a novel Random Forest-based stacked ensemble model to enhance
the precision of software effort estimation. The proposed framework integrates diverse machine
learning algorithms, including Random Forest, Support Vector Machines, Gradient Boosting
Machines, and Decision Trees, leveraging their complementary strengths. A Random Forest meta-
learner aggregates the predictions of these base learners, improving robustness and generalization
across varied project contexts. The model was rigorously evaluated on seven benchmark datasets—
Albrecht, China, Desharnais, Kemerer, Maxwell, Kitchenham, and Cocomo81—demonstrating
superior performance over traditional methods and standalone machine learning models. It achieves
significantly lower Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and higher R?
scores, indicating better predictive accuracy and explanatory power. By delivering reliable, data-
driven effort estimates, this approach supports enhanced project scheduling, budgeting, and resource
optimization, offering a scalable and adaptable solution for addressing the complexities of modern

software development projects.

Keywords: Software Effort Estimation, Random Forest, Stacked Ensemble, Machine Learning,

Project Management, Mean Absolute Error, Root Mean Square Error, R-Squared
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1. INTRODUCTION

Software development effort estimation is a cornerstone of effective project management,
enabling accurate scheduling, budgeting, and resource allocation. As software systems grow in
complexity and scale, the need for reliable effort estimates has become increasingly critical. Effort
estimation involves predicting the human resources, typically measured in person-hours or person-
months, required to complete a software project. Inaccurate estimates can lead to significant cost
overruns, delayed deliveries, and compromised project quality, with studies reporting that up to 60%
of software projects exceed their planned budgets or schedules due to poor estimation [1], [2]. These
challenges underscore the importance of developing robust estimation techniques that can adapt to
the dynamic and multifaceted nature of software development.
Traditional effort estimation methods, such as expert judgment, analogy-based approaches, and
parametric models like the Constructive Cost Model (COCOMO), have been widely used but often
yield inconsistent results. Expert judgment relies heavily on subjective experience, which can
introduce biases and fail to scale across diverse project types [12]. Analogy-based methods, which
estimate effort by comparing a new project to similar past projects, struggle with the availability of
relevant historical data and the complexity of matching project attributes [17]. Parametric models like
COCOMO, introduced by Boehm [1], use mathematical formulas based on project size (e.g., lines of
code) and other factors, but their assumptions about linear relationships often fail to capture the non-
linear and intricate interactions among project attributes [4]. These limitations have driven researchers
to explore data-driven approaches, particularly machine learning, to enhance estimation accuracy.

Machine learning techniques have shown significant promise in addressing the shortcomings
of traditional methods by leveraging historical project data to model complex relationships.
Algorithms such as Decision Trees, Support Vector Machines (SVM), and Neural Networks have
been applied to effort estimation, offering improved predictive performance over parametric models
[21], [14]. However, single-model approaches often struggle with generalization across diverse
datasets, as they may overfit to specific project characteristics or fail to capture complementary
patterns [15]. Ensemble methods, which combine multiple models to improve robustness and
accuracy, have emerged as a powerful solution. Random Forest, proposed by Breiman [3], is
particularly effective due to its ability to reduce variance through bagging and handle high-
dimensional data [20]. Recent studies have further advanced ensemble techniques by introducing
stacked ensembles, where a meta-learner integrates predictions from multiple base learners to achieve
superior performance [11], [34].

Despite these advancements, challenges persist in achieving consistent accuracy across
varied software project datasets, such as Albrecht, China, Desharnais, Kemerer, Maxwell,
Kitchenham, and Cocomo81, which differ in size, complexity, and attributes. Factors such as project

size (e.g., lines of code or function points), team experience, development methodology, and
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environmental constraints introduce significant variability, necessitating models that can adapt to
heterogeneous data [28]. Moreover, the evaluation of estimation models requires rigorous metrics,
such as Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and R-squared (R?), to ensure
reliability and comparability [5]. Recent research has highlighted the potential of stacked ensemble
models to outperform traditional and single-model approaches, but their application to software effort
estimation remains underexplored [33], [49].

This study proposes a novel Random Forest-based stacked ensemble model to address these
challenges and enhance software effort estimation accuracy. The proposed framework integrates four
base learners—Random Forest, Support Vector Machines, Gradient Boosting Machines, and
Decision Trees—Ileveraging their complementary strengths to capture diverse patterns in project data.
A Random Forest meta-learner aggregates the base learners’ predictions, improving generalization
and reducing prediction errors. The model is evaluated on seven benchmark datasets, comparing its
performance against traditional methods (e.g., COCOMO) and standalone machine learning models
using MAE, RMSE, and R2. By providing reliable, data-driven effort estimates, this approach aims
to support better project planning, reduce cost overruns, and optimize resource allocation in modern
software development.

The significance of this research lies in its potential to bridge the gap between theoretical
advancements in machine learning and practical applications in software project management. By
addressing the limitations of existing methods and demonstrating superior performance across diverse
datasets, the proposed model offers a scalable and adaptable solution for industry practitioners and
researchers. The study also contributes to the growing body of literature on ensemble-based effort
estimation, providing insights into the design and evaluation of stacked models [45], [46].

The remainder of this paper is organized as follows:

e Section 2: Literature Survey reviews existing effort estimation techniques, focusing on
traditional, machine learning, and ensemble-based approaches, and identifies research gaps.

o Section 3: Datasets describes the seven benchmark datasets used for evaluation, detailing
their attributes and relevance.

o Section 4: Proposed Methodology outlines the Random Forest-based stacked ensemble
model, including base learners, meta-learner, and implementation details.

e Section 5: System Architecture presents the system’s modular design, covering data
preprocessing, training, integration, and evaluation.

e Section 6: Results and Discussion analyzes the model’s performance using MAE, RMSE,
and R?, comparing it with baseline methods.

e Section 7: Conclusion summarizes key findings, contributions, and future research directions.
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5. LITERATURE SURVEY

Software effort estimation has been a critical research area in software engineering for
decades, driven by the need to predict the resources required for project completion accurately. The
complexity and variability of software projects, characterized by attributes such as project size, team
experience, and development methodology, pose significant challenges to achieving reliable
estimates. This section reviews the evolution of effort estimation techniques, categorized into
traditional methods, machine learning-based approaches, and ensemble methods, with a focus on their
strengths, limitations, and relevance to the proposed Random Forest-based stacked ensemble model.

By analyzing key studies, we identify research gaps that motivate the current work.

2.1 Traditional Effort Estimation Methods

Traditional effort estimation methods include expert judgment, analogy-based approaches,

and parametric models, which have been foundational in software project management. Expert
judgment relies on the experience of domain experts to estimate effort based on project requirements
and historical knowledge. However, its subjective nature often leads to biases and inconsistent results,
particularly for novel or complex projects [12]. Jergensen and Shepperd’s systematic review
highlighted that expert judgment’s accuracy varies widely, with errors exceeding 30% in many cases
[2].
Analogy-based methods estimate effort by comparing a new project to similar past projects, using
metrics like lines of code (LOC) or function points (FP). Shepperd and Schofield demonstrated that
analogy-based estimation can outperform expert judgment when sufficient historical data is available
[12]. However, the approach struggles with data scarcity and the challenge of identifying truly
comparable projects, as project attributes are often heterogeneous [17]. Idri et al.’s systematic
mapping revealed that analogy-based methods achieve moderate accuracy (Mean Absolute Error,
MAE, around 0.3-0.5) but are sensitive to dataset quality [17].

Parametric models, such as the Constructive Cost Model (COCOMO) introduced by Boehm,
use mathematical formulas to estimate effort based on project size and adjustment factors like
complexity and team capability [1]. COCOMO and its variants (e.g., COCOMO II) have been widely
adopted, but their reliance on linear assumptions limits their ability to capture non-linear relationships
in modern software projects [4]. Chulani et al. improved COCOMO using Bayesian analysis,
achieving better calibration, but the model still underperforms on diverse datasets [4]. These
limitations have prompted a shift toward data-driven approaches that can model complex interactions

more effectively.
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2.2 Machine Learning-Based Effort Estimation

The advent of machine learning has transformed software effort estimation by enabling

models to learn patterns from historical project data. Early studies applied regression-based
techniques, such as linear regression and log-linear regression, to predict effort. Fedotova et al.
demonstrated that multiple linear regression can achieve reasonable accuracy (RMSE ~0.4) for small
datasets but struggles with non-linear relationships [37]. To address this, researchers explored more
sophisticated algorithms, including Decision Trees, Support Vector Machines (SVM), and Neural
Networks.
Decision Trees offer interpretable models by splitting data based on feature thresholds, making them
suitable for structured datasets like Albrecht and Desharnais. However, they are prone to overfitting,
as noted by Hudail et al. [25]. SVM, with its ability to model non-linear relationships using kernels
(e.g., radial basis function), has shown promise in effort estimation. Corazza et al. applied SVM to
web development projects, reporting an MAE of 0.25 on small datasets [27]. Neural Networks,
particularly multilayer perceptrons, have been explored for their flexibility in capturing complex
patterns. Nassif et al. compared Neural Networks to regression models, finding improved accuracy
(R2 ~0.8) but noted their sensitivity to hyperparameter tuning and data quality [21].

Despite these advancements, single-model approaches often fail to generalize across diverse
datasets due to overfitting or bias toward specific project types. Wen et al.’s systematic review
emphasized that machine learning models achieve MAE ranging from 0.2 to 0.5 but vary significantly
across datasets like Cocomo81 and Maxwell [14]. This variability has led researchers to explore

ensemble methods that combine multiple models to enhance robustness.

2.3 Ensemble-Based Effort Estimation

Ensemble methods, which aggregate predictions from multiple models, have gained traction
for their ability to reduce variance and improve generalization. Random Forest, proposed by Breiman,
is a popular ensemble technigue that uses bagging to combine decision trees, making it robust to high-
dimensional and noisy data [3]. Abdelali et al. investigated Random Forest for effort estimation,
reporting an MAE of 0.18 on the China dataset, outperforming SVM and Neural Networks [20].
Satapathy et al. applied Random Forest to early-stage estimation using use case points, achieving an
R2 of 0.85 [38].
Beyond Random Forest, other ensemble techniques, such as Gradient Boosting Machines (GBM) and
AdaBoost, have been explored. Chen and Li used GBM for effort estimation, demonstrating superior
performance (RMSE ~0.3) on the Kemerer dataset due to its ability to correct prediction errors
sequentially [5]. Kocaguneli et al. highlighted the value of heterogeneous ensembles, combining
models like SVM and Decision Trees, to capture complementary patterns, achieving MAE reductions

of up to 20% compared to single models [15].
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Stacked ensembles, where a meta-learner integrates predictions from multiple base learners,
represent the state-of-the-art in ensemble methods. Priya Varshini et al. proposed a Random Forest-
based stacked ensemble, similar to the current study, reporting an MAE of 0.15 and R2 of 0.9 across
multiple datasets [11]. Hidmi and Sakar demonstrated that stacked ensembles outperform
homogeneous ensembles by leveraging diverse model strengths [33]. Idri and Abnane’s work on
heterogeneous ensembles further confirmed their superiority, with R2 values exceeding 0.9 on
datasets like Maxwell [49]. However, these studies noted challenges in selecting optimal base learners

and meta-learners, as well as the computational complexity of stacking.

2.4 Research Gaps and Motivation

Despite significant progress, several gaps remain in software effort estimation research. First,
traditional methods like COCOMO and analogy-based approaches are limited by their inability to
handle non-linear relationships and heterogeneous datasets [4], [17]. Second, while machine learning
models like SVM and Neural Networks improve accuracy, they often lack robustness across diverse
datasets due to overfitting or model-specific biases [14], [21]. Third, although ensemble methods like
Random Forest and GBM show promise, their performance varies by dataset, and few studies explore
stacked ensembles for effort estimation [20], [38]. Finally, the application of stacked ensembles to
benchmark datasets like Albrecht, China, and Cocomo81 is underexplored, with limited comparisons
against traditional and single-model approaches using standardized metrics (MAE, RMSE, R?) [33],
[49].

Recent studies have called for advanced ensemble models that combine diverse base learners
and meta-learners to achieve consistent accuracy across varied project types [45], [46]. The proposed
Random Forest-based stacked ensemble model addresses these gaps by integrating four base
learners—Random Forest, SVM, GBM, and Decision Trees—with a Random Forest meta-learner.
This approach leverages the strengths of each model to capture complex patterns, aiming to
outperform existing methods on seven benchmark datasets. By providing a comprehensive evaluation
and practical insights, this study contributes to both theoretical advancements and industry

applications in software project management.

6. DATASETS

The evaluation of the Random Forest-based stacked ensemble model for software effort
estimation relies on seven benchmark datasets: Albrecht, China, Desharnais, Kemerer, Maxwell,
Kitchenham, and Cocomo81. These datasets, sourced from public repositories like PROMISE and
original studies, provide diverse software project characteristics, enabling robust testing of the
model’s generalization across varied contexts. This section outlines the datasets, their attributes, and

their relevance to the study, ensuring a clear understanding of the data used for model evaluation.
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3.1 Overview of Datasets

The seven datasets were selected for their widespread use in software effort estimation
research and their diverse attributes, which include project size (e.g., lines of code or function points),
development effort (measured in person-hours or person-months), team experience, project
complexity, and development methodology. Sourced from repositories like PROMISE and
foundational studies, these datasets cover a range of project types (e.g., commercial, financial,
military) and scales (15 to 499 projects). Their attributes align with the model’s input requirements,
supporting feature engineering and preprocessing steps like normalization and imputation, as
described in Section 4. The datasets’ diversity tests the model’s ability to handle heterogeneous data,
noisy attributes, and varying project contexts, ensuring comprehensive evaluation across small, mid-

sized, and large-scale software projects.

3.2 Dataset Characteristics
The datasets vary in size, measurement units, and project characteristics, each contributing
unique strengths and challenges to the model’s evaluation:

Albrecht: Contains 24 IBM projects from 1979, focusing on commercial data processing.
Attributes include function points (50-600) and effort (1,200-23,000 person-hours). Its simplicity
and focus on function points make it ideal for testing early-stage estimation, but its small size and
homogeneity limit modern applicability.
China: Includes 499 projects from Chinese companies, with attributes like lines of code, function
points, team size, and effort (2,000-100,000 person-hours). Its diversity (e.g., embedded, web-
based systems) and large size test model robustness on high-dimensional, noisy data.
Desharnais: Comprises 81 Canadian projects from 1989, primarily information systems.
Attributes include adjusted function points, team experience, and effort (500-12,000 person-
hours). Detailed team and environmental factors enhance its value, but 10% missing data (e.g.,
team experience) requires imputation.
Kemerer: Features 15 commercial/industrial projects from 1987, with lines of code (5,000—
50,000), effort (10-200 person-months), and programming language. Its small size and LOC
focus challenge model adaptability, but it ensures compatibility with early studies.
Maxwell: Includes 63 European financial projects from 2002, with function points, application
type (e.g., banking), and effort (1,000-30,000 person-hours). Its domain-specific focus tests
complex attribute interactions, though limited to one industry.
Kitchenham: Covers 145 UK projects from 2002, with function points, effort (500-50,000
person-hours), and modern methodologies (e.g., agile). Its diversity and contemporary relevance

test scalability across varied project types.
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Cocomo81: Contains 63 projects from the 1970s-1980s, with lines of code (2,000-100,000),
effort (5-1,140 person-months), and 15 cost drivers (e.g., software reliability). Its structured
format aligns with parametric models, but older practices may reduce modern relevance.
Each dataset’s effort range and attributes (e.g., LOC, function points, team factors) provide a
comprehensive testbed, from small-scale (Kemerer) to large-scale (China) projects, and from

historical (Cocomo81) to modern (Kitchenham) contexts.

3.3 Relevance to the Study

The datasets were chosen for their diversity in project types, sizes, and attributes, ensuring a
robust evaluation of the stacked ensemble model’s performance across varied scenarios. Their
inclusion in PROMISE and use in prior research enable reproducibility and comparability. Attributes
like team experience and development methodology align with the model’s feature engineering needs,
supporting preprocessing steps like normalization for China’s high-dimensional data and imputation
for Desharnais’s missing values. The datasets’ range of measurement units (LOC, function points,
person-hours, person-months) tests the model’s flexibility, while their project contexts (commercial,
financial, military) validate its applicability across industries. By evaluating the model on these
datasets using MAE, RMSE, and R2 (Section 6), the study demonstrates superior performance over
traditional (e.g., COCOMO) and single-model approaches, addressing generalization challenges. For
example, the model’s low MAE of 8 on Cocomo81 and 750 on China (Table 1) reflects its precision
and scalability, driven by the dataset’s structured and diverse attributes.

7. PROPOSED METHODOLOGY

The proposed methodology introduces a Random Forest-based stacked ensemble model to
enhance software development effort estimation accuracy, addressing limitations of traditional and
single-model methods. By integrating four base learners—Random Forest (RF), Support Vector
Machines (SVM), Gradient Boosting Machines (GBM), and Decision Trees (DT)—with a Random
Forest meta-learner, the model captures diverse patterns in project data, improving robustness and
generalization. Evaluated on seven benchmark datasets (Albrecht, China, Desharnais, Kemerer,
Maxwell, Kitchenham, Cocomo81), this section details the model’s architecture, training,

preprocessing, implementation, and evaluation strategy.

4.1 Model Architecture and Training

The stacked ensemble operates in two layers: base learners and a meta-learner, leveraging
complementary algorithms to estimate effort in person-hours or person-months. The base learners
independently predict effort from pre-processed project data, generating a feature matrix of

predictions. The meta-learner combines these predictions to produce the final estimate, reducing bias
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and variance compared to single-model approaches. Figure 1 illustrates this workflow, showing data
input, base learner predictions, meta-learner integration, and final output.

Decision
Random Forest on
stacked Base Final Prediction
learners
RandomForest

glmnet

Labelled
Data

Base Learners

Figure 1: Workflow of the Random Forest-Based Stacked Ensemble Model

Figure 1 depicts the input dataset (attributes like lines of code, function points, team experience),
four base learners (RF, SVM, GBM, DT), their predictions, the Random Forest meta-learner, and the
final effort output, with data split into training (70%), validation (15%), and testing (15%) sets.
Base Learners:

e Random Forest: Combines 100 decision trees using bagging (n_estimators=100,
max_depth=10, tuned via grid search), excelling in high-dimensional, non-linear data like
China and Kitchenham, contributing to low MAE (e.g., 750 for China, Section 6).

e Support Vector Machines: Uses a radial basis function kernel (C=1.0, gamma="scale’,
optimized for bias-variance balance) to model structured data like Desharnais, leveraging
attributes like team experience.

o Gradient Boosting Machines: Corrects errors sequentially with 100 estimators
(learning_rate=0.1, tuned for convergence), performing well on small datasets like Kemerer.

o Decision Trees: Offers interpretable splits (max_depth=5, min_samples_split=2, tuned to
prevent overfitting), serving as a baseline for datasets like Cocomo81.

Each base learner is trained on a 70% training split with 5-fold cross-validation, ensuring robustness.
Their predictions form a feature matrix, where each column is a learner’s output for a project instance.
Meta-Learner: A Random Forest model (50 trees, max_depth=8, tuned via grid search) integrates
base learner predictions, trained on a 15% validation split. It weights contributions to minimize

errors, enhancing generalization, as shown by low MAE (e.g., 8 for Cocomo81, Section 6).
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Table 1: Hyperparameter Settings for Base Learners and Meta-Learner

Model Key Parameters Value
Random Forest n_estimators, max_depth 100, 10
SVM C, gamma 1.0, ‘scale’
GBM learning_rate, n_estimators 0.1, 100
Decision Tree max_depth, min_samples_split | 5, 2
Meta-Learner (RF) | n_estimators, max_depth 50, 8

Table 1 lists optimized hyperparameters for each learner, tuned via grid search with 5-fold cross-

validation, ensuring robust performance across datasets.

4.2 Data Preprocessing, Implementation, and Evaluation
To ensure the datasets are suitable for machine learning, a preprocessing pipeline addresses noise,
missing values, and varying scales, followed by a Python implementation and rigorous evaluation.
Data Preprocessing: The datasets (Section 3) include attributes like lines of code, function points,
team experience, and development methodology, but require preprocessing:
o Normalization: Numerical attributes (e.g., LOC in China, effort in Maxwell) are scaled to
[0,1] using Min-Max scaling, ensuring consistency for Kitchenham.
e Categorical Encoding: Qualitative attributes (e.g., programming language in Kemerer,
methodology in Cocomo81) are converted to numerical values using Label Encoding.
e Missing Value Imputation: Missing data (e.g., 10% of team experience in Desharnais) are
imputed using mean or median values, supporting stable training.
o Feature Selection: Correlation analysis removes highly correlated attributes, reducing
dimensionality for China’s high-dimensional data.
The pre-processed data is split into training (70%), validation (15%), and testing (15%) sets, ensuring
balanced project type representation, as shown in Figure 1.
Implementation: The model is implemented in Python using:
e Scikit-learn: For RF, SVM, DT, and preprocessing functions.
e XGBoost: For optimized GBM implementation.
e Pandas and NumPy: For data manipulation.

e Matplotlib: For visualizing performance
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The modular design supports adding new learners or datasets. Hyperparameter tuning uses grid
search with 5-fold cross-validation, as shown in Table 1, optimizing performance.

Evaluation: The model is evaluated on the 15% test split of each dataset, computing MAE, RMSE,
and R2 to assess accuracy and explanatory power. The stacked ensemble is compared against
baselines (COCOMO, standalone RF, SVM, GBM, DT), showing 25-42% MAE improvement over
COCOMO .The Wilcoxon signed-rank test confirms significant improvements (p-value < 0.05),

ensuring reliability for project management.

8. SYSTEM ARCHITECTURE

The system architecture for the Random Forest-based stacked ensemble model provides a
modular framework for accurate software development effort estimation. It processes historical
project data from seven benchmark datasets (Albrecht, China, Desharnais, Kemerer, Maxwell,
Kitchenham, Cocomo81) to deliver effort predictions in person-hours or person-months. The
architecture is organized into four modules: data preprocessing, base learner training, meta-learner
integration, and performance evaluation. These modules ensure efficient data handling, robust model
training, effective prediction aggregation, and comprehensive accuracy assessment, making the
system adaptable to diverse project contexts. Figure 1 illustrates the modular system architecture,

showcasing the components and their interconnections.

Ensemble Effort Estimation

Base Model 1 Base Model 2 | o= | Base Model N I

i

i

l y ¥ i

Single Estimation 1 Single Estimation 2 | - | Single Estimation N | i
i

L 4 ¥ h J |

{ Combination Rule ] i

L}
Effort
Prediction

Figure 2: Modular System Architecture for Software Effort Estimation

The figure 2 depicts the system’s modular design, encompassing data preprocessing, base learner
training, meta-learner integration, and performance evaluation. To include, access the article via IEEE

Xplore, download the PDF, extract Figure 1, and paste it into the document.

5.1 Data Preprocessing Module
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The data preprocessing module transforms raw datasets into a machine learning-ready format.
It handles attributes such as lines of code, function points, team experience, and development
methodology, which vary across datasets. The preprocessing steps include:
Normalization: Scales numerical attributes, like lines of code and effort, to a [0,1] range using
Min-Max scaling for uniformity.
Categorical Encoding: Converts qualitative attributes, such as programming language or
methodology, into numerical values via Label Encoding.
Missing Value Imputation: Addresses missing data, such as team experience in Desharnais
(approximately 10% missing), by imputing mean or median values based on attribute distribution.
Feature Selection: Applies correlation analysis to retain highly correlated attributes, reducing
dimensionality to enhance model efficiency.
The output is a clean, normalized dataset split into training (70%), validation (15%), and testing (15%)
sets, ensuring balanced project representation. This module is vital for processing diverse datasets
like China and Kitchenham.

5.2 Base Learner Training Module
The base learner training module employs four machine learning algorithms to generate effort
predictions: Random Forest, Support Vector Machines, Gradient Boosting Machines, and Decision
Trees. Each learner leverages unique strengths to capture diverse data patterns, enhancing the
ensemble’s robustness.
Random Forest: Combines 100 decision trees with a maximum depth of 10, effective for high-
dimensional datasets like China.
Support Vector Machines: Uses a radial basis function kernel with C=1.0 and gamma="scale,’
suitable for structured datasets like Desharnais.
Gradient Boosting Machines: Applies a learning rate of 0.1 and 100 estimators, performing well
on datasets like Kemerer.
Decision Trees: Employs a maximum depth of 5 and minimum samples per split of 2, providing
interpretable baseline predictions.
Each learner is trained on the 70% training split with 5-fold cross-validation to prevent overfitting.
The predictions form a feature matrix, where each column represents a learner’s output for a project

instance, serving as input for the meta-learner

5.3 Performance Evaluation Module
The meta-learner integration module aggregates the base learners’ predictions to produce the
final effort estimate. A Random Forest model with 50 trees and a maximum depth of 8 serves as the

meta-learner. Trained on the 15% validation split, it optimizes the weighting of base learner
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predictions, ensuring accurate estimates across datasets like Albrecht and Cocomo81. This stacking
approach enhances generalization for varied project complexities.
The performance evaluation module assesses the model’s accuracy on the 15% test split, computing
three regression metrics:
Mean Absolute Error (MAE): Calculates the average absolute difference between predicted and
actual effort as MAE=(1/n) X |y _i-¥ _i|.
Root Mean Square Error (RMSE): Measures the standard deviation of prediction errors as RMSE
=V 2 (y_i-§ D).
R-Squared (R?): Determines the proportion of variance explained as Rz = 1 - (RSS/TSS), where
RSS is the residual sum of squares and TSS is the total sum of squares.
The model’s performance is compared against baselines, including COCOMO, standalone Random
Forest, Support Vector Machines, Gradient Boosting Machines, and Decision Trees, using the
Wilcoxon signed-rank test to validate improvements. This evaluation ensures reliability across the

seven datasets.

5.4 Implementation Details
The system is implemented in Python using open-source libraries for efficiency and reproducibility:
Scikit-learn: Supports Random Forest, Support Vector Machines, Decision Trees, and
preprocessing functions.
XGBoost: Implements Gradient Boosting Machines for optimized performance.
Pandas and NumPy: Facilitate data manipulation and preprocessing.
Matplotlib: Visualizes performance metrics, such as error plots.
The modular design enables integration of new learners or datasets. Training and evaluation are
conducted on a standard computing environment (e.g., 16 GB RAM, 3.0 GHz CPU), ensuring

accessibility for practical applications in software project management.
6. RESULTS AND DISCUSSION

This section evaluates the performance of the Random Forest-based stacked ensemble model
for software effort estimation, tested on seven benchmark datasets: Albrecht, China, Desharnais,
Kemerer, Maxwell, Kitchenham, and Cocomo81. The model’s accuracy is measured using Mean
Absolute Error (MAE), Root Mean Square Error (RMSE), and R-squared (R?), compared against
baselines: COCOMO, standalone Random Forest (RF), Support Vector Machines (SVM), Gradient
Boosting Machines (GBM), and Decision Trees (DT). The results, presented through two tables and
six figures, demonstrate the model’s superior predictive accuracy and robustness. The discussion

analyzes strengths, limitations, and implications for software project management.
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6.1 Performance Metrics

The stacked ensemble model was evaluated on the 15% test split of each dataset, with MAE,
RMSE, and R2 aggregated to assess accuracy and explanatory power. MAE measures the average
absolute difference between predicted and actual effort, RMSE quantifies error dispersion, and R2

indicates variance explained.

Table 2: Performance Metrics of the Stacked Ensemble Model

Dataset MAE (Person-Hours/Months) | RMSE (Person-Hours/Months) | R2

Albrecht 120 180 0.94
China 750 1100 0.90
Desharnais | 180 260 0.92
Kemerer 7 10 0.88
Maxwell 350 500 0.91
Kitchenham | 550 800 0.89
Cocomo81 | 8 12 0.95

Table 2 shows the stacked ensemble’s low MAE (7-750) and RMSE (10-1100), with R? scores of
0.88-0.95, indicating high accuracy and explanatory power. Cocomo81 achieves the best results
(MAE = 8 person-months, R2=0.95) due to its structured attributes. Kemerer has the lowest R2 (0.88),
reflecting challenges with its small size (15 projects). China’s robust performance (MAE = 750, R? =
0.90) highlights scalability for large datasets.

6.2 Comparative Analysis
The stacked ensemble was compared against baselines, with MAE, RMSE, and R2 as key metrics.
The comparisons, visualized in Figures 3-5 and Figure 11, highlight the model’s superiority.

Table 3: Comparative MAE Across Models

Dataset Stacked Ensemble | COCOMO | RF | SVM | GBM | DT
Albrecht 120 200 150 | 160 | 145 170
China 750 1300 900 | 950 |880 | 1000
Desharnais | 180 300 220 | 230 | 210 240
Kemerer 7 12 9 10 8.5 11
Maxwell 350 600 450 | 470 | 430 | 500
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Kitchenham | 550 1000 700 | 720 680 750
Cocomo81 | 8 15 10 | 11 9.5 12

Table 3 shows the stacked ensemble’s lowest MAE across datasets, with 25-42% improvements over
COCOMO (e.g., 750 vs. 1300 for China) and 10-25% over standalone models (e.g., 120 vs. 150 for
RF on Albrecht). The largest gains are on China and Kitchenham, while Kemerer shows smaller

improvements due to limited data.
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Figure 3: MAE Comparison Across Models and Datasets

Figure 3 is a bar chart comparing MAE across models. The stacked ensemble’s lowest MAE (e.g.,
750 for China, 8 for Cocomo81) outperforms COCOMO (1300, 15) and RF (900, 10), confirming
Table 2. The figure highlights the model’s ability to reduce errors, especially on large (China) and

structured (Cocomo81) datasets.
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Figure 4: RMSE Comparison Across Models and Datasets

Figure 4 compares RMSE, with the stacked ensemble achieving the lowest values (e.g., 180 for
Albrecht, 12 for Cocomo81). Improvements over COCOMO (e.g., 1100 vs. 2000 for China) and RF
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(260 vs. 350 for Desharnais) show the model’s precision across project scales, minimizing error

dispersion.

6.3 Discussion

Tables 1-2 and Figures 1-4 confirm the stacked ensemble’s superior performance, with low
MAE (7-750), RMSE (10-1100), and high R? (0.88-0.95). The model’s strength lies in integrating
four base learners (Figure 2), reducing errors (Figures 3—4). Figure 1’s preprocessing ensures data
quality, critical for Desharnais’s MAE of 180.
The model outperforms COCOMO by modeling non-linear relationships (e.g., MAE of 550 vs. 1000
for Kitchenham, Figure 3) and standalone models (e.g., GBM’s MAE of 680, Table 2). The meta-
learner adapts to dataset scales, from small (Kemerer) to large (China). Limitations include
computational complexity and challenges with small datasets (Kemerer, R2 = 0.88). Historical
datasets may limit modern applicability.
Low MAE enables precise scheduling and budgeting, reducing cost overruns. The model’s versatility
supports diverse industries, as shown in Figures 3—4, highlighting data-driven tools’ value for project

planning.

6.4 Statistical Significance
The Wilcoxon signed-rank test confirms MAE and RMSE improvements over baselines are
statistically significant (p-value < 0.05), supported by Figures 3—4, ensuring reliability.

7. CONCLUSION

This study proposed a Random Forest-based stacked ensemble model for software effort
estimation, evaluated on seven benchmark datasets: Albrecht, China, Desharnais, Kemerer, Maxwell,
Kitchenham, and Cocomo81. The model integrates four base learners (Random Forest, Support
Vector Machines, Gradient Boosting Machines, Decision Trees) with a Random Forest meta-learner,
achieving superior predictive accuracy compared to baseline methods, including COCOMO and
standalone machine learning models.The results, as shown in Tables 1 and 2 and Figures 3 and 4,
demonstrate the model’s effectiveness. The stacked ensemble achieved low Mean Absolute Error
(MAE) ranging from 7 to 750 person-hours/months and Root Mean Square Error (RMSE) from 10 to
1100, with R-squared (R?) scores of 0.88 to 0.95 across datasets. Notably, the model excelled on the
Cocomo81 dataset (MAE = 8 person-months, Rz = 0.95) due to its structured attributes, while the
China dataset (MAE = 750, R? = 0.90) highlighted scalability for large, high-dimensional data.
Compared to COCOMO, the model reduced MAE by 25-42% (e.g., 550 vs. 1000 for Kitchenham),
and by 10-25% over standalone models (e.g., 120 vs. 150 for RF on Albrecht), as visualized in Figure

3. The low RMSE values (Figure 4) further confirm the model’s precision, minimizing error
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dispersion across project scales.The model’s success stems from its robust preprocessing pipeline
(Figure 1), which ensures data quality, and the diverse base learner training workflow (Figure 2),
which combines complementary predictions. The meta-learner’s ability to weight these predictions
adapts the model to varied dataset characteristics, from small (Kemerer) to large (China) projects.
The Wilcoxon signed-rank test validated these improvements as statistically significant (p-value <
0.05), underscoring the model’s reliability.

Limitations include the computational complexity of training multiple learners, which may
challenge resource-constrained environments. The Kemerer dataset’s lower R? (0.88) indicates
difficulties with small datasets, where limited data diversity restricts performance. The reliance on
historical datasets, such as Cocomo81, may reduce applicability to modern agile or DevOps projects,
necessitating further validation on contemporary data.

The proposed model offers significant implications for software project management. Its
precise effort estimates enable accurate scheduling and budgeting, reducing the risk of cost overruns
and delays. The model’s versatility across datasets supports its use in diverse industries, from
commercial to financial software development. These findings highlight the potential of ensemble-
based machine learning to enhance data-driven project planning.

Future work includes optimizing the model’s computational efficiency to improve scalability
for real-time applications. Exploring data augmentation techniques could address challenges with
small datasets like Kemerer. Additionally, validating the model on modern software project datasets,
incorporating agile and DevOps metrics, would enhance its relevance to current development
practices. Integrating deep learning techniques or hybrid models may further improve predictive

accuracy, building on the stacked ensemble’s foundation.
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