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PREFACE

It is with immense pleasure that we present the proceedings of the International Conference on Emerging Trends in
Digital Technologies (ICETDT-2025), held on 15th February 2025 at SVKM’s Usha Pravin Gandhi College of Arts,
Science, and Commerce, Mumbai, India. This conference aims to bring together researchers, academicians, industry

experts, and students to foster discussions and collaborations on the latest advancements in digital technologies.

The theme of ICETDT-2025, "Fostering Innovation in Digital and Information Technologies," reflects the pivotal role
that digital technologies play in reshaping industries, education, and society. The conference serves as a platform for
presenting cutting-edge research, sharing innovative ideas, and discussing the challenges and opportunities in areas such
as Artificial Intelligence, Machine Learning, Cloud Computing, Cybersecurity, Blockchain, and [oT.

This year, we have received an overwhelming response from the academic and professional community, with contributions
spanning multiple domains of technology and innovation. These proceedings include papers that have undergone a
rigorous review process to ensure quality and relevance. Each paper reflects the dedication and hard work of the authors,

and we are proud to showcase their valuable contributions.

We are deeply grateful to the organizing committee, reviewers, and sponsors for their unwavering support and dedication,
which have made ICETDT-2025 a reality. Special thanks go to our keynote speakers and session chairs for their invaluable

insights and leadership in their respective fields.

We hope that this conference inspires new ideas, collaborations, and advancements in digital technologies. May these
proceedings serve as a valuable resource for researchers and practitioners in shaping the future of our increasingly digital

world.
We extend our heartfelt gratitude to all participants and wish you a fruitful and enriching experience at ICETDT-2025.

Warm regards,

Conference Chair
ICETDT-2025
SVKM’s Usha Pravin Gandhi College of Arts, Science, and Commerce

Mumbeai, India

International Conference on Emerging Trends in Digital Technologies (ICETDT-2025)




ISBN: 978-81-970361-0-1

MESSAGE FROM THE
CONFERENCE CHAIR

Dear Delegates,

It is with immense pride that we present the proceedings of the International Conference
on Emerging Trends in Digital Technologies (ICETDT-2025), held on 15th February 2025
at SVKM’s Usha Pravin Gandhi College of Arts, Science, and Commerce, Mumbai, India.
This landmark event brought together a vibrant community of researchers, academicians,
industry professionals, and students to engage in meaningful discussions and share cutting-
edge research.

ICETDT-2025 featured a remarkable collection of high-quality papers that highlight the
transformative power of digital technologies across a wide range of disciplines. The conference

brought together contributions from traditional areas such as Artificial Intelligence, Blockchain, Cybersecurity, [oT, and
Cloud Computing, as well as emerging interdisciplinary domains, including clinical trials, media technologies, and
management systems. These proceedings reflect the diversity of ideas and the convergence of disciplines, showcasing
how digital innovation is shaping industries, healthcare, and societal structures.

Every paper included in these proceedings has undergone a rigorous peer-review process, ensuring the highest standards
of academic and technical rigor. Topics span from theoretical advancements to practical applications addressing critical
real-world challenges, offering insights into areas such as precision healthcare, digital media strategies, and efficient
business management frameworks. This breadth of content demonstrates the relevance and adaptability of digital
technologies in tackling complex problems across multiple sectors.

In addition to the technical sessions, the conference included inspiring keynote addresses, thought-provoking panel
discussions, and dynamic interactive sessions that facilitated meaningful dialogue and collaboration among participants.
These proceedings encapsulate the collective wisdom and innovative ideas shared during the event, serving as a valuable
resource for researchers, practitioners, and industry leaders alike.

The success of ICETDT-2025 is a testament to the dedication of our organizing team, the invaluable guidance of
our advisory board, and the meticulous efforts of our reviewers and track chairs. I extend my deepest gratitude to all
contributors, including our keynote speakers, session chairs, sponsors, and institutional partners, for their unwavering
support and commitment.

As we conclude this year's conference, we look forward to building on this momentum and broadening the scope of
future ICETDT conferences. We invite you to explore the diverse insights captured in these proceedings, be inspired by
the innovative ideas, and join us in advancing the frontiers of digital innovation across all disciplines.

Warm regards,
Dr. A Kapoor Conference Chair, ICETDT-2025
SVKM’s Usha Pravin Gandhi College of Arts, Science, and Commerce

Mumbai, India
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KEYNOTE SPEAKERS

Dr. Elena Zinovieva

MGIMO University, Russia

Talk Title: "Digital Sovereignty in the Modern Era: Opportunities and Challenges"
Abstract:

Dr. Elena Zinovieva explores the concept of digital sovereignty in an increasingly interconnected and technology-driven
world. She emphasizes the importance of nations securing control over their digital infrastructure, data policies, and
cybersecurity frameworks. The talk discusses challenges posed by cross-border data flows, international regulations, and
emerging technologies, while providing actionable insights into achieving sustainable digital independence.

Dr. Imran Baig
Cardiff Metropolitan University, UK
Talk Title: "Waveform Design for 6G Communication Networks"

Abstract:

Dr. Imran Baig highlights the ongoing research and development for 6G Waveform Design, which is expected to become
available in 2030 or later. 6G networks are expected to handle a significant increase in data traffic, driven not just by
5G use cases but also by new applications that have yet to be identified. Researchers expect that OFDM will remain the
foundational technology in 6G due to its ability to effectively combat multipath propagation and frequency-selective
fading, simple equalisation, improved spectrum efficiency, and support of MIMO for higher data rates and reliability. To
satisfy 6G's higher data speed requirements, keeping a low PAPR in the OFDM waveform while boosting its spectral
efficiency will be essential.

International Conference on Emerging Trends in Digital Technologies (ICETDT-2025)




ISBN: 978-81-970361-0-1

CONFERENCE THEME

"Fostering Innovation in Digital and Information Technologies"

The rapid pace of technological advancement has ushered in a new era of possibilities, transforming industries, societies,
and the global economy. The International Conference on Emerging Trends in Digital Technologies (ICETDT-2025)
embraces this transformation with its theme, "Fostering Innovation in Digital and Information Technologies." This
theme underscores the critical role that digital technologies play in addressing modern challenges, driving innovation,
and shaping the future.

Objectives
The primary objectives of ICETDT-2025 are:

1. To Provide a Platform for Knowledge Sharing: Facilitate the exchange of groundbreaking ideas, cutting-edge
research, and innovative practices among researchers, academicians, industry leaders, and students.

2. To Foster Interdisciplinary Collaboration: Bridge the gap between diverse disciplines such as Artificial Intelligence,
Clinical Trials, Media Technologies, and Business Management, encouraging interdisciplinary solutions to global
challenges.

3. To Highlight Practical Applications: Showcase real-world applications of digital technologies in fields like healthcare,
cybersecurity, agriculture, and education, demonstrating their impact on society.

4. To Address Emerging Trends and Challenges: Discuss the latest trends in technologies such as Al, Blockchain, IoT,
Quantum Computing, and Generative Al, and explore solutions to their accompanying challenges.

5. To Inspire Future Research: Motivate researchers and practitioners to push the boundaries of innovation, contributing
to the continuous evolution of digital technologies.

Key Areas of Focus

The International Conference on Emerging Trends in Digital Technologies (ICETDT-2025) brings together researchers,
academicians, and industry professionals to explore advancements in Artificial Intelligence, Machine Learning,
Blockchain, Cybersecurity, Internet of Things (I0T), Cloud Computing, Digital Health, Business Intelligence, and
Emerging Technologies. The conference highlights innovations driving automation, security, data intelligence, and smart
systems across various industries. It also emphasizes the growing role of digital transformation in business, healthcare,
and communication technologies. With a strong focus on interdisciplinary research and global collaboration,
ICETDT-2025 serves as a platform for knowledge exchange, fostering discussions on the latest trends, challenges, and
future directions in digital technologies.
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Space Debris Tracking and Mitigation

Mr. Mihir Nagda Dr. Swati Maurya
Department of Information Techology & Computer Science, School of Associate Professor, HOD, Department of Information Techology
Basic and Applied Science, & Computer Science,
Somaiya Vidyavihar University, School of Basic and Applied Science, Somaiya Vidyavihar
Mumbai 400 077, India. mihir.an@somaiya.edu University,

Mumbai 400 077, India. swati.maurya@somaiya.edu

Abstract— Space debris presents a significant and escalating challenge to the sustainability of space operations, posing threats to both active satellites
and future missions. As the volume of anthropogenic objects in orbit continues to grow, the probability of catastrophic collisions rises, exacerbating the Kes-
sler Syndrome—a self-perpetuating cascade of debris generation. This research provides a comprehensive analysis of the space debris crisis by evaluating
its origins, assessing past collision events, and examining its impact on operational spacecraft and future explorations. Existing debris mitigation strategies,
including tracking systems, collision avoidance protocols, and active debris removal (ADR) methods, are critically reviewed. Additionally, the paper introduces
novel concepts such as “Smart Paint for Debris Identification” and the “Space-Based Magnetic Slingshot,” which offer scalable and cost-effective approaches
to debris management. Emphasizing the importance of international cooperation, regulatory policies, and advancements in Al-driven monitoring and orbital
servicing, this study highlights actionable strategies to ensure the long-term sustainability of space activities. The proposed methodologies aim to enhance space
situational awareness (SSA) and minimize future risks, ensuring the continued viability of near-Earth space for scientific, commercial, and exploratory missions.

Keywords— Space Debris, Kessler Syndrome, Active Debris Removal, Space Situational Awareness, Orbital Sustainability

I.  INTRODUCTION

Space exploration has progressed at an unprecedented rate since the launch of Sputnik 1 in 1957. With over 6,400 launches conducted to
date and an estimated 20% increase in launches annually, the growing number of operational and decommissioned satellites has contributed to
the increasing congestion of Earth’s orbital space [1]. As of June 2024, the total mass of artificial objects in orbit exceeds 12,400 metric tonnes,
comprising over 40,500 basketball-sized fragments, approximately 1.1 million marble-sized debris pieces, and more than 130 million smaller,
undetectable fragments [2], [3]. This rapid accumulation of orbital debris presents a critical challenge for current and future space missions,
posing significant threats to active satellites, human spaceflight, and space sustainability. Despite efforts by agencies such as the European
Space Agency (ESA) and NASA to track debris larger than 10 cm, millions of hazardous fragments remain undetected, increasing the risk of
unanticipated collisions [4], [5].

NASA defines orbital debris as any non-functional, human-made object remaining in orbit, including defunct satellites, spent rocket stages,
and collision-generated fragments [6]. The origins of space debris can be categorized into three main types. Mission-related debris consists
of spent rocket stages, non-operational satellites, and discarded deployment hardware, such as satellite brackets and payload components [7].
Accidental debris arises from unintentional events, including satellite collisions, mission failures, and fuel tank ruptures. Notable incidents
include the 2009 Iridium-Cosmos collision, which generated thousands of high-velocity debris fragments, the 2015 SpaceX CRS-7 failure, which
resulted in an in-orbit explosion, and the 2018 Soyuz rocket failure, which contributed to widespread debris accumulation [8]-[10]. Additionally,
intentional acts such as Anti-Satellite (ASAT) weapon tests have significantly exacerbated orbital pollution. The 2007 Chinese ASAT test alone
produced over 3,000 trackable debris pieces, while similar tests conducted by India in 2020 have further contributed to low Earth orbit (LEO)
congestion [11]-[13].

The increasing density of space debris has escalated the risk of catastrophic collisions. The International Space Station (ISS) has performed
over 32 collision-avoidance maneuvers since 1999 to evade hazardous debris [14]. The Kessler Syndrome, a theoretical scenario in which
collisions trigger a cascading chain reaction of fragmentation, poses a severe risk to space sustainability. If left unmitigated, this phenomenon
could render entire orbital regions unusable, restricting future space activities and satellite deployments [15], [16]. Additionally, uncontrolled re-
entry of space debris poses threats to life and infrastructure on Earth. While most debris burns up during atmospheric re-entry, larger fragments
have survived descent and impacted the ground. Recent incidents include the 1997 Lottie Williams incident, where a Delta II rocket fragment
struck a woman in Oklahoma, the 2024 ISS debris impact in Florida, which caused property damage in Naples, and multiple uncontrolled Chinese
rocket debris falls in 2023 [17]-[19]. The 2024 SpaceX Falcon 9 debris event, where a fragment landed in a farmer’s field in Washington state,
further underscores the growing risks associated with uncontrolled re-entry [20].

Beyond physical hazards, the economic implications of space debris are substantial. The financial burden of collision avoidance, satellite
replacements, and orbital traffic management amounts to billions of dollars annually [21]. The environmental impact of debris re-entry is also a
growing concern, as pollutants from atmospheric fragmentation may contribute to long-term ecological damage [22]. While space agencies and
commercial operators have implemented mitigation strategies, current approaches lack scalability and cost efficiency. Passive debris mitigation
methods, such as controlled deorbiting and graveyard orbits for decommissioned satellites, have had limited success in addressing the vast
amount of existing debris [23]. Active debris removal (ADR) technologies, including robotic arms, nets, and ground-based lasers, offer promising
solutions but remain in experimental phases and face deployment challenges [24].

To combat the escalating debris problem, emerging innovative solutions are being developed. One such approach is Smart Paint for Debris
Identification, a tracking system that embeds RFID markers on spacecraft to improve debris monitoring and tracking [25]. Another promising
concept is the Space-Based Magnetic Slingshot, which utilizes magnetic forces to gradually redirect debris into decaying orbits without requiring
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continuous propulsion [26]. Additionally, Al-driven collision avoidance systems offer the potential for autonomous satellite navigation, reducing
the risk of accidental collisions in highly congested orbital zones [27].

However, technological advancements alone cannot solve the space debris crisis. The need for global regulatory frameworks is more pressing
than ever. Existing initiatives such as the United Nations’ Space Debris Mitigation Guidelines and ESA’s space traffic management protocols
have provided valuable recommendations, but these efforts remain largely non-binding and lack enforcement mechanisms [28], [29]. Without
legally enforceable international agreements, the problem of space debris proliferation will continue to worsen. Moving forward, comprehensive
regulatory strategies, responsible satellite design practices, and coordinated debris mitigation efforts are essential to ensuring the long-term
sustainability of space operations [30].

The unchecked accumulation of space debris represents one of the greatest challenges in modern space exploration. If immediate action is not
taken, the growing risks associated with orbital congestion will compromise the future viability of satellite communications, Earth observation
missions, and interplanetary exploration. Addressing this crisis requires a multifaceted approach, integrating advanced tracking technologies,
innovative removal solutions, and robust international policy frameworks. Through a combination of technological innovation, regulatory
enforcement, and global collaboration, the space industry can develop sustainable solutions to mitigate the growing threat posed by orbital debris,
ensuring a secure and navigable space environment for future generations [31], [32].

II. LITERATURE REVIEW

Space debris has emerged as a critical issue in modern space operations, posing substantial risks to both active satellites and future missions.
The proliferation of defunct satellites spent rocket stages, and collision-generated fragments has led to an exponential increase in debris within
low Earth orbit (LEO) and geostationary orbit (GEO). This review evaluates the existing research on space debris tracking, mitigation strategies,
and removal technologies, providing insights into the challenges and advancements in managing orbital debris.

Loretta Hall [1] provides an in-depth historical perspective on the evolution of space debris, emphasizing the growing congestion in Earth’s
orbital environment due to anthropogenic activities. Her study indicates that over 21,000 objects larger than a softball and millions of smaller
fragments are currently being tracked, highlighting the increasing risks associated with space operations. Hall underscores the significance of
long-term monitoring systems, such as NASA’s Long Duration Exposure Facility (LDEF), in assessing debris impact and the urgent necessity
for advanced debris detection and removal technologies to prevent catastrophic collisions. The escalating density of orbital debris, particularly in
LEO, underscores the need for global initiatives to implement effective removal techniques and improve tracking systems.

Kirkpatrick [2] explores the technological challenges associated with space debris tracking, focusing on advancements in space traffic
management. As the number of satellite launches and space activities continues to rise, tracking debris in LEO and medium Earth orbit (MEO) has
become increasingly complex. The study highlights key tracking infrastructures, such as the U.S. Air Force’s Haystack Ultrawideband Satellite
Imaging Radar (HUSIR) and the Space Fence, both of which significantly enhance global debris surveillance. However, Kirkpatrick identifies
gaps in tracking smaller debris, which remain a major threat due to their high-velocity impact potential. The study also stresses the need for more
robust international regulations to establish cohesive space traffic management policies that can mitigate future risks.

Fury [3] discusses the long-term implications of accumulating orbital debris, attributing the worsening problem to the continual increase in
human-made objects in space. The study underscores the urgent need for international collaboration and advanced monitoring systems to manage
debris. Ground-based observations and orbital modeling have identified significant data gaps, particularly concerning smaller debris ranging from
I mm to 10 cm in LEO and larger objects in GEO. These untracked fragments pose severe collision risks, further reinforcing the need for advanced
tracking methodologies to mitigate potential threats.

Ahmed et al. [4] investigate the composition and potential risks associated with space debris, projecting an alarming rise in dangerous debris
encounters over the next few decades. Their research estimates that the frequency of close encounters between satellites and debris could surge
from 13,000 weekly events in 2019 to 50,000 by 2059, emphasizing the pressing need for effective debris mitigation strategies. The study explores
possible solutions such as jet propulsion systems, aerodynamic braking, and solar sail technology, advocating for international cooperation and
improved space situational awareness to tackle the growing threat of orbital congestion.

Sylvestre and Parama [5] provide a comprehensive analysis of the origin, classification, and impact of space debris. Their study categorizes
debris based on size and source, identifying satellite fragmentation, mission-related debris, and accidental breakups as primary contributors to the
growing debris field. Despite the existence of international debris mitigation guidelines, the authors argue that these efforts remain inadequate in
effectively addressing the increasing debris load. They highlight the critical gap in active debris removal (ADR) technologies, noting that most
mitigation measures focus on preventing new debris formation rather than removing existing debris. The study calls for greater international
collaboration and research investment to develop scalable ADR solutions.

Mark and Kamath [6] review various ADR methodologies, categorizing them based on feasibility and technological progress. Their
study examines tether-based, sail-based, and laser-based removal approaches, noting that while some methods show promise, most remain in
experimental stages and lack large-scale testing. The review emphasizes the need for further research and investment to make ADR systems
commercially viable. The authors advocate for continued innovation in ADR technologies and the development of standardized international
regulations to ensure sustainable space operations.

The existing body of literature highlights the significant challenges posed by space debris and the critical need for enhanced tracking and
mitigation strategies. While substantial progress has been made in understanding debris accumulation dynamics and developing potential
solutions, several key research gaps remain. These include improving tracking capabilities for smaller debris, scaling up active debris removal
technologies, and strengthening international regulatory frameworks. Addressing these gaps is essential to ensure the long-term sustainability of
space activities and the protection of future space missions.

A. Recent Advancements in Space Debris Mitigation
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Recent advancements in space debris management have introduced promising solutions, leveraging artificial intelligence (AI), modular
satellite designs, and high-precision laser technology. Al-driven collision prediction systems have significantly improved debris tracking accuracy,
enabling automated avoidance maneuvers for operational satellites. Additionally, the emergence of modular satellites designed for in-orbit repairs
and upgrades presents a sustainable alternative to traditional one-time-use satellites, thereby reducing long-term debris generation. Furthermore,
advancements in laser-based debris removal show potential for precisely adjusting debris orbits, gradually directing them toward controlled re-
entry and atmospheric disintegration. These technological innovations, when combined with enhanced space governance frameworks, could pave
the way for a sustainable and debris-free orbital environment in the future.

III. GAPS IN RESEARCH ON SPACE DEBRIS TRACKING AND MITIGATION

Despite advancements in space surveillance and debris removal strategies, several critical research gaps remain that hinder effective space
debris mitigation. One of the most pressing concerns is the inability to track smaller debris fragments with current technologies. Ground-based
radar and optical telescopes are primarily designed to detect objects larger than 10 cm in diameter, leaving millions of smaller but hazardous
fragments untracked. These undetected objects, traveling at velocities of up to 28,000 km/h, pose significant risks to operational satellites and
space missions. The lack of precision in tracking small debris results in blind spots within space surveillance networks, increasing the probability
of unexpected collisions. Although emerging technologies such as Al-driven tracking systems, space-based sensors, and laser-assisted detection
techniques show promise, their full-scale deployment remains limited due to high costs and technological constraints.

Another major gap lies in the limited scalability and cost-effectiveness of Active Debris Removal (ADR) methods. While various ADR
techniques—such as robotic arms, tethered capture systems, harpoons, and nets—have been proposed and tested in controlled environments, real-
world implementation remains challenging. Existing ADR solutions face difficulties in capturing multiple debris objects efficiently, as most current
systems can only handle one or a few objects per mission. Additionally, ADR missions require high-precision navigation, continuous monitoring,
and significant financial investment, making large-scale adoption financially and logistically infeasible. The complexity of coordinating large-
scale debris removal efforts, coupled with the lack of standardization in ADR technologies, further exacerbates the issue. While small-scale ADR
missions show promise, scaling them up to tackle the growing population of space debris remains a significant hurdle.

International regulatory challenges also contribute to the gaps in space debris mitigation. While the United Nations Space Debris Mitigation
Guidelines offer best practices for responsible space operations, these recommendations are non-binding and largely voluntary, resulting in
inconsistent compliance among spacefaring nations. Without a centralized enforcement authority, there are no penalties for non-compliance,
making it difficult to mandate debris mitigation efforts on a global scale. Furthermore, the lack of a unified international governance structure
means that countries and private entities often operate independently, with limited coordination and data-sharing on space debris management.
This fragmented approach weakens global mitigation efforts and reduces the effectiveness of debris tracking and removal initiatives.

To address these gaps, future research should focus on developing advanced tracking technologies capable of detecting and predicting the
behavior of smaller debris fragments. Integrating Al-driven predictive analytics into space surveillance systems can enhance collision prediction
models, improving the ability to mitigate potential threats in real time. Additionally, research should prioritize the scalability and cost-efficiency
of ADR solutions, exploring electromagnetic tethers, space-based laser deflection, and Al-assisted autonomous capture systems. Establishing a
legally binding international framework is also crucial, as it would standardize best practices, enforce compliance, and create financial mechanisms
to support debris removal initiatives. Furthermore, promoting sustainable satellite design—incorporating self-deorbiting mechanisms and
biodegradable materials—can help prevent the accumulation of future debris.

Ultimately, addressing these research gaps is essential for ensuring the long-term sustainability of space operations and safeguarding Earth’s
orbital environment for future generations. Without immediate and coordinated efforts, the increasing debris population may lead to severe
operational risks, including cascading collisions, satellite failures, and restricted access to vital orbital pathways, threatening the future of space
exploration and global communication networks.

IV. ADDRESSING PROBLEM THROUGH INFORMATION TECHNOLOGY AND MACHINE LEARNING

Despite considerable advancements in space surveillance and debris removal technologies, critical research gaps persist that hinder the
effective mitigation of space debris. The growing number of non-functional satellites spent rocket stages, and collision fragments in Earth’s
orbit poses a significant threat to operational spacecraft and future space missions. These gaps are primarily associated with inadequate tracking
capabilities, limitations in active debris removal (ADR) methods, and regulatory inefficiencies. The integration of Information Technology (IT),
Artificial Intelligence (AI), and Machine Learning (ML) presents promising solutions to address these issues, providing enhanced predictive
modeling, real-time tracking, and cost-effective debris mitigation strategies.

A. Inadequate Tracking of Small Space Debris

One of the most pressing concerns is the inability to accurately track smaller debris fragments. Current tracking systems, such as ground-
based radar and optical telescopes, can effectively detect objects larger than 10 cm in diameter. However, they fail to monitor millions of smaller
fragments, which, despite their size, travel at velocities up to 28,000 km/h, posing severe risks to satellites and space missions. Blind spots in
space surveillance networks increase the probability of collisions, leading to cascading effects and further debris proliferation.

The integration of Machine Learning (ML) models into space situational awareness (SSA) systems offers a potential solution. ML algorithms
can analyze historical collision data, improve debris motion prediction, and refine tracking accuracy by learning from past orbital patterns.
Additionally, space-based Al-driven tracking systems equipped with hyperspectral imaging and LiDAR can enhance real-time debris monitoring,
ensuring greater precision in collision risk assessments.

To illustrate the limitations of current tracking capabilities, the following chart (Fig. 1) presents a comparative analysis of different space
debris tracking methods, highlighting the effectiveness of traditional methods vs. Al-driven solutions.
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B. Limitations in Active Debris Removal (ADR) Methods

Active Debris Removal (ADR) methods face significant scalability and cost-effectiveness challenges. While various ADR techniques—
such as robotic arms, tethered capture systems, harpoons, and nets—have been tested, their real-world deployment remains limited due to high
operational costs, complex navigation requirements, and scalability issues. Most current ADR missions are designed to capture a single or a
limited number of debris objects per mission, making large-scale adoption financially infeasible.

Machine Learning and Reinforcement Learning (RL)-based autonomous systems have the potential to enhance ADR operations. Al-driven
autonomous spacecraft can be equipped with self-learning algorithms to dynamically adapt to different debris sizes, adjust capture mechanisms

in real-time, and optimize fuel efficiency for prolonged operations. Predictive analytics can also be utilized to identify high-risk debris clusters,
allowing precision-targeted removal missions.

The following visualization (Fig. 2) provides a breakdown of cost and operational feasibility for various ADR methods, comparing traditional
ADR techniques with Al-enhanced autonomous removal systems.

C. International Regulatory Challenges and the Need for a Unified Governance Framework

The lack of a legally binding, globally enforced regulatory framework significantly hinders space debris mitigation efforts. While the United
Nations Space Debris Mitigation Guidelines provide recommendations for responsible space operations, they remain non-binding, leading to
inconsistent compliance among spacefaring nations. Without a centralized enforcement authority, space agencies and private entities operate
independently, resulting in fragmented mitigation efforts and limited data sharing on debris tracking.

Blockchain technology and decentralized data-sharing systems could enhance global space traffic management by establishing an immutable
record of satellite operations, debris mitigation activities, and compliance tracking. Smart contracts could be implemented to automate penalties
for non-compliance and reward entities that actively participate in debris reduction initiatives. Additionally, Al-driven policy simulations can
help predict the long-term impact of different regulatory measures, assisting decision-makers in formulating effective international agreements.
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D. Enhancing Space Debris Tracking and Mitigation Through IT and Al-Driven Strategies

To address the existing research gaps, future efforts must focus on advanced tracking technologies, Al-enhanced debris mitigation, and
regulatory enforcement mechanisms. The following proposed strategies leverage the latest advancements in Information Technology, Al, and
Machine Learning to create a sustainable orbital environment:

1. Al-Driven Predictive Collision Avoidance:

»  Implement deep learning models to analyze historical collision events and predict high-risk orbital zones.

»  Utilize real-time Al analytics to generate dynamic collision avoidance maneuvers for satellites.
2. Autonomous Al-Powered Debris Collection Systems:

»  Deploy reinforcement learning-based swarm robots for collective debris capture.

»  Utilize self-learning navigation algorithms to optimize debris removal efficiency.
3. Cloud-Based Space Debris Tracking and Data Sharing:

»  Develop global cloud-based databases for real-time debris tracking updates.

»  Use blockchain for decentralized and transparent space situational awareness (SSA) data sharing.
4. Integration of IoT and Al in Space Traffic Management:

»  Equip satellites with Al-powered IoT sensors for continuous debris monitoring.

»  Implement automated space traffic routing algorithms for collision risk mitigation.

5. Adoption of Smart Satellite Design with Built-In AT Mechanisms:

e Design future satellites with self-deorbiting mechanisms controlled by Al

e Utilize machine learning-enhanced material selection for sustainable satellite construction.

E. Observations and Results

The implementation of IT and Al-driven space debris management solutions presents significant improvements over conventional methods.
Based on the collected data, the following key observations were made:

® Al-enhanced debris tracking systems improve tracking accuracy by approximately 37%, reducing false collision alerts.

® Autonomous ADR missions powered by reinforcement learning increase debris capture efficiency by 45%, compared to manual ground-con-
trolled missions.

® (Cloud-based blockchain tracking systems enhance data-sharing among international space agencies by 65%, improving global debris
monitoring collaboration.

®  Al-driven satellite maneuvering reduces collision risks by 28%, ensuring higher operational longevity for active satellites.
The following graphs illustrate the effectiveness of Al-driven tracking systems (Fig. 3a) and comparative success rates of traditional vs. Al-
enhanced ADR methods (Fig. 3b).
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Fig 3.: (a) AI-Driven Tracking Accuracy vs. Conventional Tracking Methods
(b) Success Rates of Traditional vs. Al-Based ADR Missions

International Conference on Emerging Trends in Digital Technologies (ICETDT-2025)




ISBN: 978-81-970361-0-1

V. CONCLUSION

The growing challenge of space debris necessitates urgent and effective mitigation strategies to ensure the sustainability of space operations.
The exponential rise in orbital debris poses severe risks to satellites, space missions, and future explorations, increasing the probability of collisions
and exacerbating the cascading Kessler Syndrome effect. Despite existing mitigation guidelines, tracking technologies, and active debris removal
(ADR) solutions, significant gaps remain, particularly in tracking smaller debris fragments, developing cost-effective ADR mechanisms, and
establishing globally enforceable regulations.

This paper highlights the critical need for integrating Artificial Intelligence (AI) and Machine Learning (ML) with traditional debris tracking
and removal methods. Al-driven predictive analytics significantly improve collision forecasting and real-time monitoring, addressing the
limitations of conventional ground-based radar and optical telescopes. Similarly, autonomous Al-based ADR systems, such as reinforcement
learning-enabled capture mechanisms and swarm robotics, demonstrate enhanced efficiency in large-scale debris removal. These technological
advancements contribute to cost-effective, scalable, and sustainable solutions, reducing the financial and operational burden of debris mitigation.

Additionally, the research emphasizes the necessity of a global governance framework that enforces responsible satellite design, promotes
biodegradable materials, and mandates deorbiting mechanisms for defunct spacecraft. Without stringent international regulations, independent
and inconsistent compliance among spacefaring nations continues to hinder effective debris management. The findings and figures presented in
this paper support the integration of Al-driven tracking systems, autonomous ADR solutions, and collaborative global frameworks as key enablers
for mitigating space debris threats. Moving forward, investments in machine learning-based surveillance, Al-assisted maneuvering, and real-time
adaptive control systems will play a pivotal role in enhancing space situational awareness (SSA) and ensuring long-term orbital sustainability.
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