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FOREWORD

The convergence of Data Analytics and Artificial Intelligence (AI) has unlocked
transformative possibilities across industries, and their application in predictive maintenance
within the Industry 4.0 framework stands as a testament to this progress. The chapters in the
book Data Analytics and Artificial Intelligence for Predictive Maintenance in Industry 4.0
comprehensively explore the intersection between cutting-edge technology and maintenance
practices, offering invaluable insights for researchers, practitioners, and industry leaders.

This anthology begins by establishing a foundational understanding of predictive
maintenance, detailing how Industry 4.0’s enabling technologies—such as the Internet of
Things (IoT), cloud computing, and big data analytics—pave the way for smarter, data-driven
decisions. Subsequent chapters delve into innovative methodologies, showcasing machine
learning, deep learning, and generative Al implementation in predictive maintenance systems.
These techniques address challenges such as real-time monitoring, fault detection, and
optimization of resources, significantly reducing downtime and improving operational
efficiency.

The book emphasizes technical advancements and contextualizes them within diverse
applications, ranging from agriculture and manufacturing to disaster resilience and healthcare.
Unique perspectives on federated learning, bibliometric analyses of Al innovation, EEG-
based IoT for human-machine interaction, and optimization strategies further broaden the
scope of discussion. Integrating novel approaches like homomorphic encryption in healthcare
predictive analytics highlights the commitment to balancing technological progress with
ethical considerations like privacy and security.

Readers will also find forward-looking perspectives in chapters discussing quantum
computing, augmented and virtual reality, and blockchain as potential disruptors in predictive
maintenance. This book equips readers to navigate the complexities of implementing
predictive maintenance systems in dynamic industrial environments by addressing challenges
such as interoperability, workforce upskilling, and data governance.

This book represents the collective expertise and forward-thinking vision of its esteemed
editors—Dr. Tanu Singh, Dr. Vinod Patidar, Dr. Arvind Panwar, and Dr. Urvashi
Sugandh—and its contributors. Together, they provide a robust academic and practical
framework to harness the potential of predictive maintenance in shaping the future of Industry
4.0.

With the advent of Industry 4.0, the industrial landscape is undergoing a significant
transformation, driven by the integration of data analytics and artificial intelligence into
predictive maintenance. Data Analytics and Artificial Intelligence for Predictive Maintenance
in Industry 4.0 captures this dynamic shift, offering a balanced mix of foundational
knowledge, pioneering advancements, and innovative perspectives. This book is a vital
resource for academics, industry professionals, and policymakers aiming to navigate and
shape this evolving field.

Manju Khari

School of Computer and Systems Sciences
Jawaharlal Nehru University

New Delhi India



PREFACE

The rapid technological advancement in the era of Industry 4.0, led by the integration of
cutting-edge technologies such as data-driven systems, smart factories, the Internet of Things
(IoT), big data analytics, artificial intelligence, and machine learning, is revolutionizing
manufacturing and industrial processes. The adoption of such technologies has innovated a
diverse range of solutions, such as predictive maintenance, directing a shift from a reactive
and preventive maintenance approach to a highly proactive maintenance approach. The
predictive maintenance approach is a key enabler of efficiency in Industry 4.0 due to its
ability to anticipate equipment failures, optimize maintenance schedules, and reduce
downtime, leading to cost savings and overall increased productivity along with the
improvement in safety measures. Artificial Intelligence and data analytics have emerged as
crucial technologies in predictive maintenance due to their capabilities of processing vast
amounts of data, identifying patterns, and providing actionable insights that improve overall
maintenance processes.

The book Data Analytics and Al for Predictive Maintenance in Industry 4.0 offers a thorough
overview of how data analytics and artificial intelligence are applied to predictive
maintenance across various industries. The chapters in this edited book offer in-depth
analyses of the fundamental principles, practical resources, optimization methods, and smart
uses of Al and machine learning algorithms, advanced sensor technologies, and resilience
against natural disasters for predictive maintenance. These contributions also include real-
world case studies on predictive maintenance ensuring that readers gain theoretical as well as
practical insights into the application of these technologies.

The book is divided into 13 chapters. Each chapter highlights a key aspect of predictive
maintenance and has been carefully selected and peer-reviewed, ensuring that the book offers
both theoretical insights and practical applications. The first few chapters offer core principles
and knowledge on data analytics, machine learning, and IoT technologies, preparing readers
for in-depth exploration of the challenges and opportunities in predictive maintenance. The
later chapters provide a thorough overview of big data analytics integration, federated
learning techniques for the advancement of agriculture, healthcare predictive analysis, and
advanced optimization methods, demonstrating their potential to revolutionize maintenance
strategies and improve decision-making. Overall, the book provides a comprehensive
summary for a broad audience that includes academics, professionals, and researchers keen to
apply data analytics and artificial intelligence for predictive maintenance in a wide spectrum
of industries, from agriculture and healthcare to disaster management and manufacturing.

We are grateful to all the authors who have shared their expertise in the form of contributed
chapters in this edited volume. Their expertise, diverse experiences, and practical insights
offer readers a comprehensive view of the emerging landscape of predictive maintenance.

As editors of this book, our role has been to oversee the organization and compilation of the
chapters and to ensure coherence across the content. The responsibility for the integrity,
accuracy, and reliability of the scientific material rests with the respective authors. The views
and findings expressed in the chapters are those of the authors and do not necessarily reflect
those of the editors.

We would like to extend our gratitude to our institutions for their support, resources, and
encouragement, without which this book would not have been possible. Special thanks go to
our editorial team for their meticulous work in ensuring the quality of this publication.
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As the industry undergoes digital transformation, we are sure that this book will inspire
innovative ideas and applications in predictive maintenance, leading to more intelligent and
resilient industrial operations in the future.

Tanu Singh & Vinod Patidar

School of Computer Science

University of Petroleum and Energy Studies
Dehradun, Uttarakhand, India

Arvind Panwar

School of Computing Science and Engineering
Galgotias University

Gr. Noida, Uttar Pradesh, India

&

Urvashi Sugandh

School of Computer Science and Engineering
Bennett University

Greater Noida, India



Aditya Kejrewal
Ashif Ali

Ankush Kumar Gaur

Arvind Panwar

Achin Jain

Arul A. Prakash

D. Saravanan

Harsh Taneja

Jessica Singh Syal
Joseph Arul Valan

Kiran Deep Singh

Kim Ho Yeap

Kuldeep Singh Kaswan

Kareena Tuli

Manu Singh

Mukesh Kumar

Manish Kumar

Neha Sharma

Prabh Deep Singh

Phey Phey Lim
Prokash Gogoi

List of Contributors

UBS, Pune, India

Noida Institute of Engineering and Technology, Greater Noida, Uttar Pradesh,
India

UPES, Dehradun, Uttarakhand 248007, India

School of Computing Science and Engineering, Galgotias University, Greater
Noida, Uttar Pradesh, India

Department of Information Technology, Bharati Vidyapeeth's College of
Engineering, New Delhi, India

Department of Computer Science and Engineering, Sathyabama Institute of
Science and Technology, Chennai, India

Department of Computer Science and Engineering, Sathyabama Institute of
Science and Technology, Chennai, India

Department of CSE, Graphic Era Deemed to be University, Dehradun,
Uttarakhand, India

Bharati Vidyapeeth's College of Engineering, New Delhi, India

National Institute of Technology Nagaland, Chumukedima,
Nagaland, India

Dimapur,

Chitkara University Institute of Engineering and Technology, Chitkara
University, Rajpura, Punjab, India

Department of Electronic Engineering, Universiti Tunku Abdul Rahman, 31900
Kampar, Malaysia

School of Computing Science and Engineering, Galgotias University, Gr.
Noida, Uttar Pradesh, India

School of Computer Science Engineering & Technology, Bennett University,
Greater Noida, India

School of Computing Science and Engineering, Galgotias University, Gr.
Noida, Uttar Pradesh, India

Department of Computer Science & Engineering, National Institute of
Technology Patna, Patna, Bihar, India

School of Computing Science & Engineering, Galgotias University, Greater
Noida, India

Department of Information Technology, Bharati Vidyapeeth's College of
Engineering, New Delhi, India

Department of Computer Science and Engineering, Graphic Era Deemed to be
University, Dehradun, India

Intel Corporation, Penang, Malaysia

National Institute of Technology Nagaland, Chumukedima,
Nagaland, India

Dimapur,



Pranav Shrivastava

Prerna Agarwal

Rahin R. Batcha

Rakesh Sharma
Sunakshi Mehra

Sonu Kumar Jha

Somaraju Suvvari

S. Vignesh

Saquib Hussain

Tanu Singh

Urvashi Sugandh

Varun Kumar Singh

Veerendra Dakulagi

Vaswati Gogoi

Vinod Patidar

Vijay Ramalingam

Yu Jen Lee

Department of Computer Sciences, Galgotias College of Engineering and
Technology, Greater Noida, India

School of Computer Science Engineering & Technology, Bennett University,
Greater Noida, India

Department of Computer Science and Engineering, Sathyabama Institute of
Science and Technology, Chennai, India

McDermott International, Pune, Maharashtra, India

Galgotias College of Engineering and Technology, Greater Noida, Uttar
Pradesh, India

Department of Computer Science & Engineering, National Institute of
Technology Patna, Patna, Bihar, India

Department of Computer Science & Engineering, National Institute of
Technology Patna, Patna, Bihar, India

Department of Computer Science and Engineering, Sathyabama Institute of
Science and Technology, Chennai, India

School of Computer Science Engineering & Technology, Bennett University,
Greater Noida, India

School of Computer Science, University of Petroleum and Energy Studies,
Dehradun, Uttarakhand, India

School of Computer Science and Engineering, Bennett University, Greater
Noida, India

Galgotias College of Engineering and Technology, Greater Noida, Uttar
Pradesh, India

Department of CSE (Data Science), Guru Nanak Dev Engineering College,
Bidar, Karnataka, India

School of Computer Science, University of Petroleum and Energy Studies,
Dehradun, Uttarakhand, India

School of Computer Science, University of Petroleum and Energy Studies,
Dehradun, Uttarakhand, India

Department of Computer Science and Engineering, Sathyabama Institute of
Science and Technology, Chennai, India

Department of Electronic Engineering, Universiti Tunku Abdul Rahman, 31900
Kampar, Malaysia



Data Analytics and Artificial Intelligence, 2025, 1-29 1

CHAPTER 1

Understanding the Basics of Data Analytics and Al
for Predictive Maintenance in Industry 4.0

Arvind Panwar"’, Urvashi Sugandh?, Neha Sharma’, Manish Kumar' and
Kuldeep Singh Kaswan'

" School of Computing Science and Engineering, Galgotias University, Greater Noida, Uttar
Pradesh, India

? School of Computer Science and Engineering, Bennett University, Greater Noida, India

’ Department of Information Technology, Bharati Vidyapeeth's College of Engineering, New
Delhi, India

Abstract: Industry 4.0 marks a transformational era in industrial practices, defined by
the merging of cutting-edge technologies such as the Internet of Things, cyber-physical
systems, extensive data examination, cloud computing, artificial intelligence, and
machine learning. This chapter, entitled “Understanding the Basics of Data Analytics
and Al for Predictive Maintenance in Industry 4.0,” offers an inclusive exploration of
how data examination and Al are revolutionizing predictive servicing strategies to
improve functional efficacy, decrease expenses, and enhance safety. To commence
with an outline of Industry 4.0 and the evolution of servicing strategies—from reactive
and preventative to predictive—the chapter underscores the pivotal role of data-driven
decision-making in modern industrial operations. It delves into the basics of data
examination, analyzing the kinds of industrial data, methods of obtaining information,
and preprocessing techniques. Core analytical techniques, like descriptive, diagnostic,
predictive, and, briefly, prescriptive analytics, are inspected to demonstrate their
applications in servicing contexts. The chapter further examines the joining of Al in
predictive servicing, detailing machine learning algorithms. It also highlights the
instruments and platforms usually used in data examination and Al, together with
programming languages like Python and R, specialized software, and data visualization
instruments. The advantages, like reduced downtime, servicing cost savings, extended
equipment lifespan, and enhanced decision-making capabilities, are balanced against
challenges, for example, data quality management, scalability, cybersecurity concerns,
skills gaps, cultural resistance to change, and investment considerations. The chapter
also explores emerging developments and future directions, like edge computing,
digital twins, comprehensible Al, merging with other Industry 4.0 technologies, and the
concept of Predictive Servicing as a Service (PMaaS), analyzing their possible
influence to further transform servicing practices and contribute to sustainability. By
providing foundational knowledge and practical insights and highlighting both oppor-

" Corresponding author Arvind Panwar: School of Computing Science and Engineering, Galgotias
University, Gr. Noida, Uttar Pradesh, India; E-mail: arvind.nice3@gmail.com

Tanu Singh, Vinod Patidar, Arvind Panwar & Urvashi Sugandh (Eds.)
All rights reserved-© 2025 Bentham Science Publishers
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tunities and challenges, this chapter aims to provide readers with the understanding
necessary to leverage data examination and Al for innovative and efficient predictive
servicing in the evolving landscape of Industry 4.0.

Keywords: Artificial intelligence (Al), Data analytics, Industry 4.0, Internet of
things (IoT), Machine learning (ML), Predictive maintenance.

INTRODUCTION

The dawn of Industry 4.0 has transformed how industries function, communicate,
and conceive [1]. This section intends to offer a thorough comprehension of the
fundamental principles of data examination and synthetic consciousness for
anticipatory servicing in Industry 4.0. In this section, we will plunge into the
overview of Industry 4.0, its progression, and the importance of predictive
servicing at this time. Additionally, industries must leverage novel technologies to
optimize operations whilst ensuring worker safety through automation. While
change can inspire apprehension, an open mind to emerging tools may reveal
opportunities to enhance productivity, quality, and outcomes [2].

OVERVIEW OF INDUSTRY 4.0

Industry 4.0 and the fusion of cyber systems will revolutionize manufacturing like
never before. While companies scramble to integrate networks of intelligent
devices and technologies capable of autonomous action, profound transformation
lies ahead. Already, robots work alongside workers on factory floors,
communicating in real time through IoT platforms to autonomously complete
tasks. Machines learn from vast torrents of big data, enabling precision and
customization at scale. Human and artificial intelligence will cooperate as never
before to realize smart factories envisioned since the dawn of computational
might, though challenges remain to full realization [3]. Optimists point to
skyrocketing productivity and emancipation from dreary tasks, while others fear
widespread economic upheaval and profound social changes as old jobs become
obsolete. One thing is clear - a new industrial age defined by sentient systems and
omnipresent information looms on the horizon, for good and for bad [4].

The Evolution of Industrial Revolutions

The novelty concept of Industry 4.0 does not exist alone and is deeply rooted in
the flow of industrial revolutions that took place in a certain chronological order.
The first industrial revolution took place in the late 18™ century and tended to
associate with the transition from manual labor to the operation of machines [5].
The second revolution unfolded in the late 19" and early 20" century and involved
the further development of machinery, as well as the new concept of mass
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production, which was represented by conveyor belts. The third industrial
revolution started in the mid-20" century and was based on the vastly spread
computer, automation, and mechanization of production. The fourth industrial
revolution, which is sometimes called Industry 4.0, is fuelled by the integration of
digital, physical, and biological systems, which provides for the creation of levels
of automation, service, and innovation that were not experienced before by the
manufacturing industry. The fundamental transformation of Industry 4.0 is not
only in industrial facilities’ widespread adoption of modern and highly efficient
technologies but also in the development of an entirely new ecosystem where
machines, humans, and data interact with each other harmoniously and effectively
[6]. Industry 4.0 ecosystem is built on interconnectivity, automation, and the
ability to exchange data for the foundation of smart factories, which create smart
products and carry out smart services.

In the next sections, the basics of data analytics and Al in predictive maintenance
will be discussed. These will include types of data and data analytics techniques,
Al algorithms, integration of these technologies in Industry 4.0, benefits, and
challenges of the implementation.

Key Technologies Driving Industry 4.0

The hallmarks of Industry 4.0 are the convergence of a number of essential
technologies that revolutionize manufacturing. The technologies are the
foundation on which smart factories, smart products, and smart services are built.
It can be said that the key technologies of Industry 4.0 are:

- Internet of Things: The term Internet of Things refers to the interconnection of
devices and machines using sensors to collect data and exchange it. In other
words, IoT refers to the connection of anything from house appliances and
motor vehicles to the entire factory and networks, enabling their communication.
For example, in the case of predictive maintenance, IoT sensors can be used to
monitor equipment and detect and possibly predict undesired anomalies and
failures. Other uses for IoT devices are keeping track of inventory levels,
monitoring the supply chain, and optimizing logistics [7].

- Cyber-Physical Systems (CPS): Cyber-physical systems amalgamate
computational and physical mechanisms to generate ingenious infrastructures.
CPS combines the tangible with the digital, permitting live observation,
administration, and optimization of corporeal processes. In prescient servicing,
CPS can monitor hardware performance, distinguish anomalies, and foresee
failures. CPS can furthermore optimize fabrication techniques, diminish energy
usage, and improve merchandise quality [8].

- Big Data and Analytics: Vast data alludes to the expansive and intricate
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CHAPTER 2

Al-Enabled Industrial Intelligence: From Data
Engineering to Predictive Modeling

Aditya Kejrewal"”’
UBS, Pune, India

Abstract: The application of artificial intelligence, combined with advanced data
gathering, processing, and analytics, has revolutionized industrial operations and
elevated predictive maintenance in Industry 4.0 to a new level. Cutting-edge big data
analytics platforms, cloud computing, and loT-enabled enhancements in data collection
have made predictive machine learning models accessible, cost-effective, and feasible
for industrial applications. The chapter illustrates the importance of a well-structured
data architecture and details steps from data collection and pre-processing to training
and deploying machine learning models. Integrating real-time data streams with
historical data allows for a comprehensive view of equipment health, enabling timely
and accurate maintenance decisions. These enhancements have improved accuracy and
increased effectiveness in several central aspects. The key techniques discussed include
supervised learning and unsupervised learning, deep neural networks, and time series
forecasting. In this chapter, such developments are shown for the aerospace,
manufacturing, and transportation industries. The chapter deals with issues like data
collection, streaming, storing and processing large amounts of data, and construction of
more sophisticated models based on contemporary Al and ML algorithms and,
therefore, provides development towards enhancing predictive maintenance in the era
of Industry 4.0.

Keywords: Cloud computing, Data streaming, Deep neural networks, Edge
computing, ETL processes, [oT, Supervised learning, Time series analysis,
Unsupervised learning.

INTRODUCTION

With advancements in industrial operations, predictive maintenance has come into
play as a paradigm shift. It is an approach where technologies predict failures
before they occur and thus improve the maintenance regimes. This chapter aims to
elaborate on some of the cutting-edge analytic tools and methodologies, including
machine learning, deep learning, pattern recognition, and others, that constitute a
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critical part of the predictive maintenance revolution. The way predictive
maintenance works includes performing data analysis to perform ML modeling to
prevent breakdowns, Irregularities, and faults arising in industrial machinery
based on patterns learned and monitored from data gathered from IoT sensors,
environment, maintenance logs, and so forth [1]. Such forms of data analytics in
predictive maintenance systems usually require a step-by-step combination of
supervised, unsupervised, and deep learning, as well as anomaly detection and
time series analysis methods to be used [2]. Equipment failure prediction and
lifespan estimation are usually performed under supervised learning, and the
former includes anomaly detection, which utilizes unsupervised learning and state
machine modeling [3]. Deep learning models are utilized to analyze sensor data
patterns, while time series analysis is applied to forecast equipment performance
trends [4].

With the inclusion of these techniques, predictive maintenance systems achieve
high accuracy and reliability, which enhances the effective utilization of
operations and increases the reliability of equipment [5].

These complex models are trained on a high volume of datasets that are formed
from the combination of operational data from equipment sensors that give
monitored parameters such as vibrations, pressure, and temperature. Such big data
analytics are useful in converting these insights into interventions [6]. It helps to
manage the time-series data and facilitates the analysis of the data stream without
restoring it; instead it identifies important features to guide data interpretation [7].
Advanced computing resources, especially those supported by cloud systems, can
maintain the management of large amounts of data captured within a short time
period and make accurate forecasts. Such a robust data processing architecture
increases the accuracy of predictive maintenance models and enables their
application efficiently and cost-effectively, which overall has a great impact on
improving the efficiency of operations and reliability of the equipment. Apart
from issuing alerts about impending failures, the models are also capable of
forecasting the future state of the machinery. These forecasts improve
maintenance through process improvement and re-engineering, supply chain
control, Remaining Useful Lifetime (RUL) evaluation, and planning downtime
properly. This chapter aims to demonstrate the trends in the field of predictive
maintenance and management using Al syst