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Abstract: The Internet of Things (IoT) devices generate a large amount of data over networks;
therefore, the efficiency, complexity, interfaces, dynamics, robustness, and interaction need to be
re-examined on a large scale. This phenomenon will lead to seamless network connectivity and
the capability to provide support for the IoT. The traditional IoT is not enough to provide support.
Therefore, we designed this study to provide a systematic analysis of next-generation advancements
in the IoT. We propose a systematic catalog that covers the most recent advances in the traditional IoT.
An overview of the IoT from the perspectives of big data, data science, and network science disciplines
and also connecting technologies is given. We highlight the conceptual view of the IoT, key concepts,
growth, and most recent trends. We discuss and highlight the importance and the integration of big
data, data science, and network science along with key applications such as artificial intelligence,
machine learning, blockchain, federated learning, etc. Finally, we discuss various challenges and
issues of IoT such as architecture, integration, data provenance, and important applications such as
cloud and edge computing, etc. This article will provide aid to the readers and other researchers in an
understanding of the IoT’s next-generation developments and tell how they apply to the real world.

Keywords: data science; network science; Internet of Things; information science; social networks

1. Introduction

The Internet of Things (IoT) is a promising research area that is based on the scenario
of modern telecommunication [1]. The basic idea behind this concept is understanding
the mechanism of communication of objects, things such as sensors, mobile phones, ra-
dio frequency identification (RFID), etc. These devices can interact and cooperate with
neighbors to achieve their common goals. Obliviously, the development and the strength
of IoT technology has a high impact on several aspects of people such as users and in
our daily life. From the private user’s perspective, the effect of the IoT will be visible
both in domestic and working fields. The domestic aspect assists in e-health, living, and
enhanced learning. These examples show the possible application scenarios in which the
new paradigm plays an important role. In addition, from the perspective of business users,
the most apparent consequence is only available to the various research fields such as
logistics, automation, business process, intelligent transportation of people and goods, etc.
In the IoT, the most significant information is collected on the Internet. The current status
and future growth of the IoT are shown in Figure 1 [2,3]. In this figure, IoT devices are
compared to the world population and observe an increase year-wise. The IoT network
generates a large amount of data collected via these devices. Therefore, these data double
every two years and are expected to reach 163 zettabytes in 2025 [2]. It is observed that
by 2025, the volume of data will increase ten times compared to the data generated in
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2016. IoT devices require communication protocols, network infrastructure, and connecting
technologies. The connecting technologies in the IoT are big data, machine learning, and
artificial intelligence (AI), as shown in Figure 2. Big data are used for information gathering,
analysis, and processing of large-scale data in the network [4]. The data are passed through
a central controller, and the unique features of this technology are that it provides high
efficiency, diversity, and also the capability to handle a large quantity of data. The diversity
is empowered by using high efficiency, data types, and information processing [4]. The
key advantage is to find useful information quickly and accurately from a large pool [4].
Artificial intelligence (AI) is a wide term and is based on computer programming and de-
velopment. It is used to design and train machines and perform specific tasks [5]. AI is used
to test theories such as consciousness and cognitive reasoning, etc. With the development
of information technology (IT), the concept of data science becomes widely popular and
has also become an important technology in the modern world. The objective is to find
meaningful information and unseen patterns and to make intelligent business decisions.
Generally, it uses machine learning models to build and predict. The network science
discipline provides fundamental knowledge of complex networks [6]. The networks may
be technological, but biological is also social. It might be possible that they are somehow a
combination of all these types. With the development of IoT applications, a huge amount of
data have been generated, and therefore the complexity increases. To overcome this issue,
the integration of modern disciplines such as big data, data science, and network science
and their connecting technologies is essential. As per our knowledge, there is very limited
literature that has reported on this topic. For instance, a review of the integration of data
science and network science tools and approaches was conducted by Amin et al. [7]. They
highlighted the key aspects but did not focus on big data and AI. Wang et al. in [8] only
covered the network science aspect of the IoT. Piccirilli et al. [9] presented an editorial note
and explained the role of data science from an IoT perspective, but they did not explore the
network sciences and big data. Similarly, Youhua et al. [4] presented the big data aspect
and partially discussed the data science disciplines in their research study. Devi et al. [10]
explored the data science discipline for the IoT. They explained the importance of data
science from the perspective of the IoE (Internet of Everything) [11]. The IoE depends
upon data science [10]. The authors did not cover network science and big data. Qiang
et al. [12] presented a model for the implementation of a course system using data science
and engineering but lacks the work on network science and big data. Similarly, Ranjan
et al. [13] presented next-generation challenges regarding the integration of data science,
the IoT, edge, and cloud. Foidl et al. [14] presented the challenges to improving the quality
of assurance in IoT-based applications, but they did not review the most important aspects
of big data and network science. Table 1 demonstrates the summary and the comparison of
our literature survey and recent research studies. In this table, we examine that we have
covered these disciplines and connecting technologies from all aspects. It is clear from
this table is that very limited research has partially covered big data, data science, and the
network science.

Table 1. Summary and comparison of our survey and current recent research.

Reference Paper Year Big Data Data Science Network
Science

Our Research 2022
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1.1. Objectives and Contribution

We present a comprehensive and systematic review concerning the recent advance-
ments in the IoT from various disciplines and connecting technologies. The main goal
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of our review article is to provide a broad overview of the IoT; the integration from the
perspective of big data, data science, and network science disciplines; and the relevant
connecting technologies. Our critical research analysis is completely different from earlier
studies since very few researchers have briefly/not covered the integration of these aspects,
and we have covered it. We explored various connecting technologies such as big data, ma-
chine learning, and artificial intelligence and also discussed the strengths and weaknesses
separately. The key contribution of our research is summarized below.

# In this article, we discuss an emerging paradigm named the IoT, including conceptual
view, growth, distinctive features, core concepts, and basic functions.

# We propose a systematic catalog that covers the most recent advances in the tradi-
tional IoT. We systematically cover state-of-the-art and recent studies in each aspect.
We analyze and compare each study along with weaknesses and strengths and the
application area.

# We discuss the network science discipline and the state-of-the-art studies that re-
mained unexplored in the previous recent surveys.

# We create a relationship between the IoT and big data management techniques at
various levels such as collection, processing, analysis, and so forth. We discuss the
importance of big data and its analysis concerning the IoT, complexity, key features,
and the relationship with the IoT.

# Our comparison and analysis differ from previous studies since most of the studies
have partially or not covered these disciplines and relevant connecting technologies
in detail. We performed a comprehensive analysis of machine learning, artificial
intelligence, and blockchain as a solid solution to overcome the issues in the IoT.

# This article brings to light the current literature and illustrated their contribution to
different aspects of the IoT.

# We highlight various research challenges that need to be identified, discussed, and
addressed in the future.

1.2. Paper Organization

The paper’s organization is as follows: Section 2 mainly provides the basics and the
related work to this research area. The conceptual view of the IoT and its definitions are
discussed in Section 3. The next-generation advances in the IoT are discussed in Section 4.
Finally, we discuss the integration challenges such as integration, data province, data
management, security, etc.

2. Basics and the Background

In this section, we provide in-depth knowledge of the most recent research from the
current literature and initiate a discussion on different approaches in the development of
the IoT. The studies have shown a comparative analysis of the development of the IoT’s
recent trends. For instance, Arzo et al. [15] conducted a survey on network automation
for IoT technology. The basic philosophy of IoT technology is to connect everything in the
world [15]. Therefore, it has changed human life. It has various applications such as smart
homes, smart cities, smart transportation, etc. As the IoT end devices always communicate
with others, measurement of values and the information that travels between the IoT
devices is automated and without human intervention. The IoT connecting technologies
are wireless fidelity (Wi-Fi) [16] and Lora [17], etc. As IoT technology helps us in automation,
it is necessary to manage the network communication, interaction, and connectivity of IoT
devices. The necessity of network automation arises especially when we consider the future
network. The automation and efficiency are improved by using communication protocols,
intelligent data-driven decision-making, etc. [15]. There are various authors worked on
data-driven decision-making.

For example, Sarker et al. [18] explained the concept of a smart city in their research
study. At first, they explained the concept of a smart city. Then, they presented how a smart
city system becomes more intelligent and also provides data-driven decision-making. They
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explored various machine learning and deep learning methods that are helpful to develop
the analytical skills to fulfill the requirements of people in data-driven smart cities. The
key insights of the paper are the integration of data science and the smart city. According
to the authors, the key insights are thinking, conceptualization, and processing. Similarly,
M.S et al. in [19] highlighted the concept of big data analytics while processing large sizes
and the volume of data. Due to the growth of data, the volume and the complexity rise. To
solve that issue, the authors highlighted the current state-of-the-art methods in big data
and the use of advanced technologies such as artificial intelligence (AI).

Marjani et al. [20] discussed the issue of big data that arises when an especially large
number of IoT end devices communicate with each other. They discussed the state-of-
the-art solutions in big data analytics and also the relationship between the IoT and big
data. The authors proposed new architecture using an integration of the IoT and big data
analytics. Ebert et al. [21] explored data science technology for the development of future
software. At first, they explained the importance of data science as mandatory for today’s
business. Data science facilitates the analysis, process, and management the valuable
data [21]. This paradigm has become more popular, especially in convergence with the IoT
domain [21]. Ebert et al. demonstrate how the software engineer benefits from the use of
data science. Dalal et al. [22] presented a review of the recent machine learning algorithms
for data science. They explained the integration of supervised learning [23], reinforcement
learning [24], and unsupervised learning [25] as machine learning approaches and data
preparation and data visualization as data science methods. Wu et al. [26] presented a
useful approach for smart transportation and smart factory. They used basic data science
concepts such as data collection and data analysis and suggested them for improving
productivity and efficiency in business. They also highlighted various applications of the
industrial Internet of Things (IIoT) [27] such as smart transportation, etc. Devi et al. in [10]
highlighted the importance of data science as a sub-domain of the IoT. The authors high-
lighted traditional data science and the IoT. They proposed classification and a few recent
solutions for the IoT, but they did not discuss the network science for advancements in the
IoT. After careful analysis of the existing literature, we concluded that most researchers
focused on the integration of big data, data science, or network science disciplines. None of
them suggested using both disciplines as a future advancement for the IoT. In the next few
sections, we first present the conceptual view of the IoT and distinctive features, and then
we explain the basics of all disciplines and connecting technologies for the IoT.

3. Conceptual View of the IoT

In the modern world, the IoT has become popular, and it has an impact on people’s
daily lives [4], as well as the high potential to positively impact technological advance-
ment in the IoT. The physical objects are connected to the Internet using sensors and
actuators [1], as shown in Figure 3. There are numerous applications of the IoT, such
as smart cities/transportation, smart homes/buildings, smart factories, smart healthcare,
etc. All these IoT applications perform a very important role in improving the quality
of our lifestyle. Figure 3 illustrates the conceptual view of the IoT. In this figure, the
IoT end devices such as sensors and actuators are connected to physical objects. These
devices send and receive data to IoT cloud servers through different communication tech-
nologies referred to as IoT access networks/gateways [28]. Generally, in this network,
wireless communication technologies are the backbone of the IoT systems. These can
enable connectivity between different machines and different applications. Examples of
these communication technologies are Wi-Fi IEEE 802.11 [29], Bluetooth IEEE 802.15.1 [30],
IEEE 802.15.4/802.15.4e [31], ZigBee [31], IEEE 802.11p [32], and WAVE [33]. The IoT end
devices are extremely sensitive to the utilization of energy. Additionally, the execution
of the applications of IoT systems must rely on the network system’s lifetime. These end
devices forward data to the IoT cloud server using transit networks such as IPv4 [34], etc.
The cloud server provides data storage, processing, and also analytics management. The
user view provides various applications such as smart cities and smart factories [35]. The
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traditional methods for data processing need to be modified for efficiency purposes. There-
fore, the development of new and highly efficient cross-domain technologies is necessary
for the researcher’s community. In the next section, we discuss the integration of big data,
data science, and network science disciplines and the integration advantages in detail.
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4. Next-Generation Advancements in the Internet of Things (IoT) Technologies

In this section, we describe big data, data science, and network science disciplines,
and then we discuss the recent advancements in this area. We explore various connecting
technologies such as machine learning, artificial intelligence, and federated learning and
suggest next-generation advancements in the IoT. In addition, we discuss the most relevant
recent literature along with the advantages and disadvantages.

4.1. Big Data

In this section, we explain the concept of big data, its advantages, the five Vs, and
the recent growth trends for the readers. The IoT end devices generate a large amount of
data in the network. Gathering, analyzing, and managing a large amount of data requires
advanced programming skills and statistical methods [36]. The data are generated from
the IoT connecting end devices. The second step is to perform an analysis, and the third
step is to manage the existing data. As different types of redundant and noisy data have
been generated through a network, the IoT end devices degrade their performance with
time. The key advantage of big data is to reduce the error of risk and also provide accurate
data [36]. Big data provides five diverse dimensions sometimes known as the five Vs,
as shown in Figure 4. In this figure, the volume refers to the size of big data. Generally,
the data are known as big data or not—it mainly depends upon the volume. A recent
survey [37] presents data growth dynamics and prediction trends, as shown in Figure 5.
In this figure, we examine that the size of data has increased in the last 16 years. It will
dramatically increase in the coming years and is forecasted to reach 175 zettabytes in
2024~2025 [37]. The global big data market is forecasted to grow to 175 billion U.S. dollars
by 2025, more than double its expected market size in 2018. This rapid growth in volume
and the size of data are due to the use of modern technologies such as cloud computing
and edge computing, etc. [37]. The term “velocity” refers to the speed at which data are
gathered in the network [12,38]. This is due to social media and mobile data, etc. The
term “verity” refers to the type of data generated by either machines or humans such
as unstructured, semi-structured, and structured data. The term “veracity” refers to the
accuracy, credibility, integrity, and quality of data. Because the data are generated from
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different sources, we need to check these data before processing. The last feature of big data
technology is “value”. The value refers to how the data are useful in the decision-making
process. In this regard, we need to extract the value of big data using proper data analytics.
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Recent Advances in Big Data

In this section, we explain the holistic view of the IoT and the most recent state-of-
the-art research. Figure 6 explains the holistic view of the IoT and big data, as well as
where the IoT end devices are connected [20]. IoT end devices such as CCTV cameras,
smart home devices, and smart traffic light sensors are connected via the cloud. These
devices carry a large amount of data named big data [39]. The data have different formats.
Initially, the data are stored in a low-cost storage media. The storage is powered by cloud
technology [40]. These data have been gathered using big data analytics, and the big data
operations have been performed by using the five Vs. These data have been stored in large
storage devices such as clouds, etc. The last step is to perform an analysis of data using
tools such as Spark [41], Mapreduce [42] and Skytree [43], etc. These tools perform the
analysis of data. The issue that occurred during data collection is the use of IoT technology
along with intelligent software [36]. The intelligent data pre-processing techniques are
meta-data creation and pre-processing [44]. The IoT end devices forward data to different
locations and are then processed. As the data size is very large, it needs to be sent quickly
to processing in different locations. If there is any latency, then there is a possibility of a
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valuable loss of data. Various researchers devoted work to this end; for instance, Assahli
et al. [45] presented a comparative study on the cleaning and the pre-processing of IoT data.
To do that, they suggested multi-agents for the pre-processing of IoT data. According to
them, the agents help to reduce the complexity. They compared several studies related to
the cleaning and processing of IoT data. From critical analysis, they found that multi-agent
systems are very helpful for data pre-processing. The use of an agent helps to reduce the
complexity. Similarly, Liang et al. in [46] suggested a deep learning-based model for fast
data processing in IoT systems. The authors proposed a model. This model is very smart
and highly efficient in computation. They identified that deep learning provides support
for real-time applications. It helps in many ways. For instance, it helps to increase energy
efficiency and also the spectrum in the IoT. In this study, the authors suggested applying the
singular-value decomposition (SVD)-QR algorithm to the pre-processing of deep learning
for large-scale data.
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Diyan et al. [47] proposed an energy management and processing model for the
IoT. The necessity of electrical energy, renewable energy, and the smart grid introduces a
new paradigm and extended the current form of electrical Energy Data Management and
Processing Systems (EEDMS). To overcome this problem, they presented a multi-tasking
and scalable solution named the Internet of Things Gateway (IoTGW). They implemented
their proposed model and prepared a test bed using a real-time IoT data streaming network.
Baker et al. in [48] discussed a special medical emergency when delays in communication
could lead to possible detrimental effects on patients. In a few possible situations, the
patient data for a particular event are required for processing. The pre-processing helps
to reduce the huge volume of data in the network [36]. Moreover, it helps to move the
sensor data using the processing function, and hence, the amount of data has been reduced.
Modern IoT sensors have some built-in functions that help to perform pre-processing before
the data submission. The intelligent data processing methods along with contributions for
the IoT are listed in Table 2. Antonini et al. in [49] presented a unique model for audio
sensors. These smart sensors work locally and can perform various computations using raw
audio streams before transmitting using gateways. The second way is to create meta-data.
After completing the first step, the next step is to store data and used them again. The
meta-data are used to put the stored data into context. The stored data have been queried
for information whenever it is necessary. It can require a lot of resources to process the data
again due to the variety and volume. The meta-data help to speed up the process by adding
some additional data, which describe the stored data. For instance Dobson et al. in [50]
presented a reference model for the sensor and data warehouse. They employ advanced
data warehousing methods to create an extendable model. This can be used to capture the
contextual meta-data with sensor datasets and facilitate analysis of such datasets long after
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they have been collected [50]. Several researchers worked on the integration of big data and
the IoT. For example, Mehdi et al. in [51] presented a survey using deep learning (DL) for
the integration of the IoT and big data. In this survey study, they discussed the importance
of DL to achieve the desired data analytics. They also discussed various DL models
and algorithms for the integration of IoT data analytics. In addition, there are various
algorithms and models on recent technologies such as fog and cloud centers in support of
IoT applications that have been discussed in detail. Sollins et al. [52] presented a study on
big data security and privacy in the IoT. Because the data are at the heart of the IoT [52],
the issue of security and privacy in the context of the IoT arises, especially in the case of the
collection and management of big data. In this research study, they highlighted the security
and privacy aspects of data in three dimensions. The first is social policy context [53]. The
second is the business and economics context, and the third is the design and technology
context. In this study, they explored various authors’ works. Guo et al. [54] discussed the
reliable traffic monitoring model based on the blockchain for vehicular networks [55]. In
these networks, real-time traffic monitoring is a fundamental problem. This problem arises
especially in the building of smart city applications [54]. To solve this problem, the authors
proposed a reliable and efficient model. They design a lightweight blockchain framework
to monitor the interactions between traffic administration and vehicles. The blockchain
guarantees efficiency and reliability and security during execution. Their proposed utility
function helps to automate the vehicles’ actions. Similarly, Guo et al. in another research
study [56] proposed an architecture model for the multiple energies trading problem using
byzantine “blockchain”. To handle the reduced latency and improve throughput, they
introduced a novel credit model. The main contribution of this study was proposing this
new credit model. The census is achieved by using a sum of the credits of voting nodes
and expecting less than the number of voting nodes [56]. Kim et al. in [57] proposed an
anomaly detection system based on blockchain networking. The blockchain provides strong
cryptograph protection for the IoT-based systems. For this purpose, they propose a security
model. This model can perform the analysis of blockchain network traffic and perform the
statistics to detect malicious events through anomaly detection and data collection. The
proposed anomaly detection engine detects the abnormal anoles from the created data
instances based on the semi-supervised learning.

Table 2. The intelligent data processing methods in the IoT.

References Years Contribution

[47] 2022
An efficient energy-management and data-processing model using gateways has been
proposed. This model is suitable for demands such as multi-tasking, inter-operability,

classification, and fast data delivery between different modules.

[46] 2019 A deep learning model has been proposed for the fast data processing in IoT systems.

[45] 2017 The authors proposed a framework using multi-agents for cleaning and pre-processing of
data in the IoT.

[48] 2017 The authors proposed a unique model for IoT-based smart healthcare. They had discussed
the challenges and the state-of-the-art methods in healthcare systems.

4.2. Data Science

In this section, we first explain the data science discipline and then explain the recent
advances along with advantages. As we know, IoT technology has changed daily life and
also modified the face of today’s business [58]. It has turned individuals into smart devices
and connected businesses and consumers into overlapping enterprises. Data science is a
multi-disciplinary subject and therefore draws from various fields of study such as data
mining, machine learning, and distributed computing, as shown in Figure 7. In this figure,
it is clear that this field of research has applications in various disciplines. Data science
helps to process and supports the derivation of valuable data [59]. Figure 8 illustrates the
data science lifecycle [12,60]. The lifecycle is based on the seven iterative steps such as data
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cleaning, data exploration, and data mining, etc. The data science lifecycle is helpful when
using machine learning and analytical strategies to produce insights and also to predict
information to acquire commercial enterprise objectives.
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4.2.1. Recent Advances in Data Science

In terms of the “IoT”, data refer to information that is generated by the end devices
such as sensors, applications, some other gadgets, etc. [13]. Generally, data science uses
data from both IoT systems and some other technologies. Then it transforms the data
using analysis and visualization into value-based, decision-based systems. This process
will help an organization or business meet the requirements and stay forward of their
competitors in all aspects. In addition, the components of data science allow a deep
understanding of values from the IoT and its development. Business heads and corporate
leaders discovered the value of data collecting and analysis to increase their business
performance and productivity. It is on these terms that data science grabbed the corporate
world by storm. For instance, Qiang et al. in [12] discussed the importance of data



Sensors 2022, 22, 8072 11 of 20

science in engineering technology. By using key concepts of data science, the authors
proposed a curriculum system for a university. This university curriculum system clarifies
the relationships between the different courses. Ranjan in [13] presented the concept
of the integration of data science and IoT technology. The authors discussed emerging
technologies such as edge, cloud, and the IoT in detail. They explored the key challenges
such as security and privacy, etc. Piccirilli et al. [59] presented a guest editorial on data
science and the IoT. In this note, they explained the connection between data science and the
IoT. They highlighted a few modern methods such as edge and machine learning, etc. Sajid
et al. [61] highlighted the key applications of data science for the future industry 4.0 [62].
According to the authors’ recent data science methods and applications apply to every field,
the experts and the researchers are always thinking about the root causes of failures and the
quality deviations of machines. In this regard, the integration of data science and industry
4.0 will increase the efficiency and will be helpful predicting the quality of material by
minimizing the time and production cost. They identified five critical processes of data
science such as knowledge-based, data-driven, physical model, and digital twin approach
for predictive maintenance.

4.2.2. The Connecting Technologies

In this section, we highlight the importance and the advantages of key connecting
technologies, for instance, artificial intelligence and machine learning. Smart objects are
connected via the Internet and, hence, form cyber–physical systems (CPSs) [63]. The con-
cern that arises is how to handle a huge amount of generated data with lower computation
power [64]. Researchers of data science and artificial intelligence are motivated to an-
swer this question. The common functionality of the IoT and AI is shown in the Figure 9.
This figure explains that emerging technology is helping to improve the accuracy rate
and also operational efficiency. In general, AI is the ability of intelligence in machines
to perform any tasks without human intervention [64,65]. The integration of AI and the
IoT has tremendous prospects in today’s life [66]. Another recent technology is machine
learning (ML). ML is a method to perform computation intelligently. Figure 10 explains
the basic principle of ML functionally and integration with the IoT [67]. In this figure, we
examine whether IoT sensor data are either structured or unstructured for the temperature
or health sensors. Advanced ML methods have been applied to that data. The output
useful applications are data analysis and business models. ML modules are helpful to find
the hidden insights of sensed data in the IoT [68]. In addition, it is also used to predict the
future requirements of individual users, governments, businesses, as shown in Figure 10.
The goal of the IoT is to perceive what is happing in our surrounding environment and
allow the automation of decision-making using intelligent methods [68]. The IoT aims
to understand what people want and how people think, predict unwanted events, and
learn and manage certain situations. The IoT needs to understand the data which have
been processed by millions of objects. To do this, ML algorithms play an important role in
the IoT [68]. The IoT technology is ubiquitous by nature, which means that it is available
everywhere. ML plays an important role in digging out the data produced by the millions
of connected devices [68]. The trends and tendencies of ML are used to find the patterns and
may be the underpinning for human-like intelligence. The objective of ML in the IoT is to
bring complete automation by enhancing the learning facilities’ intelligence through smart
objects. For instance, fire prediction in an industrial or house kitchen by using an alarm
sound is used to prevent fire. It is possible by using ML methods with the integration of IoT
applications. For instance, a new and efficient framework has been proposed by combining
ML and big data processing for the security of the mobile Internet of Things (MIoT) [69].
In this framework, the authors proposed five ML methods to solve the classification prob-
lem [69]. Hossain et al. [70] presented a comprehensive review paper on the integration
of big data and ML for security in smart grids. The IoT smart grid provides efficient
load forecasting and data acquisition methods with cost-effective solutions. Chaabouni
et al. [71] discussed the most recent intrusion detection techniques in the IoT using ML.
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They analyzed the state-of-the-art proposal in the IoT in terms of deployment of algorithm,
validation, and detection methodologies. In addition, they critically analyzed the ML and
traditional techniques. Along with leading technologies, the blockchain technology is used
to boost the ubiquitous IoT [72]. It has a variety of features such as information sharing,
de-centralization, privacy protection, information traceability, etc. Therefore, it is suitable
for IoT device constructions. Another emerging technology is federated learning (FL) [73].
It is a distributed ML technique that trains an algorithm across multiple de-centralized
edge devices or servers holding local data samples without exchanging them [74]. This
technique enables device training, keeps client local private data, and further updates
the global model based on local module updates. To attain a better ML model under the
conventional centralized approach, user security and privacy is compromised; in contrast,
the FL approach is capable of training the model and leveraging the private data of clients
without ever sharing them with other entities. Imteaj et al. in [74] presented a survey on FL
especially for the resource-constrained IoT devices. In this research study, they explored
various existing studies on FL and relative assumptions for distributed implementation
using IoT devices. They highlighted the problems of state-of-the-art algorithms, especially
when applying during FL within a heterogeneous environment.
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4.3. The Network Science

In this section, we first explain network science and then we explain the recent ad-
vances in this area. In the IoT, end devices generate a large amount of data over networks;
therefore, the efficiency, complexity, interfaces, dynamics, robustness, and interaction need
to be re-examined on a large scale. Researchers should understand the user demands,
network performance bound, the capacity of IoT networks, network infrastructure, etc.
This will lead to seamless network connectivity and the capability to provide support
for the emerging applications of IoT users. Briefly, the research on network science and
engineering for IoT-based applications is still in its infancy [8]. In this section, we discuss
the recent development and the future advances in engineering and network science that
can lead to future emerging IoT applications. In many complex systems, there is a network
that defines the interactions between the components. Network science is an emerging
paradigm and a new discipline in the 21st century. It originated from the social network
and graph theory [7]. In the words of Stephen Hawking, “I think the next century will be
the century of complexity” [14]. In this research field, there are many theories, methods,
and approaches derived from social science, computer science, mathematics, and graph
theory. Therefore, this subject is known as a multi-disciplinary field [7].

The Recent Advances in Network Science

The network enables us to address the complex issues regarding inter-dependent
systems including those in the human, biological, economic, and other domains [75]. The
IoT is based on the extension of the Internet. Thus it inherits Internet services and a complex
structure [76]. The complex network theory is a mature field and also applies to different
research fields such as social networks, the Internet, the World Wide Web, and cellular
networks [76]. In this regard, scale-free networks are one good classic example [77]. This
network is constructed based on the complex network topology [78]. The node’s degree
follows the power law and is also based on preferential attachment (PA). There are few re-
search studies which have discussed the similarity between the IoT and scale-free networks.
For example, Wu et al. [79] discussed the IoT as a complex network. Complex networks
approach the representation, characterization, and analysis of interactions between an
enormous number of sensors, actuators, and processors in a systematic manner [79]. In
this theoretical study, they discussed a few recent trends in analyzing and modeling the
IoT systems with complex networks to provide an overview of IoT technologies that re-
side in networks and sensors to provide applications and services. They made an effort
to develop an innovative, inter-disciplinary framework for the IoT. Batool et al. in [80]
presented agent-based modeling [81] using complex networks [82] by utilizing the methods
previously under the cognitive agents-based computing framework. The authors proposed
a distributed algorithm using self-organization for the dynamic approximation of power
utilization. Atov et al. in [83] presented the research on the current challenges related to
IoT applications and the composition of data processing in infrastructure. They presented a
comprehensive discussion on artificial intelligence (AI) and also suggested a new operating
system to integrate the system libraries and the IoT systems. Li et al. [84] proposed a
dynamic malware propagation model for the IoT. In this model, the devices are classified
into different groups according to the level of dissemination. Zhang et al. [85] presented a
complex network-based growth and evolution model (GEM) for the IoT. The GEM model
has some special properties in terms of evaluation, growth, and preferential attachment.
The problem is the fixed number of nodes at a certain time.

5. Future Challenges in the Emerging Technologies

The future advancements and challenges are given below.

5.1. Integration

Future research efforts need to be carried out for the development of innovative
methods and techniques to provide powerful support for the integration of heterogeneous
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data. However, the relationships among major IoT data sources such as CCTV [86], events
(flooding), air pollution, and the stakeholders (first responders) are generally very difficult
to detect. It mainly depends upon the specific context of the IoT application [13]. For
instance, road traffic patterns, associated noise, and air pollution data must be connected
via data integration approaches to provide better air quality monitoring. The diverse types
of data have been extracted from water quality sensors, traffic flows, and sensors, for
example, CCTC, etc. The diverse data integration methods are very helpful to improve the
current standards such as semantic sensor networks (SSN) [87]. These standards provide
support for the consistent representation of IoT sensors. A new and interesting research
direction suggests the use of graph and machine learning methods for the discovery of
relationships between associated events, IoT data sources, and also stakeholders [13], etc.

5.2. Data Provenance

The data provenance [88] method is used for logging the origins of data, for example,
IoT data sources [89]. The different data provenance methods used for IoT sensing are
helpful to improve the overall decision-making process [13]. Generally, the decision systems
such as traffic control systems require meta-data with the aim to validate the post-event
decisions. This will also provide aid for improving the overall efficiency and reliability
in the process of decision-making. Therefore, real-time decision-making systems become
more and more complex. In this way, the IoT meta-data and the data provenance become
more critical in providing the implementation. The other elements such as social use and
trust are very essential components for the development of IoT sensing systems [90]. The
challenging task is to deal with provenance in terms of handling large IoT graphs. It is
due to the data, volume, size, and also configuration such as edge or cloud. Therefore,
the researchers should focus on the development of contextual meta-data. The traditional
data provenance methods acquire large data volumes and therefore are not applicable
for modern IoT applications. New methods are required that are helpful to reduce and
enhance the data provenance, transmission, and meta-data collection. One possible future
research direction is to use blockchain methods such as blockchain-distributed technology
(DLT) [13]. This technology is used to record the data lifecycle activities [91]. The second
key challenge is handled by introducing the new data provenance techniques, and, hence,
data privacy is insured.

5.3. IoT for Data Management, Security, Privacy, and Compliance

Data security is the main concern that arises, especially as the connected end devices
are increasing in the IoT network [15,92]. The stakeholders and users are key components of
IoT systems [93]. They implicitly expect the security and privacy of their valuable data [13].
The IoT end devices are exposed to limit the user’s privacy. Organizations need to take
care of preventing and avoiding the leakage of valuable data. In recent years, data science
methods play an important role in providing the security of users. The security in IoT
applications involves two main properties such as integrity and authentication. To provide
the security feature in the IoT, two important conditions must be met: one is suitable
authentication, and the second is the device identity. The IoT devices are diverse and
have different vendors, and they also have no central entity. This makes up the traditional
enterprise, which is based on the management of systems. The key concern for the modern
world is to further focus on the development of modern methods to identify the IoT devices
working, especially in distributed or de-centralized systems [94]. As the traditional IoT
models are no longer applicable to the IoT systems due to constraints such as battery life,
memory, etc., researchers should identify the advances in IoT frameworks. Another aspect
is to improve security by using recent technologies such as ML, AI, blockchain, etc. [67]. To
handle a large amount of data for processing, ML techniques can be combined with the
IoT. It would be helpful to improve the accuracy rate and the operational efficiency rate.
The ML techniques consist of supervised and unsupervised learning. The ML addresses
security issues such as intrusion detection, anomaly detection, malware detection [95], false
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data injection [96] and impersonation, unauthorized IoT device identification, etc. [67].
The authors in [64] highlighted the integration of AI in the IoT. The AI-enabled IoT to
improve the accuracy rate helps in predictive analysis and increases overall operational
efficiency [67]. The AI also provides some security regarding issues such as authorization,
privacy preservation, malware detection, etc. Blockchain technology is the most promising
technology that helps address identity verification, trust management, secure storage and
computation, data integrity and secure communication, access control, information sharing,
firmware detection, self-healing, etc. [67]. Another leading technology is known as FL. It
is very helpful for resource-constant IoT devices. It helps to improve scalability and data
security [74].

5.4. Unified Messaging and Scalability

Generally, IoT systems use hybrid methods for message passing [13]. It may depend
upon the specific context whether it is de-centralized or centralized. The message commu-
nication includes a sensor to the cloud (S2C) [97], a sensor to the edge (S2E) [98], and an
edge to the cloud (E2C) [99]. These centralized modes, for example, S2C, cannot provide
support for real-time applications. In addition, the current protocol such as Azure IoT [100]
is a cloud-based protocol and is unable to meet the quality of service requirements for the
IoT systems. Therefore, the development of new communication protocols needs to include
the edge and cloud layers. The data scale is the major concern of the IoT. Generally, the IoT
end devices generate big data every second, so organizations should implement a better
approach to logging big data [101]. The new models and communication protocols for the
IoT cloud and edge layers should be implemented to order to overcome this issue.

5.5. Programming Networks for the Support of IoT Applications

The software-defined networking (SDN) [102] is a modern method that allows ad-
ministrators to initialize, control, and manage the networking components of the OSI
model [13]. The SDN was developed to overcome the issue and problems of the static
architecture of traditional networks. The SDN has recently drawn performance in various
fields such as bandwidth allocation, flow optimization, etc. Unfortunately, it has never
been investigated with the use of the IoT. Thus, the researchers should focus on the study
and the modification of traditional SDN protocols.

5.6. Big Data Collection and Storage

Data collection, processing, and analysis and visualization of data are very challenging
tasks [36]. When we perform analysis and restrict it to a specific format, it may lead to a
reduction in the efficiency of the results. Therefore, it is a very important task to have full
knowledge of the IoT domain. It will help to decide the format and the structure of data
collected by the sensors [103]. If we have less knowledge, then it means that it will result in
garbage data. This will lead to an increase in the overall cost. The issue of five Vs occurs
especially when dealing with big data in IoT technology [36].

5.7. Technical and Heterogeneity

As IoT end devices generate diverse types of data and have different communication
protocols [20], these devices can have different shapes and sizes and are designed to
communicate with others using cooperative applications [104]. Thus, to provide safety and
authentication, the IoT system should assign a unique identification for each device.

6. Conclusions and Future Work

In this paper, we particularly analyzed and compared the most recent research studies
related to the integration of big data, data science, and network science disciplines that
enable researchers to understand from technical perspectives. We provided a conceptual
view of the traditional IoT and advances that guide the researchers about this technology.
We proposed a systematic catalog that covers the most recent advances in current IoT
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technology. We analyzed and compared different studies along with the weakness and
strengths in different application areas. We provided additional coverage about leading
technologies such as ML, AI, FL, and blockchain as feasible and promising solutions for
the future IoT. From this, it was found that some research has already been conducted on
these technologies and that these technologies are capable of addressing the current issue
in the IoT. Based on the critical analysis of the recent literature, we have identified various
challenges such as data provenance, integration and data management, etc. Deep learning
and federated learning are still not investigated enough and need to be addressed in the
near future by the research community.

Author Contributions: Conceptualization, F.A.; Methodology, F.A.; Formal Analysis, R.A., Investiga-
tion, A.M.; Resources, S.K.; Writing—Original Draft Preparation, F.A.; Supervision, M.A.A. and A.M.;
writing—review and editing, F.A., S.K. and R.A. All authors have read and agreed to the published
version of the manuscript.

Funding: The authors received no specific funding for this study.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank our families and colleagues who provided us moral support for this
research.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Atzori, L.; Iera, A.; Morabito, G. The Internet of Things: A survey. Comput. Netw. 2010, 54, 2787–2805. [CrossRef]
2. Farhan, L.; Hameed, R.S.; Ahmed, A.S.; Fadel, A.H.; Gheth, W.; Alzubaidi, L.; Fadhel, M.A.; Al-Amidie, M. Energy Efficiency for

Green Internet of Things (IoT) Networks: A Survey. Network 2021, 1, 279–314. [CrossRef]
3. Almusaylim, Z.A.; Zaman, N. A review on smart home present state and challenges: Linked to context-awareness internet of

things (IoT). Wirel. Networks 2018, 25, 3193–3204. [CrossRef]
4. Xu, Y.; Xiong, C. Research on Big Data Technology and Application in Internet Era. In Proceedings of the 2020 International

Conference on Big Data, Artificial Intelligence and Internet of Things Engineering (ICBAIE), Fuzhou, China, 12–14 June 2020;
pp. 122–124.

5. Harika, J.; Baleeshwar, P.; Navya, K.; Shanmugasundaram, H. A Review on Artificial Intelligence with Deep Human Reasoning.
In Proceedings of the 2022 International Conference on Applied Artificial Intelligence and Computing (ICAAIC), Salem, India,
9–11 May 2022; pp. 81–84.

6. Cole, J.L. Network Science from an IT and US Army Perspective. Computer 2008, 41, 123–125. [CrossRef]
7. Amin, F.; Lee, W.-K.; Mateen, A.; Hwang, S.O. Integration of Network science approaches and Data Science tools in the Internet

of Things based Technologies. In Proceedings of the 21 IEEE Region 10 Symposium (TENSYMP), Jeju, Korea, 23–25 August 2021;
pp. 1–6. [CrossRef]

8. Wang, H.; Yu, S.; Zeadally, S.; Rawat, D.B.; Gao, Y. Introduction to the Special Section on Network Science for Internet of Things
(IoT). IEEE Trans. Netw. Sci. Eng. 2020, 7, 237–238. [CrossRef]

9. Piccialli, F.; Cuomo, S.; Bessis, N.; Yoshimura, Y. Data Science for the Internet of Things. IEEE Internet Things J. 2020, 7, 4342–4346.
[CrossRef]

10. Devi, M.; Dhaya, R.; Kanthavel, R.; Algarni, F.; Dixikha, P. Data Science for Internet of Things (IoT). In Second International
Conference on Computer Networks and Communication Technologies; Springer: Cham, Switzerland, 2020; pp. 60–70.

11. Silva, R.D.A.; Braga, R.T.V. Enhancing Future Classroom Environments Based on Systems of Systems and the Internet of Anything.
IEEE Internet Things J. 2020, 7, 10475–10482. [CrossRef]

12. Qiang, Z.; Dai, F.; Lin, H.; Dong, Y. Research on the Course System of Data Science and Engineering Major. In Proceedings of
the 2019 IEEE International Conference on Computer Science and Educational Informatization (CSEI), Kunming, China, 16–19
August 2019; pp. 90–93.

13. Ranjan, R.; Rana, O.; Nepal, S.; Yousif, M.; James, P.; Wen, Z.; Barr, S.; Watson, P.; Jayaraman, P.P.; Georgakopoulos, D.; et al. The
Next Grand Challenges: Integrating the Internet of Things and Data Science. IEEE Cloud Comput. 2018, 5, 12–26. [CrossRef]

14. Foidl, H.; Felderer, M. Data Science Challenges to Improve Quality Assurance of Internet of Things Applications. In Leveraging
Applications of Formal Methods, Verification and Validation: Discussion, Dissemination, Applications; Springer: Cham, Switzerland,
2016; pp. 707–726. [CrossRef]

http://doi.org/10.1016/j.comnet.2010.05.010
http://doi.org/10.3390/network1030017
http://doi.org/10.1007/s11276-018-1712-5
http://doi.org/10.1109/MC.2008.536
http://doi.org/10.1109/tensymp52854.2021.9550992
http://doi.org/10.1109/TNSE.2019.2959676
http://doi.org/10.1109/JIOT.2020.2985598
http://doi.org/10.1109/JIOT.2020.2995843
http://doi.org/10.1109/MCC.2018.032591612
http://doi.org/10.1007/978-3-319-47169-3_54


Sensors 2022, 22, 8072 17 of 20

15. Arzo, S.T.; Naiga, C.; Granelli, F.; Bassoli, R.; Devetsikiotis, M.; Fitzek, F.H.P. A Theoretical Discussion and Survey of Network
Automation for IoT: Challenges and Opportunity. IEEE Internet Things J. 2021, 8, 12021–12045. [CrossRef]

16. Wu, X.; Soltani, M.D.; Zhou, L.; Safari, M.; Haas, H. Hybrid LiFi and WiFi Networks: A Survey. IEEE Commun. Surv. Tutor. 2021,
23, 1398–1420. [CrossRef]

17. Edward, P.; El-Aasser, M.; Ashour, M.; Elshabrawy, T. Interleaved Chirp Spreading LoRa as a Parallel Network to Enhance LoRa
Capacity. IEEE Internet Things J. 2020, 8, 3864–3874. [CrossRef]

18. Sarker, I.H. Smart City Data Science: Towards data-driven smart cities with open research issues. Internet Things 2022, 19, 100528.
[CrossRef]

19. Maciuca, M.S.; Danubianu, M.; Simionescu, C. Tendencies in the use of Big Data analytics at a global level. In Proceedings of the
2022 International Conference on Development and Application Systems (DAS), Suceava, Romania, 26–28 May 2022; pp. 155–160.

20. Marjani, M.; Nasaruddin, F.; Gani, A.; Karim, A.; Hashem, I.A.T.; Siddiqa, A.; Yaqoob, I. Big IoT Data Analytics: Architecture,
Opportunities, and Open Research Challenges. IEEE Access 2017, 5, 5247–5261.

21. Ebert, C.; Heidrich, J.; Martinez-Fernandez, S.; Trendowicz, A. Data Science: Technologies for Better Software. IEEE Softw. 2019,
36, 66–72. [CrossRef]

22. Dalal, K.R. Review on Application of Machine learning Algorithm for Data Science. In Proceedings of the 2018 3rd International
Conference on Inventive Computation Technologies (ICICT), Coimbatore, India, 15–16 November 2018; pp. 270–273.

23. Luu, T.M.; Vu, T.; Nguyen, T.; Yoo, C.D. Visual Pretraining via Contrastive Predictive Model for Pixel-Based Reinforcement
Learning. Sensors 2022, 22, 6504. [CrossRef]

24. Borrageiro, G.; Firoozye, N.; Barucca, P. The Recurrent Reinforcement Learning Crypto Agent. IEEE Access 2022, 10, 38590–38599.
[CrossRef]

25. Feng, Y.; Yuan, Y.; Lu, X. Person Reidentification via Unsupervised Cross-View Metric Learning. IEEE Trans. Cybern. 2019, 51,
1849–1859. [CrossRef]

26. Wu, Y.; Dai, H.-N.; Tang, H. Graph Neural Networks for Anomaly Detection in Industrial Internet of Things. IEEE Internet Things
J. 2021, 9, 9214–9231. [CrossRef]

27. Li, Z.; Gao, X.; Li, Q.; Guo, J.; Yang, B. Edge Caching Enhancement for Industrial Internet: A Recommendation-Aided Approach.
IEEE Internet Things J. 2022, 9, 16941–16952. [CrossRef]

28. Xie, W.; Yu, J.; Deng, G. A Network Access Control Scheme for IoT Terminals Based on Active Scanning. In Proceedings of the
2022 International Conference on Blockchain Technology and Information Security (ICBCTIS), Huaihua, China, 15–17 July 2022;
pp. 47–51.

29. IEEE Std 802.11-2020 (Revision of IEEE Std 802.11-2016); IEEE Standard for Information Technology—Telecommunications and
Information Exchange between Systems—Local and Metropolitan Area Networks—Specific Requirements—Part 11: Wireless
LAN Medium Access Control (MAC) and Physical Layer (PHY) Specifications—Redline. IEEE: Piscataway, NJ, USA, 2021;
pp. 1–7524.

30. IEEE Std 802.15.1-2005 (Revision of IEEE Std 802.15.1-2002); IEEE Standard for Information technology—Local and metropoli-
tan area networks—Specific requirements—Part 15.1a: Wireless Medium Access Control (MAC) and Physical Layer (PHY)
specifications for Wireless Personal Area Networks (WPAN). IEEE: Piscataway, NJ, USA, 2005; pp. 1–700.

31. Palattella, M.R.; Accettura, N.; Vilajosana, X.; Watteyne, T.; Grieco, L.A.; Boggia, G.; Dohler, M. Standardized protocol stack for
the internet of (important) things. IEEE Commun. Surv. Tutor. 2013, 15, 1389–1406. [CrossRef]

32. Almohammedi, A.A.; Shepelev, V. Saturation Throughput Analysis of Steganography in the IEEE 802.11p Protocol in the Presence
of Non-Ideal Transmission Channel. IEEE Access 2021, 9, 14459–14469. [CrossRef]

33. Benkirane, S.; Benaziz, M. Performance Evaluation of IEEE 802.11p and IEEE 802.16e for Vehicular Ad Hoc Networks Using
Simulation Tools. In Proceedings of the 2018 IEEE 5th International Congress on Information Science and Technology (CiSt),
Marrakech, Morocco, 21–27 October 2018; pp. 573–577.

34. Ahmed, M.R.A.; Shaikhedris, S.S.A. Network Migration and Performance Analysis of IPv4 and IPv6. In Proceedings of the
2020 International Conference on Computer, Control, Electrical, and Electronics Engineering (ICCCEEE), Khartoum, Sudan,
26 February–1 March 2021; pp. 1–6. [CrossRef]

35. HyeongGon, J.; Kang, S.; Hyo Jeon, K.; Lee, J.D. In-door location-based smart factory cloud platform supporting device-to-device
self-collaboration. In Proceedings of the 2017 IEEE International Conference on Big Data and Smart Computing (BigComp), Jeju,
Korea, 13–16 February 2017; pp. 348–351.

36. Khare, S.; Totaro, M. Big Data in IoT. In Proceedings of the 2019 10th International Conference on Computing, Communication
and Networking Technologies (ICCCNT), Kanpur, India, 6–8 July 2019; pp. 1–7.

37. Nishanov, A.; Akbaraliev, B.; Beglerbekov, R.; Akhmedov, O.; Tajibaev, S.; Kholiknazarov, R. Analytical method for selection an
informative set of features with limited resources in the pattern recognition problem. E3S Web Conf. 2021, 284, 04018. [CrossRef]

38. Tang, J.; Ma, T.; Luo, Q. Trends Prediction of Big Data: A Case Study based on Fusion Data. Procedia Comput. Sci. 2020, 174,
181–190. [CrossRef]

39. Dong, Z. Research of Big Data Information Mining and Analysis: Technology Based on Hadoop Technology. In Proceedings of
the 2022 International Conference on Big Data, Information and Computer Network (BDICN), Sanya, China, 20–22 January 2022;
pp. 173–176. [CrossRef]

http://doi.org/10.1109/JIOT.2021.3075901
http://doi.org/10.1109/COMST.2021.3058296
http://doi.org/10.1109/JIOT.2020.3027100
http://doi.org/10.1016/j.iot.2022.100528
http://doi.org/10.1109/MS.2019.2933681
http://doi.org/10.3390/s22176504
http://doi.org/10.1109/ACCESS.2022.3166599
http://doi.org/10.1109/TCYB.2019.2909480
http://doi.org/10.1109/JIOT.2021.3094295
http://doi.org/10.1109/JIOT.2022.3143506
http://doi.org/10.1109/SURV.2012.111412.00158
http://doi.org/10.1109/ACCESS.2021.3052464
http://doi.org/10.1109/iccceee49695.2021.9429664
http://doi.org/10.1051/e3sconf/202128404018
http://doi.org/10.1016/j.procs.2020.06.073
http://doi.org/10.1109/bdicn55575.2022.00041


Sensors 2022, 22, 8072 18 of 20

40. Deng, H.; Fang, F.; Chen, J.; Zhang, Y. A Cloud Data Storage Technology for Alliance Blockchain Technology. In Proceedings of
the 2021 7th IEEE Intl Conference on Big Data Security on Cloud (BigDataSecurity), IEEE Intl Conference on High Performance
and Smart Computing, (HPSC) and IEEE Intl Conference on Intelligent Data and Security (IDS), New York, NY, USA, 15–17 May
2021; pp. 174–179.

41. Fu, J.; Sun, J.; Wang, K. SPARK—A Big Data Processing Platform for Machine Learning. In Proceedings of the 2016 Interna-
tional Conference on Industrial Informatics—Computing Technology, Intelligent Technology, Industrial Information Integration
(ICIICII), Wuhan, China, 3–4 December 2016; pp. 48–51.

42. Siledar, S.k.; Deogaonkar, B.; Panpatte, N.; Pagare, J. Map Reduce Overview and Functionality. In Proceedings of the 2021 6th
International Conference on Communication and Electronics Systems (ICCES), Coimbatre, India, 8–10 July 2021; pp. 1560–1566.

43. Palanisamy, V.; Thirunavukarasu, R. Implications of big data analytics in developing healthcare frameworks—A review. J. King
Saud Univ. Comput. Inf. Sci. 2019, 31, 415–425. [CrossRef]

44. Guan, Z.; Ji, T.; Qian, X.; Ma, Y.; Hong, X. A Survey on Big Data Pre-processing. In Proceedings of the 2017 5th Intl Conf on Applied
Computing and Information Technology/4th Intl Conf on Computational Science/Intelligence and Applied Informatics/2nd Intl
Conf on Big Data, Cloud Computing, Data Science (ACIT-CSII-BCD), Hamamatsu, Japan, 9–13 July 2017; pp. 241–247.

45. Assahli, S.; Berrada, M.; Chenouni, D. Data preprocessing from Internet of Things: Comparative study. In Proceedings of the 2017
International Conference on Wireless Technologies, Embedded and Intelligent Systems (WITS), Fez, Morocco, 19–20 April 2017;
pp. 1–4. [CrossRef]

46. Liang, S.D. Smart and Fast Data Processing for Deep Learning in Internet of Things: Less is More. IEEE Internet Things J. 2018, 6,
5981–5989. [CrossRef]

47. Diyan, M.; Silva, B.N.; Han, J.; Cao, Z.; Han, K. Intelligent Internet of Things gateway supporting heterogeneous energy data
management and processing. Trans. Emerg. Telecommun. Technol. 2022, 33, e3919. [CrossRef]

48. Baker, S.B.; Xiang, W.; Atkinson, I. Internet of Things for Smart Healthcare: Technologies, Challenges, and Opportunities. IEEE
Access 2017, 5, 26521–26544. [CrossRef]

49. Antonini, M.; Vecchio, M.; Antonelli, F.; Ducange, P.; Perera, C. Smart Audio Sensors in the Internet of Things Edge for Anomaly
Detection. IEEE Access 2018, 6, 67594–67610. [CrossRef]

50. Dobson, S.; Golfarelli, M.; Graziani, S.; Rizzi, S. A Reference Architecture and Model for Sensor Data Warehousing. IEEE Sens. J.
2018, 18, 7659–7670. [CrossRef]

51. Mohammadi, M.; Al-Fuqaha, A.; Sorour, S.; Guizani, M. Deep Learning for IoT Big Data and Streaming Analytics: A Survey.
IEEE Commun. Surv. Tutor. 2018, 20, 2923–2960. [CrossRef]

52. Sollins, K.R. IoT Big Data Security and Privacy Versus Innovation. IEEE Internet Things J. 2019, 6, 1628–1635. [CrossRef]
53. Amin, F.; Choi, G.S. Social Pal: A Combined Platform for Internet of Things and Social Networks. In Proceedings of the 2020 5th

International Conference on Computer and Communication Systems (ICCCS), Shanghai, China, 15–18 May 2020; pp. 786–790.
54. Guo, J.; Ding, X.; Wu, W. Reliable Traffic Monitoring Mechanisms Based on Blockchain in Vehicular Networks. IEEE Trans. Reliab.

2022, 71, 1219–1229. [CrossRef]
55. Wang, X.; Wang, Z.; Cai, S. Data Delivery in Vehicular Named Data Networking. IEEE Netw. Lett. 2020, 2, 120–123. [CrossRef]
56. Guo, J.; Ding, X.; Wu, W. An Architecture for Distributed Energies Trading in Byzantine-Based Blockchains. IEEE Trans. Green

Commun. Netw. 2022, 6, 1216–1230. [CrossRef]
57. Kim, J.; Nakashima, M.; Fan, W.; Wuthier, S.; Zhou, X.; Kim, I.; Chang, S.-Y. Anomaly Detection based on Traffic Monitoring for

Secure Blockchain Networking. In Proceedings of the 2021 IEEE International Conference on Blockchain and Cryptocurrency
(ICBC), Sydney, Australia, 3–6 May 2021; pp. 1–9. [CrossRef]

58. Plazas, J.E.; Bimonte, S.; de Vaulx, C.; Schneider, M.; Nguyen, Q.D.; Chanet, J.P.; Shi, H.; Hou, K.M.; Corrales, J.C. A Conceptual
Data Model and Its Automatic Implementation for IoT-Based Business Intelligence Applications. IEEE Internet Things J. 2020, 7,
10719–10732. [CrossRef]

59. Piccialli, F.; Bessis, N.; Cambria, E. Guest Editorial: Industrial Internet of Things: Where Are We and What Is Next? IEEE Trans.
Ind. Inform. 2021, 17, 7700–7703. [CrossRef]

60. Miao, H.; Deshpande, A. Understanding Data Science Lifecycle Provenance via Graph Segmentation and Summarization.
In Proceedings of the 2019 IEEE 35th International Conference on Data Engineering (ICDE), Macao, China, 8–11 April 2019;
pp. 1710–1713. [CrossRef]

61. Sajid, S.; Haleem, A.; Bahl, S.; Javaid, M.; Goyal, T.; Mittal, M. Data science applications for predictive maintenance and materials
science in context to Industry 4.0. Mater. Today Proc. 2021, 45, 4898–4905. [CrossRef]

62. Reza, R.; Mahdi, S. Applications of Artificial Intelligence and Big Data in Industry 4.0 Technologies. In Industry 4.0 Vision for the
Supply of Energy and Materials: Enabling Technologies and Emerging Applications; Wiley: Hoboken, NJ, USA, 2022; pp. 121–158.

63. Amin, F.; Choi, G.S. Hotspots Analysis Using Cyber-Physical-Social System for a Smart City. IEEE Access 2020, 8, 122197–122209.
[CrossRef]

64. Ghosh, A.; Chakraborty, D.; Law, A. Artificial intelligence in Internet of things. CAAI Trans. Intell. Technol. 2018, 3, 208–218.
[CrossRef]

65. Amin, F.; Ahmad, A.; Choi, G.S. To Study and Analyse Human Behaviours on Social Networks. In Proceedings of the 2018 4th
Annual International Conference on Network and Information Systems for Computers (ICNISC), Wuhan, China, 19–21 April
2018; pp. 233–236.

http://doi.org/10.1016/j.jksuci.2017.12.007
http://doi.org/10.1109/wits.2017.7934676
http://doi.org/10.1109/JIOT.2018.2864579
http://doi.org/10.1002/ett.3919
http://doi.org/10.1109/ACCESS.2017.2775180
http://doi.org/10.1109/ACCESS.2018.2877523
http://doi.org/10.1109/JSEN.2018.2861327
http://doi.org/10.1109/COMST.2018.2844341
http://doi.org/10.1109/JIOT.2019.2898113
http://doi.org/10.1109/TR.2020.3046556
http://doi.org/10.1109/LNET.2020.2994906
http://doi.org/10.1109/TGCN.2022.3142438
http://doi.org/10.1109/icbc51069.2021.9461119
http://doi.org/10.1109/JIOT.2020.3016608
http://doi.org/10.1109/TII.2021.3086771
http://doi.org/10.1109/icde.2019.00179
http://doi.org/10.1016/j.matpr.2021.01.357
http://doi.org/10.1109/ACCESS.2020.3003030
http://doi.org/10.1049/trit.2018.1008


Sensors 2022, 22, 8072 19 of 20

66. Muhammad, G.; Alhussein, M. Convergence of Artificial Intelligence and Internet of Things in Smart Healthcare: A Case Study
of Voice Pathology Detection. IEEE Access 2021, 9, 89198–89209. [CrossRef]

67. Mohanta, B.K.; Jena, D.; Satapathy, U.; Patnaik, S. Survey on IoT security: Challenges and solution using machine learning,
artificial intelligence and blockchain technology. Internet Things 2020, 11, 100227. [CrossRef]
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